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Backcalculation of internal forces in the segmental lining of a tunnel: 
The experience of Line 1 in Naples
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ABSTRACT: The prediction of the internal forces in the segmental lining of a bored tunnel is a rather 
complex task as they are significantly influenced by even apparently minor details of the installation 
process. Typically experimental researches on the performance of tunnel linings are based on monitor-
ing the strains in the structural elements which are subsequently converted into forces. This last passage 
is not at all straightforward and the paper will deal with some of the difficulties encountered in carry-
ing out such step for the data provided by a case history in Napoli. The twin tunnels of Line 1 Under-
ground  Extension in Napoli (Italy) were bored by EPB shields and lined with pre-cast reinforced concrete 
 segments.  Vibrating wire gauges were embedded in the segments of four lining rings and the strain values 
were recorded since the segments were concreted in the manufacturer’s factory, during their installation 
in the tunnel and for several months afterwards. The back-calculated values of hoop forces and bending 
moments in the instrumented rings of the tunnel lining are reported and discussed in the paper.

2 GROUND CONDITIONS

The twin circular tunnels of Naples Underground 
Line 1 extension were constructed at variable depth 
(maximum depth 45 m bgl) in various ground 
conditions.

A 1 km long initial stretch of the two tunnels 
was bored through alluvial sands and silty sands, 
below the groundwater table, starting from a shaft 
at about 17 m below the ground level. In this  initial 
stretch the tunnels did not underpass any signifi-
cant  building. After this initial part the line enter 
into the Neapolitan Yellow Tuff, which is a soft rock 
usually underlying layers of sandy soils  (Fig. 1). 
Both site and laboratory investigations were carried 
at the design stage. A limited overview of the aver-
age values of the deduced physical and mechanical 
properties of the sand is proposed in Table 1.

1 INTRODUCTION

The design of a segmental lining for a tunnel exca-
vated by a tunnelling machine usually requires 
consideration of the whole process of  production 
and assembly of the segments as well as of the 
serviceability stage of the lining. Nevertheless, the 
common design practice assumes that the load 
history during installation does not influence the 
internal forces in the serviceability stage and that 
the former internal forces do not exceed the latter 
(Blom, 2002).

As the assembly of the lining is generally 
neglected in the design stage, an ideal situa-
tion is assumed as initial condition for conven-
tional calculation, which is probably not realistic. 
 Deformation and even cracking of the lining are 
sometimes observed during the installation stage, 
denoting a significant stress level in the lining, 
which is  usually neglected in design calculations 
(Bakker and  Bezuijen, 2009).

Monitoring the strains in a segmental lining 
during the whole construction process and later, 
during the lifetime of a tunnel, is therefore useful 
to gain a deeper knowledge of its real  performance. 
Usually internal average forces are deduced by 
local strains measurements, even if  such passage is 
not at all straightforward.

Accordingly, during the construction of an 
underground railway in Naples (Italy) the seg-
ments of four rings were instrumented to measure 
their strain history. Figure 1. Ground conditions.
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3 INSTRUMENTED LINING

The tunnels were bored by using two earth pressure 
balanced shields (D = 6.75 m) and installing a pre-
cast reinforced concrete segmental lining (5.85 m ID, 
6.45 m OD). Each ring of lining consisted of seven 
segments, assembled as shown in Figure 2.

A system of sockets and plastic dowels was used 
along the transverse joints (i.e. between rings) to 
guarantee accurate positioning of the segments. 
The dowels had also a static role providing tem-
porary support of the segments during ring com-
pletion and definitive link between adjacent rings. 
The segments were not connected along the lon-
gitudinal joints (i.e. in the same ring) where they 
were only provided with neoprene waterproof 
gaskets. These gaskets were eventually compressed 
when the key segment was fitted into place or later 
when the assembled ring was pushed out the shield 
and exposed to grouting and external soil pressure. 
The water tightness of the lining rely obviously 
upon such a compression.

The EPB machine advancement in the soil 
is granted by 19 hydraulic jacks separated in 
7 groups which provide the needed reaction push-
ing against the rings already installed. Such lon-
gitudinal forces may get to very high values and 
represent a very important source of  both strains 
and stresses in the lining as it will be shown in the 
following sections. The position of  the jacks along 
the ring is shown in Figure 2. The experimental 
program concerning the observation of  internal 
forces in the lining was based on the adoption 
of  strain gauges in four independent rings of  the 
 lining. Vibrating wire gauges were embedded in 
the precast segments of  the monitored rings. Two 
couples of  gauges along the circumferential direc-
tion (1–2 and 3–4) were deployed in each segment 
except the key and a single gauge was installed 
perpendicularly (5), as schematically shown in 
Figure 3, where a picture of  the steel cage of  the 
instrumented segment is shown.

