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Abstract: In a comprehensive experimental campaign 

we investigated the capabilities of Fibre Bragg Grating 

(FBG) sensors in monitoring the inelastic response of new 

circular concrete tunnel linings, subjected to seismic 

events. The FBG sensors measured the strains of steel 

reinforcement to be treated by a Decision Support System 

(DSS). First, a set of four point bending tests was 

performed on tunnel substructures, with the aim of 

characterizing the cross section under cyclic loading and of 

designing an FBG sensor package for use in a unique full-

scale test on a structure, which represented a complete 

circular section of the tunnel lining. Several types of FBG 

packages, to be embedded in and applied externally to the 

tunnel section, were tested to find the best solution. For 

comparison purposes, some standard devices were also 

used. The results of the experimental campaign are 

presented in detail, highlighting the performance of FBG 

sensors in reliable inelastic strain measurement of ductile 

concrete sections in seismic zones. Finally, the use of these 

data by a Decision Support System (DSS) allowed for the 

estimate of current structural conditions and damage at the 

monitored sections. 

 

1 INTRODUCTION 

 

1.1 Background and Motivation 

Structural Health Monitoring (SHM) of complex 

infrastructures is of primary importance for developing 

cost-effective maintenance strategies (Huang et al., 2014) 

and can help to identify structural and durability problems 

before they become critical, endanger public safety, and 

impede traffic flow (Cruz and Salgado, 2009; Adewuyi and 

Wu, 2011; Cusson et al, 2011). With a rational choice and 

location of sensors (Raich and Liszkai, 2012), durability 

monitoring can supply valuable data that can be used to 

calibrate service life physic-based models in order to 

understand both complex interaction mechanisms, as soil-

structure interaction and actual in-service structural 

behaviour. 

Due to progress in construction techniques and sensing 

technology, tunnels are increasingly used to offer efficient 

road transport in congested cities and hilly areas. Today, 

modern transport networks demand longer and wider 

tunnels, built in increasingly difficult ground conditions. 

Many rail, road and metro-line tunnels are under 

construction in densely populated seismic prone areas. 

These areas require high safety levels; but tunnels have 

shown sensitivity to seismic events, with significant 

damage in cases such as the 1999 Kocaeli earthquake in 

Turkey and the 1999 Chi-Chi Taiwan and 1995 Kobe Japan 

events (Hashash, 2001). In the case of rail and metro 

tunnels, even moderate track deformation can cause 

derailing. Moreover, it is difficult to assess the damage and 

the residual capacity of a tunnel after a major earthquake 

and aftershocks. 

The effects of an earthquake on a tunnel depend on the 

direction of propagation of the seismic waves with respect 

to the tunnel axis. When parallel, usually there are no 

important effects except at critical locations such as faults 

and stiffness discontinuity zones, which need a specific 

shear design. Conversely, due to shear strains in soil, 

transverse waves cause ovalisation of the originally circular 

section, a dangerous event for structural integrity that has 

been studied by several authors (Wang, 1993; Penzien and 

Wu, 1998; Penzien, 2000; Hashash et al., 2005). Emphasis 

is placed on circular sections, as obtained by machine-
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boring, often used in major infrastructure projects. Most 

theories (Newmark, 1968) follow the free-field deformation 

approach, determining soil distortion and neglecting the 

presence of the lining and of the cavity; one advantage is 

that closed-form solutions are available. Moreover, methods 

that take account of lining flexibility improve the reliability 

of the solution (Penzien and Wu, 1998). Clearly, more 

advanced numerical methods also exist, requiring precise 

soil and seismic characterization of the site as well as 

numerical simulation (Kirzhner and Rosenhouse, 2000). 

Tunnel linings are usually built using reinforced 

concrete, which under significant ground movement can 

exhibit a nonlinear behaviour. Only by recording and 

analysing their structural response, we can obtain an 

accurate evaluation of lining performance and perform a 

reliable damage detection (Khelifa and Guessasma, 2013, 

Nigro et al.,2014). In other words, tunnels need both a 

reliable FE model and a robust monitoring system 

expecially during a seismic event. 

Thanks to their durability properties, optical fiber sensors 

are well suited for long term monitoring (Hampshire and 

Adeli, 2000). With the rapid development of Fibre Bragg 

Grating (FBG) sensing in recent years, FBG sensors have 

been successfully applied in various fields, including civil 

engineering, geo-technology, oil and gas, damage detection 

and structural monitoring (Glisic et al., 2011). FBG sensors 

amply fulfil the demands of structural health monitoring of 

an underground structure, thanks to three main 

characteristics: (i) they can provide high-resolution strain 

information at specified points of a structure, with a 

resolution of about 5 microstrain; (ii) they can be arranged 

in cascade to form a distributed system of sensors along a 

common fibre optical cable; (iii) the sensors can be 

interrogated simultaneously using a single source/detection 

unit. Other parts of the same structure can be independently 

monitored by dedicated fibre cables and FBG arrays, using 

the same optical spectrum. Additionally, FBG sensors offer 

high sensitivity, excellent reproducibility and reliable 

stability; but are also resistant to harsh environmental 

conditions, such as corrosion, humidity, electromagnetic 

fields etc.  

The innovation today, is the use of distributed sensors for 

average strain, temperature and integrity monitoring (Zhang 

et al., 2006; Guemes et al., 2010). A distributed sensing 

system is, by its nature, well suited to and efficient for 

monitoring tunnels, which are structures with kilometre 

scale lengths. Depending on the tunnel cross-section and on 

the time of installation of the monitoring system (new 

structure: sensors can be embedded; existing structure: 

surface mounting only is possible), differing sensor network 

types can be adopted. In this respect, Glisic and Yao (2012) 

applied a distributed sensor system based on fibre optic 

sensors using Brillouin scattering to monitor a concrete 

pipeline subjected to earthquake-induced ground 

movement. 

