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ABSTRACT: This paper focuses on the convergence measurements of twin motorway tunnels under 
excavation in a Pliocene formation in the South of Italy. The tunnels are driven full face, with a cross-
section of 120 m2, by means of a conventional excavation method, up to a maximum depth of 120 m. 
The primary lining is an open arch made up of shotcrete and steel sets; the definitive lining consists 
of concrete cast in three different stages. Convergence measurements were analyzed on the basis of the 
curve-fitting technique proposed by Sulem et al. (1987). Then, the influence on tunnel deformation of 
overburden and lining construction sequence is investigated. Finally, the role of the primary and final lin-
ings in reducing tunnel convergence is investigated by means of a three-dimensional stress-strain analysis, 
performed with FLAC3D code.

2 SANTA MARIA TUNNELS

The Santa Maria twin tunnels are part of the new 
motorway route ‘SS 106 Jonica’, under construc-
tion on behalf  of ANAS S.p.A.. The motorway 
crosses the South of Italy running along the Jonic 
Sea, between the towns of Taranto and Reggio 
Calabria. The tunnels take the name from the 
Santa Maria hill, in the Catanzaro countryside, 
through which they are excavated.

The tunnels, which are currently under con-
struction, are 1.3 km long. They are identified 
as “North tunnel”, which runs towards Taranto, 
and “South tunnel”, which runs towards Reggio 
Calabria.

The twin tunnels are excavated in a Pliocene 
formation, mostly consisting of silty clay. They 
are driven full face using a conventional excava-
tion method, up to a maximum depth of 120 m. 
The tunnel diameter is about 13.0 m, which corre-
sponds to a cross-section of 120 m2, and the mini-
mum clearance between the tunnels is 20 m.

1 INTRODUCTION

Modern tunnelling methods include ground dis-
placement monitoring as an essential part of the 
construction: it allows confirmation of design 
assumptions and provides a basis for changes in 
the excavation sequence and support methods. The 
paper presents convergence measurements carried 
out at two parallel motorway tunnels under exca-
vation in a fine-grained formation in the South of 
Italy.

Convergence measurements were analyzed 
accordingly to the model proposed by Sulem et al. 
(1987), which relates tunnel displacements to both 
face distance and time-dependent behaviour of 
the soil. The influence of the lining construction 
sequence, as well as that of tunnel overburden, are 
discussed. Three-dimensional numerical stress anal-
yses, using the FLAC3D code, are also presented, 
in order to investigate the role of different primary 
support systems and the construction sequence of 
final lining on the tunnel deformation.
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An open primary lining made up of shotcrete 
and steel sets has been adopted. The concrete final 
lining has been cast in three different stages, i.e. the 
sidewall, invert and vault of the tunnel section.

Careful monitoring is being carried out in order 
to ensure compliance with construction quality 
requirements, verify design assumptions and adapt 
primary lining. Regular measurement of tunnel 
displacements is carried out. In a few sections 
along the tunnel extension also the load in the lin-
ing is monitored.

2.1 Geological and geotechnical outlines

The Santa Maria hill is formed by two Pliocene 
formations (Fig. 1). In the upper part of the hill 
there is a formation denominated ‘Asa’, composed 
of alternating layers of sandstones (decameter 
thickness) and loose sand (centimetric thickness). 
At the bottom of the hill there is a lithological unit 
denominated ‘Ags’, composed of alternating levels 
of gray blue silty clay (multidecameter), crossed 
locally by layers of sand and silt, and of decameter 
levels of silty-sandy clay.

The tunnels are mainly excavated through the 
Ags formation. During the design stage, geotech-
nical investigations were carried out only in areas 
near the tunnel entrance and in areas subject to 
higher overburdens. During the excavation, sam-
ples have been also collected from the tunnel face, 
in order to improve the knowledge of soil proper-
ties at the tunnel depth.

Along the entire route, the tunnels pass through 
a fine-grained soil with a high percentage of silt 
(on average up to 50%) and a variable percentage 
of clay and sand. In some limited areas the per-
centage of the sand increases up to 40% (Fig. 2).