Hence, the strain values were measured since the 
segments were concreted, during their installation 
in the tunnel and for a long time afterwards. A total 

Table 1. Average values of geotechnical parameters for 
sand.

Dry unit weight, γd [kN/m3] 15

Saturated unit weight, γsat [kN/m3] 19

Permeability, k [m/s] 10−6–10−7

Cohesion, c’ [kPa] 0

Friction angle, φ’ 38°

Small strain shear modulus, Go [MPa] 10 + 5z

Earth pressure coefficient, Ko 0.4–0.5

Figure 2. Sketch of the lining.

Figure 3. Layout of the vibrating wire gauges in a  lining 
segment.

of 12 measurements of bending and hoop strain 
(gauges 1–2 and 3–4) and 6 measurements of lon-
gitudinal normal strain (gauges 5) were available 
for each instrumented ring. Each instrumented lin-
ing segment was individually tested before instal-
lation to check the measured strains with those 
computed under known load conditions (Bilotta 
et al., 2005). The locations of the two instrumented 
rings for each tunnel are shown in Figure 4 and 
described in Table 2.

The segments of the instrumented rings 3 and 4, 
both belonging to the north tunnel, which was exca-
vated later than the south tunnel, were equipped 
with radio loggers. These enabled wireless data 
transfer during the segment lifetime including the 
assembly stage, when all the external cables had to 
be disconnected.

4 THERMAL EFFECTS ON VIBRATING 
WIRE GAUGES

The vibrating wire gauges are based on the prin-
ciple that if  the tensile stress in the wire increases, 
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its resonance frequency increases as well. As this 
frequency can be measured by exciting the wire 
with an electric pulse, the gauge is in fact a stress 
indicator. Such a measurement is potentially self-
compensated for temperature, provided that the 
thermal expansion coefficient of the structural ele-
ment to which the gauge is linked is the same of 
the wire. However, if  the strain of the structural 
element is the target quantity to know, a correction 

of the vibrating wire measurement may be needed, 
depending on how the structural element is con-
strained at the boundaries when the temperature 
change occurs (Russo, 2005). For this purpose tem-
perature measurements are systematically recorded 
by thermocouple sensors embedded in the vibrat-
ing wire gauges.

The instrumented concrete segments were 
exposed to thermal changes both during the 
installation, mainly because of  the grout reac-
tions at the shield tail, and later on, when even 
the small seasonal temperature changes in the tun-
nel can introduce significant spurious effects on 
overall small strain changes (typically few tens of 
microstrains).

Due to the difference of the thermal expansion 
coefficient of the concrete segment and the steel 
wire (≈4–5 µε per °C), an “apparent” compres-
sion of about 6 µε per °C of thermal change was 
often measured at constant external loads. For 
very  constrained conditions (i.e. for longitudinal 
gauges in the tunnel) such a compression increased 
up to 12 µε per °C, which has to be interpreted as 
wire detensioning between “fixed” ends as far as 
temperature increases. For instance in Figure 5 the 
“apparent” compression of a longitudinal gauge 
is shown at three different stages of its life, cor-
responding to different degrees of restraint of the 

Figure 4. Plan view of the tunnels with the position of the instrumented rings.

Table 2. Position of the instrumented rings of lining.

Instrumented 
ring #

Monitoring 
section Tunnel

Chainage 
(m)

Axis depth 
(m)

1 2 South 146 16

2 3 South 245 19.5

3 1 North  86 14

4 3 North 245 19.5

Figure 5. Strains vs temperature at various stages of the 
segment life (longitudinal gauge).
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Figure 6. Typical strains measured during installation: 
(a) circumferential; (b) longitudinal.

figure, the jack forces acting on the segment D 
induced a high longitudinal compression (Fig. 6b) 
and a decompression in the circumferential direc-
tion (Fig. 6a). Such a Poisson effect was rather evi-
dent in the initial stages reported in the figure as 
the ring was nearly free to expand inside the shield. 
As far as the instrumented ring approached the 
shield tail, compressive circumferential strains pre-
vailed over the Poisson effect (Fig. 6a). The latter 
almost disappeared once the ring left the shield tail 
and was radially loaded by the backfill grout first 
and by the earth and water pressure later.