1.2 Scope 

In view of these benefits, the MONICO project was 

funded with the aim of developing a Decision Support 

System (DSS) capable of estimating current structural 

conditions and damage at the monitored areas in tunnel 

cross-sections as well as the overall structural condition of 

new tunnels.  

Monitoring of concrete structures by means of FBG 

fibres is widely employed (Rodrigues et al., 2010; Habel 

and Krebber, 2011; Wu and Adewuyi, 2011), measuring 

cracking, displacement, vibration control and other 

parameters. A common range for such reinforced concrete 

structures found in literature is ±1000 - ±5000 microstrain 

(Majumder et al., 2008; Kerrouche et al., 2009). The 

novelty hereinafter is the assessment of FBG sensor 

capabilities in monitoring the inelastic response of a tunnel 

lining, when subjected to seismic loads, in full-scale tests. 

Moderate to strong seismic events can entail high inelastic 

curvature demand on concrete members, the bending 

associated with yield of the reinforcement steel. In this 

study, the target strain range was set to ±10000 microstrain 

(1%), to be measured by FBG sensors for ductile concrete 

sections.  

 

2 THE MONICO EU PROJECT 

 

MONICO is a project funded by the European Union 

within the 7th research programme framework. As 

mentioned above, the main objective of MONICO was to 

ensure the safety of seismic-vulnerable tunnel cross-

sections or sections where very high standards of safety are 

required, by developing a DSS that relies on information 

provided by fibre optic sensors; the information then 

allowing real-time assessment of the structural reliability of 

the tunnel lining (Loupos et al., 2011). 

The DSS was developed by incorporating two structural 

modules: the Expert System and the Data Base. The former 

acts as a controlling interface between the user and the 

system and coordinates the other modules. The user can 

estimate the actual structural condition at the monitored 

parts of the tunnel cross-sections as well as the overall 

structural condition of the cross-section. 

Moreover, by means of the Data Base module the user 

can examine the trends of strain and structural condition of 

the monitored sections and of the entire tunnel lining, under 

the effects of past earthquakes. The DSS provides real-time 

warning of abnormal situations and allows the end-user to 

examine different scenarios for hypothetical situations. In 

detail, in order to ensure the safety of vulnerable tunnel 

cross-sections, fibre optic sensors providing a real-time 

remote deformation sensing capability, are integrated with 

software that collects and processes data and assesses the 

structural reliability of the lining. The fibre optic sensors 

record deformations in 8 locations of the tunnel cross- 

section, as depicted in Figure 1a, where the origin of θ-
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coordinate and the direction of monitored deformations are 

also depicted. These deformations are then converted to 

strains, curvatures, deflections, stresses, bending moments 

and axial forces which are monitored so that they do not 

exceed limit values. Thus, local ductility of the monitored 

sections under operating loads is assessed deterministically 

and stochastically by varying the material properties 

represented by mean and standard deviation. Additionally, 

the history of deformations during an earthquake are 

processed in order to derive the local damage at specific 

monitored locations according to an energy-based damage 

index (Chai et al., 1995) based on the widely known 

damage model developed by Ang and Park (1985). In 

detail, it is expressed as follows 
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where: 

m is the maximum response curvature; um defines the 

maximum curvature under a monotonic loading; My is the 

yield moment of the section; * represents a strength 

deterioration parameter characterizing the damage 

contribution owing to cumulative plastic strain energy; Eh 

and Ehm are the plastic strain energy per unit length 

dissipated by the section, e.g. Eh = ( ) Md  during the 

earthquake -cyclic loading- and during a monotonic 

loading, respectively. Possibly, um, Ehm, and My can be 

experimentally estimated. 

The degree of damage was established according to the 

following conditions suggested by a project partner 

(Bairaktaris et al., 1998): 

1) D < D1 that corresponds to a condition where no 

plastic hinges form; D1 = Eu1/Eu where Eu1 = 0.75Myχy with 

My the bending moment at yielding of rebars and χy the 

corresponding curvature (see for clarity, Figure 13) and Eu 

is the available internal energy, equal to the area of the 

hysteretic envelope; 

2) D1 ≤ D ≤ D2 that sets the formation of the first plastic 

hinge in a concrete section; D2 = Eu2/Eu, where Eu2 = Eu1 + 

0.5(My + Mr)( χr-χy), Mr and χr are the maximum resisting 

bending moment and the corresponding curvature, 

respectively; 

3) D2 ≤ D ≤ 1 that corresponds to failure of a concrete 

cross section. 

The thresholds D1 and D2 were quantified in Subsection 

5.2 for the Case Study to hand and are consistent with those 

suggested in the literature. For a survey, see William and 

Sexsmith (1995), among others, which reported typical 

values of 0.11 and 0.77 for D1 and D2, respectively, for 

concrete columns.  

Based on local damage indices after a seismic event, the 

global structural condition of the tunnel is stochastically 

estimated through the Monte Carlo Simulation (MCS) 

method (Hammersley and Handscomb, 1975), where the 

Latin Hypercube Sampling (LHS) method is selected in 

order to reduce the computing effort (Iman and Conover, 

1980). In detail, a nonlinear Finite Element model of the 

tunnel is developed a priori with material and geometrical 

properties, i.e. the stress-strain and moment-curvature 

relationships that represent the stochastic variables. Then, a 

spectrum-compatible reference seismic input representative 

of the site is applied to the tunnel finite element (FE) model 

and a series of dynamic nonlinear analyses are performed 

by varying material and geometrical properties. In this way 

the extrapolation of the damage indices to other critical 

cross sections is possible as well as the estimate of the 

structural reliability of each section of the tunnel by means 

of a First Order Reliability Method (FORM) (Ditlevsen and 

Madsen, 1996), as illustrated in Figure 1b. The pursuit of an 

optimal fibre optic system is fundamental to provide 

reliable data on the basis of which the DSS works and a set 

of experimental tests with this aim was deemed necessary. 