A summary of the physical and mechanical prop-
erties of the soil sampled at the tunnel face is shown 
in Table 1. No significant variations are recorded 
between the two tunnels. Plastic and liquid limits 
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Figure 1. Schematic geological profile of the Santa 
Maria tunnel (North) (the thick line represents the tun-
nel). Vertical boreholes are also shown.
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Figure 2. Two limit grain-size distributions of soil sam-
ples collected at the tunnel face.

Table 1. Properties of the soil.

Properties Min-Max

Total unit weigth γ (kN/m3) 20.8–21.4

Dry unit weigth γd (kN/m3) 17.2–19.3

Solid unit weigth γs (kN/m3) 26.4–26.5

Void index e 0.39–0.56

Natural water content w (%) 21–32

Liquid limit wl (%) 30–50

Plastic limit wp (%) 18–25

Saturation degree Sr (%) 91–99

Clay fraction CF (%) 13–41

Compression index Cc 0.06–0.12

Swelling index Cs 0.02–0.055

Peak cohesion c′p (kPa) 18–51

Peak friction angle ϕ′p (°) 25–35

vary in the intervals, respectively, 20–25% and 
30–50% (Fig. 3). Values of water content, in the 
interval between 20 and 30%, are close to the plas-
tic limit. Using Casagrande’s classification, the fine 
fraction of the soil sampled can be classified as an 
inorganic clay of medium plasticity.

Compressibility was investigated in the labora-
tory by means of oedometer compression tests: 
compressibility and swelling indexes exhibit val-
ues in the intervals, respectively, 0.06–0.12 and 
0.020–0.055.

Triaxial, as well as direct shear tests, were also 
carried out. Very high scattered values of strength 
parameters were obtained along the tunnels: the 
peak cohesion varies in the interval 20–50 kPa, 
while the peak friction angle varies in the interval 
25°–35°. The larger values of friction angle, associ-
ated to the lower values of cohesion, were obtained 
for samples with a higher percentage of sand.

Limited data is available on the water table level 
and on pore pressure distribution in the excavated 



283

formations. In the design stage water table was 
assumed to be close to the bottom of Asa forma-
tion, i.e. at about 20 m above the tunnel crown. The 
hydraulic conductivity estimated from oedometer 
compression tests was shown to be very low, vary-
ing in the interval 10−11–10−10 m/s.

The high percentage of silt and the high distur-
bance of samples taken at the tunnel face, did not 
allow in oedometer compression tests a reason-
able estimation of the preconsolidation pressure, 
therefore the overconsolidation ratio is not directly 
known.

3 DESIGN AND CONSTRUCTION

The design of the tunnels was based on the observa-
tional ADECO-RS approach (Lunardi 2000). Dif-
ferent typology of primary linings were applied to 
specific geotechnical conditions; the effectiveness 
of the adopted solution are checked by compar-
ing the monitored convergences to predetermined 
reference values.

Figure 4 shows the typical cross-section of the 
tunnel with the primary lining consisting of an 
open ring of shotcrete (thickness of 0.20–0.30 m) 
and steel sets (2 coupled bars among the types 
IPN 160–180–220). The unsupported span has a 
length of up to 1.0–1.2 m for the more ordinary 
excavation sections (section area of 120 m2), while 
it decreases up to 0.75 m in the case of larger exca-
vation sections (section area of 180 m2), planned as 
security stop areas.

Face reinforcement consists of 18 m long fiber-
glass bolts, installed every 10–12 m of face advance-
ment, thus resulting in a overlap of 6 m. In some 
cases face bolting, with a maximum density of 
1 bolts/m2, is adopted.

The concrete final support (thickness of 0.8–
1.0 m) is cast in three separate stages, the cast 

length being typically 6–12 m. Firstly, concrete at 
the sidewall (Fig. 4) is constructed at a maximum 
distance from the face of 24–30 m; then, the invert 
is cast typically 6–12 m behind the sidewall; finally, 
the arch lining is closed by the vault, generally 
60–70 m from the face.