It is evident that before being loaded by the 
surrounding ground the segments underwent a 
complex strain history due to the ring assembly. 
The magnitude of  the overall measured strains 
as shown in the figure is not that large, hence 
the need to apply temperature corrections on the 
gauge readings. During the installation of  the 
instrumented ring the geometry of  the structural 
system changes and, particularly, both the loading 
system and the degree of  restraint of  each single 
segment change. Even for such reasons the back-
calculation of   average internal forces in the final 
lining starting from strain measurements may 
present some difficulties. This issue will be dis-
cussed in the next section.

6 INTERNAL FORCES

Usually internal bending moments and hoop forces 
in the sections of a lining are simply obtained using 
the beam theory starting from the strains meas-
ured along the circumferential direction only, i.e. 
neglecting the coupling between such strains and 
the rather large longitudinal forces applied by the 
hydraulic jacks due to Poisson effect. Obviously in 
a point of an elastic three dimensional body sub-
jected to a general state of stress the strain along 
one direction depends on the values of three prin-
cipal normal stresses acting in the same point. As 
demonstrated by Blom (2002) in a similar problem, 
concerning a full segmental lining tested in a labo-
ratory, the coupling with the third principal direc-
tion of the problem—i.e. the radial direction—can 
be neglected. Accordingly, the diagram of the nor-
mal circumferential stresses in concrete, σc, was 
assumed as linear and defined through the two val-
ues, acting along the fibers of gauges nos. 1 (or 3) 
and 2 (or 4):

σ
ν

c
c

c

Ec
,1 2

νν1
=

−( )
( )ε νενν Lε1εε +

 

(1a)

σ
ν

c
c

c

Ec
,2 2

νν1
=

−( )
( )ε νενν Lε2εε +

 

(1b)

concrete segment in which it was installed: when 
the segment was concreted in the mould  (hydration 
heat), when it was stocked in the manufacturer 
yard (daily and seasonal temperature changes) 
and when it was installed in the tunnel (seasonal 
temperature changes). In the following sections 
the strains measurements were always purged by 
 temperature effects.

5 STRAIN HISTORY

A data logger embedded in each instrumented seg-
ment allowed the measurements to be taken with 
a constant pre-set frequency. Wireless technology 
used only for the loggers embedded in the seg-
ments of the instrumented rings 3 and 4 allowed 
the data to be recorded at any wished time with 
out-of-sequence scanning. Such a feature was 
particularly useful to manually control the strain 
measurements during the assembly of segments 
inside the shield and throughout the following 
tunnelling operations. For the limited space of the 
paper just an example of measurements taken dur-
ing installation is given in Figure 6 with reference 
to the haunch segment D of the ring 3, which is 
numbered as 70 in the construction sequence of 
the north tunnel.

The strain values shown in the figure were 
zeroed before the segment was erected and cor-
rected for temperature, as it increased of about 
10°C around the ring due to the heat developed by 
grouting hydration reaction occurring at the shield 
tail. The measurements plotted against the time in 
the figure refer to the assembly of ring 70 and cover 
also the installation of the subsequent rings from 
71 to 74, including the drilling  periods in-between 
(see the arrows). When the TBM advanced for the 
excavation, it applied through the jacks a signifi-
cant thrust on the assembled ring. As shown in the 



217

where ε1 and ε2 are the strains measured by the cir-
cumferential (or transversal) gauges nos. 1 (or 3) 
and 2 (or 4) and εL should be the longitudinal strain 
measured at the same location of the gauges 1 and 
2 (or 3 and 4).

In this case this last strain was not directly 
 measured. Blom (2002) analysing by FEM a single 
segment of the lining subjected to three-point load 
representing the jack forces showed that (Fig. 7):

a. the longitudinal strain is maximum along the 
direction of the point load;

b. in the mid transverse section of the segment the 
longitudinal strain decreases almost to zero at 
the centre between two subsequent forces.