Thus, in this respect, this paper presents the subset of the 

MONICO project that investigated experimentally the fibre 

sensor system performance in monitoring tunnel linings, by 

evaluating the inelastic response due to seismic loading. A 

comprehensive experimental campaign was carried out, 

based both on substructure tests and on a full-scale test. 

These tests also served to find the best fibre package and to 

characterize the seismic behaviour of the tunnel. 
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a) b) 

Figure 1 a) Locations of the monitored points in a tunnel cross section; b) tunnel in the developed DSS. Each cross-section 

coloured according to estimated reliability as an output of the global structural condition module 
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3 DESIGN OF TUNNEL LININGS AND TEST 

PROGRAMME 

 

3.1 Seismic Design of a Metro Tunnel Lining 

3.1.1 Tunnel features and soil characteristics. First, a 

benchmark tunnel lining with a circular pipe section was 

selected. The actual tunnel is in Rome, Italy. The outside 

diameter was 4.8 m, lining thickness 0.2 m and the tunnel 

axis was at 20 m below ground level. The elastic modulus 

and the Poisson coefficient of the lining concrete were 

taken as 31.4 GPa and 0.2 respectively. For soil 

characteristics, the elastic modulus and the Poisson 

coefficient were set to 84 MPa and 0.49, respectively, and 

the height of the water table above the lining was equal to 5 

m. The density of the soil was 1800 kg/m3 and the overload 

was 2 kN/m2. The seismic action considered at the Life 

Safe Limit State (LSLS) was equivalent to a design 

reference peak ground acceleration (PGA) on type A 

ground (rock) of 0.16 g, as expected in Rome with a 

nominal life of 100 years; an importance factor IV entailing 

a reference life of 200 years and a return period of 1898 

years (Ministero delle Infrastrutture, 2008). This induced a 

PGA in a type D ground (deposits of loose-to-medium 

cohesionless soil, S=1.752) of 0.28g; a peak ground particle 

velocity of 0.319 m/s (Ministero delle Infrastrutture, 2008); 

and an effective shear wave propagation velocity of 125.1 

m/s, determining a maximum soil shear strain of 0.26%; 

this value represented the input for cross section design. In 

the spirit of Performance-based Earthquake Engineering, 

we examined also the Collapse Prevention Limit State 

(CPLS), which is characterized by a 5% of probability of 

exceedance in the reference period, i.e. 200 years in this 

case. The return period and the PGA increased to 2475 

years and 0.30g, respectively. The PGA values 

corresponding to LSLS and CPLS are typical of 

moderate/high seismic areas in Europe (ESD, 

http://www.isesd.hi.is/ESD_Local/frameset.htm). 

3.1.2 Determination of stresses. Attention is limited here 

to ovalisation of circular tunnels, as estimated by equations 

proposed by Penzien and Wu (1998). These provide lining 

stresses due to: (i) the self-weight of the soil, (ii) the 

overload and (iii) seismic deformation under the basic 

assumption of deep tunnel and homogeneous soil. The 

effect of the lining stiffness are also taken into account. 

Moreover, in the Penzien relationships (Penzien and Wu, 

1998) it is assumed that no soil deformation occurs as a 

consequence of the tunnel boring method; a condition of 

full slip was considered, between soil and tunnel. In general 

the aforementioned relationships describe the dilatational- 

and shear- type stresses due to the acting loads as a function 

of two coefficients d  and 
sn

s , accounting for soil-lining 

interaction through relevant stiffnesses: 
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where the subscripts s and l denotes soil and lining, 

respectively; A denotes the unit length cross section, E the 

elastic modulus, R the radius and  the Poisson’s Ratio. The 

inward diameter change owing to radial (d1) and to shear-

type stresses (s1) was evaluated as a function of the above 

reported coefficients and soil characteristic parameters for 

each loading condition. Once d1 and s1 were determined, 

thrust, bending moment and shear effect were evaluated. 

For instance, bending moments are characterized by the 

following relationship,  
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With regard to the seismic action, its distribution exhibits 

a phase angle of 45° with respect to the seismic propagation 

direction. 

Due to the circular shape and under static loading 

conditions, overall stresses are equivalent to an almost 

uniform compression load with limited bending and shear 

stresses. The overall stress state derives from the 

combination of the three basic loads described above and 

detailed here. For each condition, the contribution due to 

tension and shear stresses is computed; then, the internal 

forces are evaluated. The typical distribution of internal 

forces described by Equation (3) is a crossed sinusoid, see 

Figure 2, in agreement with Szechy (1970). The proposed 

estimate is reliable for typical tunnel depths. Moreover, the 

maximum and minimum force values are shown in Table 1. 

As a result of the aforementioned loads, using both static 

and seismic LSLS combinations described above, it 

emerged that the tunnel cross-section was satisfactory, in 

terms of strength. Design checks for a 50 mm C25/30 

concrete cover and 7+7 16 mm diameter B450 reinforcing 

bars, are shown in Figure 3a. In addition, Figure 3b 

illustrates the moment-curvature diagram of the section 

associated with the maximum and minimum thrust. As 

expected, compression stresses increase section strength but 

decrease ductility. Moreover, the moment-curvature 

diagram of the section, see for instance Figure 4a, helped 

estimate the curvature demand under seismic loading and 

check whether FBG sensors were actually capable of 

measuring strains beyond yield. 

The bending moment distribution obtained using the 

Penzien and Wu method (1998) is characterized by a 

sinusoidal shape that exhibits a low gradient around the 

maximum and minimum moment, i.e. in the plastic hinge 

region -the length of which is estimated in Subsection 3.2-. 