The advance rate of the tunnel is between 1.5 
and 3.0 m/day.

4 ANALYSIS OF CONVERGENCE 
MEASUREMENTS

The construction process is monitored mainly 
through the geodetic survey of displacements at 
the tunnel wall. Monitoring sections include 5 tar-
gets installed according to a typical scheme: three 
at the top-heading and two at each sidewall.

A monitoring section is installed every excava-
tion cycle, i.e. 12 ÷ 18 m; they should be placed no 
more than 1 m from the face. Monitoring is inter-
rupted when the permanent concrete lining is cast.

For shorter distances from the face, i.e. less than 
15 m (almost 1 tunnel diameter), one measurement 
per day is carried out, while for longer distances, 
the frequency decreases to 2 or less measurements 
per week.

4.1 Data convergence interpretation

The interpretation of convergence data was based 
on the regression model proposed by Sulem et al. 
(1987). The model supposes that the tunnel closure 
C is influenced both by the face distance and time 
dependent behaviour of the soil:
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where x is the distance of the monitoring section 
from the face and t is the time elapsed since the 
face crossed the control section. The parameter C∞ 
represents the closure corresponding to an infinite 
advancement rate; the parameter X corresponds to 

0 20 40 60 80 100

Liquid limit (%)

0

20

40

60

80

P
la

s
ti
c
it
y
 I

n
d

e
x
 (

%
)

North

South

CH

OH

MH

CL-ML
OL

ML ML

CL

Figure 3. Casagrande’s classification of the soil.

Figure 4. Typical cross—and longitudinal section of 
the tunnel.



284

the face effect (it is related to the plastic radius R); 
parameters m, T and n describes the time effect; the 
quantity C(1 + m) represents the closure at infinite 
distance and time.

The measured convergence is a fraction of the 
actual total closure; it generally depends on the face 
distance x0 at the “zero” reading and on the time t0 
elapsed since the face crossed the monitoring sec-
tion until the “zero” reading:

ΔC t x C t ki it i i( ,xi ) (C )tit )t ( ,x ) ,i−x(C )t 0 0t,  (2)

Solving the non linear equation (1) on the 
basis of the collected data ΔCi (xi,ti), for exam-
ple by means of a minimum squares regression 
technique, allows the estimation of the regression 
parameters.

As suggested by various authors (Sulem et al. 
1987, Boldini et al. 2002), the parameter n was 
fixed at the value of 0.3 in order to reduce the ill-
conditioning of the set of k equations (2).

In the regressions analysis convergence data col-
lected during sidewall and invert installations were 
not considered. In this way the influence of invert 
excavation and variation of stiffness support on 
the regression results are minimized.

In Figure 5 three examples of convergence fit-
ting of the L1 control length are represented. The 
regression model is shown to be able to fit the 
measurements corresponding to different excava-
tion sequences. Moreover the increase in conver-

gence during breaks in excavation is also accurately 
matched by the model.

Parameters determined by the regression analy-
sis of convergence measurements from the control 
length L1 are reported in Figure 6 as a function of 
the tunnel chainage. The magnitude of the param-
eter C∞ is often lower than 0.150 m, corresponding 
to an average deformation nearly 1% (L1 = 14 m); 
it increases as the tunnel proceeds, probably due 
to the related overburden increment. The length 
X varies between 5 and 15 m, and it is frequently 
close to 6.5 m, i.e. equal to the tunnel radius. The 
characteristic time T is widely scattered in the range 
1–35 days. The non-dimensional parameter m also 
shows a large range of variation, between 0 and 4.

From these results it seems inadequate to define 
a single behaviour model in term of convergence, 
representative of all conditions encountered. On 
the other hand the regression model makes it possi-
ble to estimate the tunnel closure before the “zero” 
reading C(x0, t0), allowing the comparison of meas-
urements collected in different monitoring stations.
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4.2 The influence of the sequential installation 
of definitive lining

The construction sequence of the various struc-
tural elements of the final lining is relevant in the 
development of the convergence.