Being the geometry of the segments and of the 
point load very similar but not exactly the same to 
that analysed by Blom, it was decided to adopt two 
different and extreme assumptions when using the 
equations 1a) and 1b):

1. the longitudinal strain εL was assumed equal to 
the value measured by the longitudinal gauge 
no. 5, ε5—i.e. maximum value (hyp. 1);

2. the longitudinal strain εL was assumed equal 
to zero—i.e. approximately the minimum value 
calculated by Blom (2002) or, in other words, 
the assumption correspond to neglect the cou-
pling Poisson’s effect (hyp. 2)

In the application of the equations 1a) and 1b) 
the Young’s modulus was assumed equal to Ec = 30 

GPa while the Poisson’s ratio, νc, was assumed 
equal to 0.2. Furthermore a tensile strength of 
the concrete has been considered in the back-
 calculations as the stress corresponding to −100 µε. 
Passing from circumferential strains to bending 
and hoop forces the contribution of the steel cage 
bars was calculated from the values of strain in the 
concrete measured at the gauges (assumed equal to 
the strain of the corresponding steel bar) and using 
Es = 210 GPa.

The amount of data available for the four 
instrumented rings even in the long term is notice-
able and a more extensive and detailed report will 
be published elsewhere. It was decided to dedicate 
this paper only to show and discuss, for all the four 
instrumented rings, the significant effects of dif-
ferent assumptions and procedures when deriving 
internal forces.

For such a reason the strains measured and 
adopted for internal forces back-calculations 
refer only to a single date approximately cor-
responding to the full completion of  the  tunnel 
stretch, that is about 5 to 7 months after the 
ring installation. Therefore the external loads on 
the ring can be surely considered as completely 
developed.  Available long term measurements 
show some minor creep effects which will not be 
discussed here.

The values of the strains are the increments 
from the initial condition assumed as that one just 
preceding the segments erection in the shield. The 
measurements were also corrected for temperature 
effects, as briefly discussed at §4.

The back-calculated values of hoop force, N, 
and bending moment, M, are plotted as grey or 
white diamonds in Figure 8 versus the angle θ 
measured along the ring no. 1 counterclockwise 
from the hauch (at the tunnel axis level). The grey 
diamonds (‘exp 1’) correspond to the previously 
discussed hypothesis 1 while the white diamonds 
(‘exp 2’) correspond to the hypothesis 2.

The trend of the experimentally derived internal 
forces is not significantly affected by the two differ-
ent assumptions. It can be noted a very high value 
of hoop force N (Fig. 8a) at least in one point and 
many points where the hoop force is very low or 
even null. Rather low values of bending moments 
were generally back-calculated along the ring with 
most of the values falling in the range of ±50 kNm 
(Fig. 8b).

Even being the trend rather similar the two dif-
ferent hypotheses on the coupling of the longitu-
dinal and circumferential strains produce along 
the ring differences between the deduced internal 
forces as high as 30–40%.

In the same Figure 8, two different theoretical 
calculations are also shown for comparison. Such 
calculations were performed assuming a bedded 

Figure 7. FEM calculations of longitudinal strains in a 
segment subjected to three-point load (after Blom, 2002).
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between the ground and the lining, although the 
real behaviour would be dependent on a complex 
interaction between the soil, the pre-cast concrete 
segments and the backfill grout.

Figure 8a shows that both the theoretical pre-
dictions are not able to reproduce in detail the 
backcalculated values of hoop forces, their vari-
ation along θ and, particularly, the extremely low 
values almost everywhere along the invert. On the 
other hand, the prediction of bending moments 
(Fig. 8b) is more satisfactory since both their mag-
nitude and their distribution along the ring show a 
better agreement with the experimental results.

Similar plots are shown in the following 
Figures 9, 10 and 11 for rings nos. 2, 3 and 4 
respectively.

The back-calculated values of hoop forces in 
ring no. 2 (Fig. 9a) are very high, even when com-
pared with the upper values obtained by theoreti-
cal calculations—i.e. with λ = 0 (‘calc 1’).

As shown in Table 2 the section 2 is deeper 
than the section 1 the depth difference being only 
about 20%. The locally deduced values of hoop 
forces starting from the measured strains in the lin-
ing have an average value along the full lining which 
is between two and three times that  corresponding 
to the ring 1. Of course higher  values of the back-
fill grout pressures around the ring 2 might have 
occurred and partially explain such differences. 
Unfortunately the grout pressure data are not 
available in all the instrumented rings thus it is 
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Figure 8. Hoop force N (a) and bending moment M 
(b) in ring no. 1—Back-calculation and theoretical 
predictions.
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Figure 9. Hoop force N (a) and bending moment M 
(b) in ring no. 2—Back-calculation and theoretical 
predictions.

ring model for shallow tunnels, that is without ten-
sion bedding at crown (Schulze & Duddeck, 1964). 
An equivalent elastic Young’s modulus for soil, Es, 
over the likely range of shear strain around the 
tunnel (10−2 % and 10−1 %), was assumed as cor-
responding to Es = 40 MPa.