Hence, this region can be treated as at constant moment, as 

shown in detail in Figure 2b. In particular, the reader can 

observe that the maximum moment amplitude (ΔM/Mmax) 

varies less than 15% over 1 meter along the circular tunnel 
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lining. Thus, pure bending tests on substructures can be 

realistic. 

Table 1 

Maximum and minimum characteristic values of internal 

actions based on Penzien's theory (Penzien and Wu, 1998) 
 

Load case: 
Soil  

weight 
Overload  

Seismic 

action 
Overall 

M
ax

im
u

m
 

ac
ti

o
n

s 

Bending moment 

[kNm/m] 
35.08 0.03 49.28 84.38 

Thrust force 

[kN/m] 
-676.67 -4.65 41.07 -640.25 

Shear action 

[kN/m] 
28.79 0.02 40.44 69.25 

M
in

im
u

m
 

ac
ti

o
n

s 

Bending 

moment 

[kNm/m]: 

-35.08 -0.03 -49.28 -84.38 

Thrust force 

[kN/m]: 
-735.13 -4.70 -41.07 -780.89 

Shear action 

[kN/m]:  
-28.79 -0.02 -40.44 -69.25 

 

3.2 Test Specimens 

3.2.1 Substructure specimens. In the literature, see 

Williams and Sexsmith (1995), and Bursi and Ferrario 

(2003), it was found that a damage index for concrete 

members must be closely related to the plastic hinge length, 

for which estimates with common formulae show large 

dispersion. This problem was also related to the fibre length 

to be used in the full-scale experiment, in order to employ 

the standard relationship 
s


=


 , where  defines the 

mean curvature,   the plastic hinge rotation and s the 

corresponding length. To overcome these problems and to 

characterize the moment capacity and the plastic rotation of 

concrete sections, a series of tests on substructures was 

planned; and these tests also helped to select adequate 

packaging for FBG sensors. As described in Subsection 4.2, 

these simple tests were performed to gain information on: i) 

optimal configuration, ii) location and iii) length of fibres to 

be installed in the full-scale tunnel specimen. Therefore, the 

substructure specimens were characterized by the same 

dimensions, materials and prestressing foreseen in the full-

scale test. 

As discussed in Subsection 3.1, the maximum bending 

moment over one meter of tunnel lining was almost 

constant. Therefore, four point bending tests on 

substructures were used to reproduce the fairly uniform 

bending stress exhibited at areas of maximum values. 

The cross-section specimen and the load scheme are 

shown in Figure 4. Each specimen had cross-section 1000 

mm x 200 mm and length 3000 mm. These were of C25/30 

concrete and the rebars were 7+7 Φ16 B450C steel. 

The relevant hinge length lpl was calculated from two 

different relationships: 

(1) Nilson and Winter, (1986)  

0.5 0.05 16.5 cm
pl

l d z= + =
 (4) 

where d is the effective depth of the cross-section and z is 

the distance from the critical section of the plastic hinge to 

the point of contraflexure. 

(2) OPCM 3274 (2003) 

0.1 0.17 0.24 48 cm
bL y

pl v

c

d f
l L h

f
= + + =

 (5) 

where Lv is the shear span; h defines the height of the 

section; dbl is the average diameter of longitudinal rebars; fy 

defines the yield strength of the reinforcement steel and, fc 

is the concrete compression strength. The bending moment 

between load points was imposed by increasing the vertical 

displacement through an actuator, whilst the prestressing 

force, equal to 600 kN, was applied by means of a pair of 

prestress dywidag rods. Since the plastic hinge length was 

estimated at between 16.5 cm and 48 cm, see equations 4 

and 5, the selected span for uniform bending moment was 

40 cm, between the two load points. This type of test 

provided the flexural ductility and the strength 

characteristics without considering any shear effect.  

3.2.2 Full-scale specimen. The tunnel lining test 

specimen was extracted from the metro tunnel presented in 

Subsection 3.1. In detail, a circular section with outside 

diameter of 4.8 m, thickness 0.2 m and width 1 m was 

chosen. As for seismic conditions, although the seismic 

wave propagation direction is mainly vertical, it can be 

inclined for shallow tunnels or if the site is near a fault. The 

worst case for the structural safety of a lining occurs when 

seismic waves propagate at an angle of 45°, because 

seismic action maxima, in this case, sum up with the static 

load maxima. Hence the maximum moment was reached at 

0°, 90°, 180° and 270°. This was the choice for the lining 

test set-up shown in Figure 5, where two electro-hydraulic 

actuators were located orthogonally to one another. 

The axial force was applied by steel ties carried by a 

system of cylindrical bearings; this proved to be the most 

efficient solution as to friction losses. The same load in 

substructure tests, 600 kN, was applied to the full-scale 

specimen using three 24 mm high-tensile steel cables, 

which were prestressed with two hollow jacks of capacity 

1000 kN each. The cable tension was transferred to the ring 

by vertical steel rollers, visible in Figure 5. The ovalisation 

of the section caused by the two hydraulic actuators offered 

good representation of the stress state predicted by the 

simplified Penzien method (Penzien, 1998; Hashash et al., 

2001; Hashash et al., 2005).  

 

3.3 Test programme and load protocols 

The experimental campaign was split into three parts: 

a) Tests on materials. 

b) Tests on substructures. 

c) Test on a full-scale specimen of a tunnel lining. 
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Tests on materials were carried out to characterize their 

mechanical properties. Table 2 reports the procedure used 

for each test of type b) and c). 

3.3.1 Test typology applied to substructures. Monotonic 

and cyclic tests were performed. The monotonic test was 

performed with displacement control to acquire both its 

force-displacement response and maximum ductility. The 

results of the monotonic test served to calibrate the 

subsequent cyclic tests. 

In cyclic tests, the ECCS procedure (Technical 

Committee 1, TWG 1.3, 1986) was applied. These 

provisions, mainly conceived for steel structures, were 

thought suitable for this type of test in the absence of a 

specific cyclic test procedure for concrete structures. The 

load protocol was designed on the basis of a conventional 

displacement δy, which represented the elastic-plastic 

transition of the cross section behaviour. The cyclic loading 

hence consisted of a series of cycles in displacement control 

which were increased proportionally to the δy value, as 

shown in Figure 6. In detail, the monotonic test on 

substructures provided deflection at yield equal to 19 mm. 

In the cyclic test, it was decided to set a maximum 

displacement to 4δy = 76 mm; in fact in the monotonic test, 

it was observed that the beam was destroyed at a 

displacement of about 60 mm, entailing high loss of 

stiffness and strength. Finally, loads were applied in two 

phases in both monotonic and cyclic tests: i) initial axial 

specimen prestress with dywidag rods; and ii) vertical 

displacement by means of a hydraulic actuator. 

 

 

 

 

Figure 2 a) Thrust action estimated by means of the Penzien and Wu (1998) formulae; b) bending moment estimated by 

means of Penzien and Wu (1998) relationships 
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 Figure 3 Transversal section of the specimen: a) M-N diagram relevant to Static and Seismic LSLS actions; and b) Moment 

– Curvature diagram relevant to maximum and minimum thrust action estimated by Penzien and Wu (1998) relationships 
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Figure 4 Test set-up for the SSC2 cyclic test on substructure: (a) cross section specimen and relevant experimental strain 

distribution owing to the design earthquake defined in Subsection 3.1; (b) four point loading scheme (dimensions in mm) 

 

 

 
 

Figure 5 Tunnel lining: plan, lateral view (dimensions in 

cm) and actual full-scale specimen  
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Figure 6 Loading protocol according to the ECCS (1986) 

procedure 

 

3.3.2 Test typology applied to the full-scale specimen. 

Because one full-scale specimen was available, only one 

cyclic test was performed, by means of the ECCS 

procedure. Thus, the estimate of the ring yield displacement 

δy.ring = 60 mm to be used with the ECCS (1986) loading 

protocol, was based on both the result of the monotonic test 

SSM1 of Table 2 and an FE model of the whole ring. 

 

4 FIBRES AND THEIR PACKAGING 

 

With regard to fibre sensors, the DSS was conceived for 

use with two different types of optical fibres, namely: i) 

Fibre Bragg Grating sensors; and ii) Brillouin fibre optical 

sensor technology. However, this paper focuses only on 

FBG sensors and on their ability to capture the inelastic 

behaviour of tunnel lining subjected to moderate/high 

seismic loading. 

Three FBG configurations were employed: FBG sensors 

attached to reinforcement bars, either i) bonded to or ii) 

unbonded in concrete; and iii) FBG sensors externally 

mounted on metal holders welded to reinforcement bars 

a) b) 
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through access holes left during casting. Sensors embedded 

in concrete were protected by the glue used to attach them 

in the groove on rebar pieces; whilst acrylate coating and a 

900μm tubing were used for external fibres. Acrylate 

coating poses issues at higher strain levels when embedded 

in or bonded to a material such as concrete, indeed (Her and 

Huang, 2011). However this was not our case, because 

acrylate coating was only used for external fibres; thus, no 

interaction between fibre and concrete occurred. 

Since the aim was to assess the capabilities of fibre optic 

sensors in predicting the nonlinear behaviour of 

instrumented sections with structural steel, a value of strain 

of at least 1% was set as a target. In fact and on the basis of 

the experimental moment-curvature diagram reported in 

Figure 13, the seismic demand on the tunnel implied a 

maximum rebar deformation %109.0inf, =s  as illustrated 

in Figure 4a. Considering the ability of the system to 

monitor section damage evolution associated with the 

developing of a plastic hinge and a minimum strain 

ductility of 10, ±1% strain demand was deemed 

appropriate. The fibre interrogation unit used had spectral 

limits between 1515 nm and 1590 nm, respectively, i.e. a 

spectral range of 75 nm. For measuring a 1% deformation, 

i.e. a high strain demand, a higher wavelength spacing that 

reduced the number of fibre sensors per gauge was needed. 

In fact, in terms of wavelength shift, a maximum strain of 

10000 microstrain (1% deformation) implies 12 nm strain 

(3nm is 0.25% deformation), assuming a typical FBG strain 

sensitivity of 1.2 pm/με (Rao, 1997). This value can entail a 

positive or a negative shift, for tensile or compression 

strain, respectively. Since the expected strain for the 

embedded sensors was either compressive or tensile, a 

double spacing of wavelength between the sensors, i.e. 24 

nm of bandwidth per sensor was allocated. Given the total 

wavelength range owing to the operational range of the 

interrogation unit, the number of sensors in an FBG array 

was limited to three; thus, the ability to sense 1% 

deformation, both in compression and in tension, was 

preserved. The wavelength allocation of three strain sensors 

on the same line is shown in Figure 7. The wavelength 

spacing of the temperature sensors was much smaller, 

around ±1nm and ±2nm; it was enough for measuring 

temperature changes of over ±1000C. 

  
Figure 7 Spectral distribution of strain FBG sensors in 

the 75nm wavelength window. The sensor wavelengths 

were λ1=1529 nm, λ2=1553 nm and λ3=1577 nm 

 

Because in a reinforced concrete element major cracks 

form at a spacing of several centimetres, the unbonded 

sensor solution was conceived. As depicted in Figure 8, 

rebars undergo plastic deformation only at cracks, whereas 

between two cracks they remain in the linear range. Thus, if 

the base length of the gauge measurement is very short, as it 

is for FBG fibres, the probability that a sensor spans a crack 

is very small; consequently, the short-gauge sensor would 

measure the elastic strain of the rebar steel even though the 

concrete has cracked. In the unbonded solution, the strain 

measurement is obtained as an average over a long 

measurement base; thus, the long-gauge sensor is not 

influenced by local material discontinuities and inclusions. 