As the lining ring is made of  segments, a reduced 
flexural stiffness was assumed for the equivalent 
structural section of  the ring, estimated in about 
one half  of  the full value for the single segment, 
according to widely used expressions depending 
on the number of  segments and the geometry of 
the longitudinal joints (e.g. Muir Wood, 1975; 
AFTES, 2001).

Constant hydrostatic pressure, u, and an ani-
sotropic (K0 = 0.5) distribution of effective stress, 
σ ′( )θ , were assumed around the tunnel lining. 
The latter can be defined according to a deconfine-
ment ratio, λ, as:

σ σ′ ′( )θ( )θ = ( )λλλλ ( )θo  
(2)

where σ oσσ ′( )θ  is the initial litostatic stress.
The deconfinement ratio λ at the TBM’s tail is 

a function of the shield geometry, of the applied 
earth pressures at the shield face and of backfill 
grout pressure at its tail. Considering the values of 
the face and backfill pressures measured during the 
excavation, in the calculations with the  theoretical 
model λ was assumed as ranging between 0 
(‘calc 1’) and 0.5 (‘calc 2’). Full bond was assumed 
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Figure 10. Hoop force N (a) and bending moment M 
(b) in ring no. 3—Back-calculations and theoretical 
predictions.
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Figure 11. Hoop force N (a) and bending moment M 
(b) in ring no. 4—Back-calculations and theoretical 
predictions.

not possible to discuss on the influence of such 
a  factor. On the other hand the back-calculated 
experimental bending moments in the same ring 
(Fig. 9b) are in better agreement with the theoreti-
cal calculations at least in terms of their magnitude, 
In such a case most of the experimental values fall 

in the range ± 100 kNm. As for ring 1, however the 
experimental values and calculations show rather 
different distribution along the lining.

In Figure 10a and 11a the back-calculated  values 
of hoop forces in rings no. 3 and no. 4 are finally 
reported; the bending moments in the same rings 
are plotted in Figure 10b and 11b.

For such rings a further procedure for the back 
calculations of hoop forces and bending moment 
was added (‘exp 3’).

The new procedure aimed to derive the values 
of the internal forces at the interface between each 
couple of adjacent segments, instead of those act-
ing in the section where the vibrating wire gauges 
were installed.

As discussed in section 5, the measurements dur-
ing the installation showed that significant strains 
arose in the segments during the assembly process 
and before the ring left the shield. Detailed infor-
mations on such preliminary strains are available 
only for rings 3 and 4 which were equipped with 
radio loggers.

In order to explicitly consider such stage in the 
back-calculations, the boundary value problem 
of assembling a ring of the lining must be faced 
and solved. In such a problem only a vector of 
five strains at five points per segment is known at 
each stage, while the loading vector has a variable 
number of components as the assembly process 
proceed (jack thrusts, eccentric forces acting along 
the longitudinal joints, shear forces transmitted 
through the dowels along the transverse joints, 
backfill grout pressure around the ring) with the 
most of these components substantially unknown. 
Thanks to the wireless logging system installed in 
the segments of the two rings no. 3 and no. 4, the 
strains measurements were taken at the most sig-
nificant stages of the installation, enabling at least 
to establish a clear link between measured strain 
vectors and geometric partial configuration of the 
assembling ring. The numerical problem was then 
solved by Pepe (2008) which reports the results for 
the two rings. Further details on the procedure 
may be found in that work.

The results of  such incremental back-
 calculation, considering each stage of  the assem-
bly process, are shown in Figures 10 and 11 with 
grey squares (‘exp 3’). The same procedure also 
enabled the back-calculation of  the internal forces 
which stemmed in the lining from the assembly 
process, on the basis of  the strains measured in 
the lining when the ring was assembled inside the 
shield. Although for space limit reasons further 
details on the procedure are not provided, it is 
worthy mentioning that, at the end of  the assem-
bly of  the instrumented ring, the internal forces 
in the lining were highly variable, resulting very 
high inside each segment and practically null at 
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the interface between each couple of  adjacent 
segment.