In sum, the related measurement provides information 

related to global rather than to a local structural behaviour.  

 
Figure 8 Deformed configuration of a reinforced 

concrete element subjected to bending 

 

For the reinforced concrete section under study, the 

expected average spacing of cracks sr,avg was about 11 cm 

whereas the expected maximum spacing sr,max = 18 cm 

(EC2-1 CEN, 2005). Thus, unbonded embedded fibre 

sensors spanning 40 cm, see Subsection 3.2.1, were 

"decoupled" from cracked concrete for a distance larger 

than sr,max. 

The external FBG sensors were mounted by welding two 

steel plates to the rebar cage and again at a distance larger 

than sr,max. The installation of external FBG fibres was 

thought convenient when building the tunnel: the 

installation can be easily done after completion of the 

tunnel and replacement would be straightforward in the 

case of a fault. For the unbonded sensor solution, fibre 

prestrain was needed and the value ranged from 0.76 to 

0.88%. 

In addition to fibres and to check the reliability and 

accuracy of FBG sensors, we also used some traditional 

sensors such as potentiometer, LVDT and strain gauge 

displacement transducers, inclinometers and strain gauges.  

The instrumentation set-up was also improved on the basis 

of the results of previous tests. 

 

4.1 Fibre packages in substructure tests 

To estimate their relative performance and to select the 

best strategy for the final full-scale test, the substructure 
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specimens were tested with the previously described FBG 

sensor configurations: either installed internal or external, 

either bonded to or unbonded in the concrete as shown in 

Table 2. Internal fibres were precast in the concrete. The 

package was fitted to longitudinal rebars in the zone where 

a plastic hinge was expected. In the SSC2 test the sensors 

were attached in the specimen by two smart stirrups, shown 

in Figure 9; they were made of two 10 x 10 mm steel bars 

with a 3 mm groove which contained fibres. In detail, the 

fibres were fixed in the groove with a shore D 96 epoxy 

resin. Then, the groove was filled with silicone to protect 

fibres. As described in Subsection 5.1, this method for 

internal FBG sensors based on a stirrup was not optimal. 

Hence, another solution was developed: the fibres were 

glued on ribbed bars with adequate anchorage lengths, of 

the same steel used in the specimens. An example of 

external FBG sensors after casting the substructure 

specimens is shown in Figure 12.  

The internal fibre sensors were installed in two ways: 

1. bonded to concrete: sensors were fastened to the 

steel, this being fully bonded to the concrete; 

2. unbonded in the concrete: bonding between 

sensors and rebars was prevented by means of glue/tubing. 

B

A - Stirrup where FBGs are attached on

B - FBGs

C - Material to prevent bond

D - Plastic hinge length

B

B B
A

C

D

 
Figure 9 Stirrup equipped with FBG sensors embedded 

in the SSC2 specimen

Table 2 Fibres combinations used in different tests 

Test Testing Procedure Test acronym Notes about fibres 

S
u

b
st

ru
ct

u
re

 

T
es

ts
 

1 Monotonic SSM1 No fibre 

2 Cyclic ECCS SSC1 No fibre 

3 Cyclic ECCS SSC2 Internal bonded and unbonded FBG fibres 

4 Cyclic ECCS SSC3 External unbonded FBG fibres 

5 Cyclic ECCS SSC4 Internal and external unbonded FBG fibres 

6 Cyclic ECCS SSC5 External unbonded Brillouin fibres 

Test on Tunnel Lining Cyclic ECCS TLC1 FBGs with various configurations 

 

4.2 Fibre Packages in the Full-Scale Test  

Based on substructure tests, the optimal fibre packages 

were employed extensively in the full-scale test. In 

particular, it was found that the unbonded solutions, both 

internal and external, see details in Figure 10 and Figure 11, 

respectively, provided a better estimate of rebar strains. 

Nevertheless, to get a complete picture of all package 

capabilities, a section of the tunnel ring was also 

instrumented with bonded fibres, i.e. Section #2 of Figure 

15. 

The distribution of the discrete FBG sensors was chosen 

based on the requirement for maximum strain at 8 points 

both of the inner and of the outer section of the tunnel 

lining. They were positioned symmetrically as shown in 

Figure 14. The total number of FBG sensors was based on 

the interrogation unit capabilities. Further sensors were 

added in two sections where plastic hinges were expected, 

i.e. in correspondence with the inner actuator. Further, 

temperature sensors were used to compensate for 

temperature-induced wavelength shifts of all fibre sensors. 

Hence, the FBG sensor system finally consisted of a total 

number of 40 sensors, as summarized in Table 3. 

When acquiring data from fibres the target resolution was 

selected as high as 1 microstrain and a maximum sampling 

rate of about 50 samples/sec was ideal for reproducing even 

the most rapid expected oscillations of a civil structure 

during an earthquake. The specimen was also instrumented 

with 16+4 standard displacement transducers and 6 load 

cells. 

1000

5
0

1
0
0

external

optical fibre

20

welded plate

 on transverse bar

external

optical fibre

 
Figure 10 SSC3 specimen: transversal section with 

external unbonded fibre sensors 
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Figure 11 Plan view of internal unbonded fibre sensors 

installed in the SSC4 and TLC1 specimens 

 

5 TEST RESULTS 

 

5.1 Test Results on Substructures 

In agreement with Table 2 and in order to experimentally 

evaluate the moment-curvature relationship of the tested 

section of Figure 4a, prior execution of the cyclic test 

series, a monotonic test was performed. The corresponding 

response of SSM1 specimen is shown in Figure 13, together 

with a trilinear approximation of the section capacity and 

the relevant seismic demand. With regard to cyclic tests, 

substructure responses are summarized herein. All 

substructure tests were instrumented with conventional 

sensors according to the set-up sketched in Figure 19. 

 
Figure 12 External fibre sensors installed in the SSC3 

specimen 

In particular, the SSC2 test was selected to show the 

behaviour of internal bonded and unbonded fibres, whereas 

the SSC4 provided insight on the performance of the 

external package solution. Moment-rotation and moment-

curvature curves relevant to the SSC2 specimen are shown 

in Figure 16. In detail, referring to Figure 19, plastic hinge 

rotation was derived from inclinometers (=inc2-inc0), 

whereas curvature was computed assuming plane sections, 

i.e. 1/r = (|εsup|+|εinf|)/hvs, by means of displacement 

transducers that measured displacements over the estimated 

plastic hinge length at the superior and at the inferior 

longitudinal rebar level, respectively. In detail, both for the 

top and the bottom measurements, two displacement 

transducers on a basis of 120 mm were located near in the 

specimen middle-span and strains were estimated by 

considering the average deformation of the plastic hinge 

zone, i.e. εsup=(A3+A1)/240, εinf=(A4+A2)/240; hvs was 

equal to 100mm. 

There is some asymmetry, due to material imperfection; 

moreover, favourable hysteretic behaviour due to large 

energy dissipation is evident. Thus, this cross section 

appeared suitable for seismic applications. The responses of 

the bonded and unbonded fibre sensors during the SSC2 

test for the lower beam face are shown in Figure 17. 
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Figure 13 Experimental moment-curvature response of 

SSM1 specimen, piecewise approximation and seismic 

demand 

 

 
Figure 14 Distribution of fibre sensors along the inner 

and outer tunnel lining 

We can note that even though the test was characterized by 

cycles with increasing displacement amplitude, the strain 

magnitude measured by fibre sensors reduced after the first 

cycle at 2δy. This behaviour, registered in both bonded an 

unbonded sensors was probably caused by detachment of 

the stirrups from the concrete owing to cracking. Moreover, 

the deformation in compression (-) was always less than 

that in tension (+), as cracks opened under tension. By 
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assuming plane sections and a perfect bond between 

concrete and rebars the strain state of the cross-section was 

estimated up to the 2δy cycle, relying on data provided by: 

(i) strain gauge displacement transducers; (ii) strain gauges; 

and (iii) bonded FBGs. The relevant graph is shown in 

Figure 18, and we can see: (i) plastic behaviour from 

displacement transducer readings, (ii) plastic behaviour 

from strain gauge readings and (iii) elastic behaviour from 

fibre readings. At an amplitude of 2δy the rebars had to be 

in the plastic range, as predicted by both displacement 

transducers and strain gauges. Strain values revealed by 

displacement transducers and by strain gauges were 

obtained as an average on a measurement base length of 

120 mm, whilst the fibre sensors measured strains on a 

much shorter base length, i.e. about 5 mm. These 

differences were the caused discrepancies between 

measurements. As explained in Subsection 4.1, cracking 

was highly probable over the length of 11 cm –as confirmed 

in the tests– with a consequent strain increase; whereas over 

the 5 mm length concrete cracking was unlikely; so much 

smaller strains were detected. 

 
Figure 15 TLC1 Test: details of fibre sensors used at 

different sections of the tunnel lining. Dimensions in mm 

Table 3 

TLC1 Test: Strain and Temperature Fibre Sensors 

12 gauges 1 strain + 1 temp. sensor (Sect. #1,3-5,7-8) 

4 gauges  3 strain + 1 temp. sensor (Sect. #2,6) 

Total 24 strain sensors 16 temp. sensors 

 

Figure 20 shows the performance of the external fibre 

package compared to the internal one, which was a ribbed 

bar of the same material as the rebars. Data were obtained 

from the SSC4 test and both sensors were of the unbonded 

type. Both solutions could measure beyond 1% strain and 

so they were suitable for the target strain. 

In sum, from the tests carried out on the substructures, 

we can state that:  

• the substructures exhibited ductile behaviour 

characterized by large deformations in the 

plastic range associated with high energy 

dissipation, and hence, the cross-section used 

appears suitable for seismic loads; 

• though both unbonded and bonded internal 

package solutions for fibres should allow for 1% 

strain measurement, fibre optic sensors, when 

mounted on a steel stirrup as for SSC2 

specimen, were not capable of reliably 

measuring strains beyond a 2δy displacement 

amplitude, which corresponded to about 0.2% 

strain. In fact, partial detachment of fibres from 

the steel stirrup or detachment of steel from 

concrete were the main causes. This behaviour 

led to the new package solutions employed in 

the other substructure tests and in the tunnel 

lining test: i) external installation of fibres on 

steel supports; ii) gluing fibres to ribbed bars of 

the same steel used in the specimens; 

• the SSC4 test performance clearly highlighted the 

ability of both external and internal unbonded 

(with a portion of ribbed bar) package solutions 

to measure higher strains than the target value of 

1%, established at the beginning of Section 4. 

• short length strain measurements prevented an 

effective measurement of mechanical cross-

section behaviour. In fact, the strain field was 

underestimated owing to measuring at positions 

without cracks. In this respect, external and 

unbonded fibres with 3 sensors in a row 

provided more accurate average values. 

Finally, both monotonic and cyclic tests allowed both the 

experimental evaluation of the degradation parameter * 

involved in Equation (1) and of relevant damage index 

thresholds D1 and D2, without the need of literature data. In 

detail, Figure 21 shows the damage limit domain, with 

D=1, for the section of Figure 4a. It was characterized by 

* of about 0.02, Eu1=1.14 KJ/m, Eu2= 6.83 KJ/m and 

Eu=8.38 KJ/m corresponding to D1=0.14 and D2=0.85, 

respectively. 
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Figure 16 SSC2 test: a) moment –rotation curve detected with inclinometers; and b) moment-curvature relationship 

obtained from strain gauge displacement transducers assuming plane sections 
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Figure 17 SSC2 test: strain values provided by bonded 

and unbonded fibre optic sensors located on the bottom side 

of the beam section. 