Such a result of not having any significant inter-
action between each couple of adjacent segments 
when the ring is completed could be determined 
at the design stage by prescribing the tolerances 
to be allowed between the segments during their 
assembly in the shield. Furthermore, although the 
mechanical tolerances can be strictly prescribed 
during the prefabrication of the segments, those 
involved with their assembly are usually entirely 
managed by the operators of the TBM during the 
construction process. As stated by Blom (2002), 
and confirmed by the Authors’ experience, in this 
kind of lining the segments are generally installed 
in place rather smoothly, i.e. without generating 
significant interaction forces between pairs of 
adjacent segments. Only the key segment, which is 
also the final one, may be forced in the tight gap 
left to complete the ring: in such a case, the opera-
tor increases the jack thrust out of the ordinary, 
causing even evident damages (visible cracks) to 
the adjacent segments.

The values of the forces at the interface between 
adjacent segments plotted in the Figure 10 and 11 
(‘exp 3’) only arised as a result first of the interac-
tion between the rings deforming outside the shield 
and the instrumented ring inside the shield and 
later as the influence of the interaction between the 
same ring and the external soil with the interposed 
backfill grout. In the Figures 10 and 11 also the two 
sets of experimental back-calculated internal forces 
labelled ‘exp 1’ and ‘exp 2’ are reported. They were 
obtained with the same procedure described for the 
ring 1 and 2. With reference to these first two sets the 
same comments already reported for the ring no. 2 
are possible. The two extreme hypotheses on the 
value of the longitudinal strain along the segment 
lead to quite different values of hoop forces, the dif-
ference being as high as 30–40%. The differences 
on the bending moments are less significant but 
not at all negligible. In both cases the average hoop 
force along the lining is much higher than that pre-
dicted by the theoretical calculations while a better 
agreement can be found for the bending moment. 
On the other hand the internal forces derived at 
the interface between the segments with the third 
back-calculation procedure (‘exp 3’) using the same 
measured strains show less scatter along the lining, 
and, above all, exhibit an average value which is sig-
nificantly lower than the calculated values.

The Authors believe that the somewhat discour-
aging picture described until now with:

i. very large differences between the forces derived 
by different procedures applied to the back-cal-
culations starting from the same experimental 
strain data;

ii. theoretical calculations which do not show a 
true satisfactory agreement with none of the 
experimentally derived distribution of internal 
forces;

can largely change if  simply the set labelled as 
‘exp 1’ (or ‘exp 2’) on one side and the set labelled 
as ‘exp 3’ on the other side are considered together 
and not as alternative. In such a case for instance, 
for the ring 3 and 4 the hoop forces derived by 
the known strains could be represented as in 
Figure 12.

The figure shows that hoop forces are highly var-
iable along the lining or, better, inside each segment 
the lining is made of. The theoretical calculations 
carried out with simple methods fail in predicting 
such a high variability being completely neglected 
the assembly stage; on the other hand the average 
value of the hoop forces produced by the theoreti-
cal calculations are indeed in good agreement with 
the average experimental value of the hoop forces 
along the lining if  the overall experimental distri-
bution reported in Figure 12 is considered.

7 CONCLUSIONS.

The paper reports the results of the back-analysis 
of the strains measured in four instrumented rings 
of the segmental lining of the two tunnels of the 
Line 1 Underground Extension in Napoli (Italy). 
The main issues related to the instrumentation, the 
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Figure 12. Hoop forces along the lining of the ring no. 3 
and no. 4.
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data processing and the back-calculations proce-
dures were discussed.

The segmental nature of the lining and the rela-
tive assembly process was shown to be responsible 
of highly variable distribution of the internal forces 
in the lining. Without taking into account both 
these aspects neither the internal forces derived by 
the strains measurements nor the theoretical pre-
dictions can be considered as reliable and realistic.

The fundamental role played by the innova-
tive technology of the wireless logging in two out 
of the four instrumented rings was shown: this 
technology allowed a clear correspondence to be 
established between real time logged data and geo-
metrical configurations of the lining segments, 
during the quick assembly process when no wire 
connections were allowed for.

The observed high variability of strains and 
stresses in these lining types suggest also the use of 
a higher number of strain gauges within an instru-
mented section, with more gauges dedicated to the 
measurements of longitudinal strains.

Furthermore, should the distribution of inter-
nal forces like those reported in Figure 12 be 
confirmed by further experimental or numerical 
investigations, the ordinary methods adopted for 
the calculations of the forces in the lining at the 
design stage should be largely revised.
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