5.2 Full-scale Tunnel Ring Test Results 

During the full-scale test both conventional sensors and 

fibres were used. Referring to fibre results, both 

configurations reported in Figure 14 and Figure 15 were 

exploited. In detail, external fibres were installed with the 

configuration used for substructure tests; conversely in 

order not to modify the global behaviour of the reinforced 

concrete section, embedded fibres were installed on ribbed 

bars - with a small diameter of 8 mm- made of the same 

steel B450C used in the specimens. The quality of results 

was again corroborated by comparison with standard 

transducers. 

To simulate the effect of soil and strains relative to 

prestressing, the full-scale specimen was prestressed by 

tendons as shown in Figure 22a for Section #2. Average 

strain values at each section are presented in Table 4.  
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Figure 18 SSC2 test: strains at the longitudinal rebar 

level for the 2δy cycle with bonded fibres (dimensions in 

mm). 

 

From Figure 22b and Figure 23, we can observe that 

embedded FBG fibres acquired data that were less disturbed 

than data from external FBG fibres located in sections 

without plastic hinges, i.e. Sections #1-3-5 and #7. The 

failure boundary in these figures represents the time at 

which the first section of the tunnel failed, i.e. Section #8. 

Temperature data, provided by the FBG fibres N. 2i, 2o, 3i, 

3o, 4i, 4o, 6i and 6o, indicated temperature variations 

between 19.05 °C and 21.51 °C. The variation of about 2 

°C in a 4 hour test was consistent with conditions. 

Maximum deformation values for each instrumented 

section can be found in Table 5. As expected, fibres 

measured greater deformation in Sections #2, 4, 6 and #8, 

where plastic hinges formed. In detail, external FBG fibres 
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approached a maximum value of about 0.6% in Section #8, 

whilst internal FBG fibres reached a maximum value of 

1.2% at Section #2. 

All tunnel ring test data allowed for the application of the 

DSS summarized in Section 2; nonetheless, given the fact 

that only one test was conducted, mechanical parameters 

were considered deterministic. Assuming plane sections, 

the FBG strain evolution measurement in each cycle of the 

ECCS test protocol of Figure 6 allowed to quantify 

curvature values, and hence, to estimate bending moments 

acting on each section by means of standard constitutive 

models for concrete and structural steel. This calculation is 

depicted in Figure 24, where the damage evolution of each 

section is shown together with thresholds D1 and D2. The 

damage value associated with Section #8 was the first to 

reach the D2 value corresponding to failure. This prediction 

confirmed the actual failure highlighted in both Figures 22 

and 23. 

 

6 CONCLUSIONS 

 

This paper investigated the capabilities of Fibre Bragg 

Grating (FBG) sensors for monitoring the inelastic response 

of a new circular tunnel lining subjected to seismic loading. 

It was located in a moderate to high seismic area in Europe, 

and to estimate the FBG capabilities, an experimental 

campaign based on substructure and full-scale tests was 

carried out. Several fibre package solutions were tested, 

such as bonded and unbonded in concrete; internal 

(embedded) and external sensors. The pursuit of an optimal 

fibre optic system was fundamental to provide reliable data 

to the DSS which, on the basis of experimental data, was 

capable of estimating current damage conditions by means 

of nonlinear FE analyses of a tunnel lining.  

Firstly, the unbonded solution for fibre sensors classified 

as long-gauge sensors, both embedded and external, 

performed reliably at deformations in the inelastic range at 

strains higher than 1%; this value was estimated to be 

adequate for deformation demands of ductile concrete 

sections in moderate/high seismic areas. Such strains 

occurred both in the substructure tests and in the full-scale 

test. 

Secondly, comparing the demand moment-curvature 

diagram with experimental results obtained by fibre 

measurements, nonlinearities were detected. Thus, a 

circumferential unbonded fibre package with 3 sensors in a 

row, over the maximum expected spacing of cracks and 

within the expected plastic hinge length, was suited to 

structure monitoring, where high nonlinear behaviour 

owing to seismic loading was expected. In fact, in the full-

scale test, the system clearly measured higher strain values 

at sections of the tunnel where plastic hinges formed. The 

external FBG sensors approached a maximum strain value 

of about 1.2%. Further, embedded fibres acquired readings 

that were less disturbed than those provided by external 

fibres located at sections without plastic hinges. Due to 

simple application during both the construction process and 

also for replacement during the service life of the structure, 

an external solution for the fibre package may be 

preferable. Moreover, the results obtained by FBG sensors 

correlated well with those of standard transducers. Lastly, 

the use of these data by a DSS allowed for the estimation of 

current structural conditions and damage at the monitored 

sections.  
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Figure 19 Strain gauges, inclinometers and displacement transducers set-up for substructures (dimensions in mm). 
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Figure 20 SSC4 test: bottom side unbonded internal vs 

unbonded external fibre data. 
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Figure 21 Damage limit domain of concrete section with 

parameter * estimation.  
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between Inner bonded FBG fibre data in Section 2 and standard displacements sensors, Out, during the cyclic test 

Table 4 

Average values of prestraining 

Section 1 2 3 4 5 6 7 8 

Average Out/In at the 

Maximum Load (µm/m) 
-122 -119 -96 -42 -139 -52 -120 -115 

Table 5 

Maximum deformations at each instrumented section 

Section 1 2 3 4 5 6 7 8 

εmax measured by fibres 

inside ring [%] 

0.12 1.2 0.02 0.87 0.05 0.54 0.18 0.63 

εmax measured by fibres 

inside ring [%] 

0.05 0.46 0.01 0.59 0.02 0.21 0.03 0.50 
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Figure 24 TLC1 test: section Damage evolution, during the ECCS phase. 
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