Figures 7a and 7b illustrate, as an example for 
three monitoring sections, the measured closure 
of the horizontal control length L1 with time in 
relation to the history of the distance of the moni-
toring section from the face. The distance of the 
sidewall and the invert installation from the section 
itself  is also shown (Figs. 7c, and 7d, respectively). 
The installation of the final support elements at 

the sidewall (i.e. distance equal to zero in Fig. 7c) 
causes the closure of L1 to end, even if  the arch of 
the primary support is not closed at the foot.

The measurements of the oblique tunnel con-
vergences also show the same behaviour as the 
horizontal convergence. However, the vertical dis-
placement at the crown continues to increase over-
time until reaching an asymptotic value.

4.3 Comparison of data at different monitoring 
sections

Generally, there are many factors that affect tunnel 
convergence: geometry and depth of tunnel; geo-
technical properties and hydraulic conditions; the 
characteristics of primary and definitive supports; 
excavation sequence, especially in the case of twin 
tunnels.

Comparison of monitored data was carried out 
without taking into account the variability of the 
mechanical properties and hydraulic condition of 
the soil encountered by the tunnel. Differences in 
the primary support and in the sequence of installa-
tion of final lining were also assumed as negligible.

The comparison focused on the influence of 
the tunnel depth and distinguished the data from 
the two tunnels, with the aim of assessing eventual 
interaction effects.

In order to evaluate a dissymmetry of the tun-
nel deformation, the convergence from two oblique 
control lengths, ΔL2 and ΔL3 (Fig. 8), was consid-
ered. In Figure 8 such measurements, normalized 
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Figure 7. Time histories of: a) the measured convergence 
of the horizontal closure L1; b), c) and d) the progression 
of the face, sidewall and invert concrete, respectively, with 
reference to the control section position. The vertical 
lines refers to the time of casting of the sidewall.

0 0.2 0.4 0.6

0

0.2

0.4

0.6

ε
2 

(%
)

H>30m

H<30m

North

0 0.2 0.4 0.6

ε
3
 (%)

0

0.2

0.4

0.6

ε
2 (

%
)

South

L2 L3

H

North  

1st excavated 

South 

2nd excavated 

Figure 8. Comparison between the deformations of 
oblique control lengths for both tunnels. A different sym-
bol is used to distinguish between data recorded at tunnel 
sections below and above 30 m of overburden.



286

to the initial basis length (L2 = L3 = 9 m) and indi-
cated as ε2 and ε3, are plotted for several monitor-
ing sections. If  tunnel cover H is high (>30 m), 
an almost symmetric shape of tunnel closure is 
displayed in both tunnels, even though data are 
largely scattered. On the other hand, at lower tun-
nel cover (H < 30 m) the convergence of the control 
length ΔL3 is always larger than ΔL2.

The dissymmetry in the tunnel closure could 
be ascribed to the rotation of the original prin-
cipal stresses due to the slope or to the sequence 
of tunnel excavation. As the dissymmetry in the 
closure at the lower cover (H < 30 m) is negligible 
in the North tunnel (firstly excavated) and more 
marked in the South tunnel (later excavated), it 
suggests a higher influence of the sequence of tun-
nel excavation.

In Figure 9 the deformation of the horizontal 
closure, indicated as ε1, as well as the overburden H, 
are represented as a function of the tunnel chain-
age. Deformation values from the North and South 
tunnels are quite similar. The horizontal closure, 
even though very scattered, reasonably increases 
with the overburden. The average increment of ε1 
with overburden is 0.018%/m, corresponding to a 
horizontal closure increase of 0.0025 m per 1 m of 
overburden.

It should be noted that in the larger excavation 
section (180 m2), the deformation of the horizontal 
convergence is very similar to that of the ordinary 
section.

Comparison between ε1 and the average value 
of ε2 and ε3, for several monitoring sections of the 
North tunnel is shown in Figure 10a. Convergence 
increases during the excavation, maintaining a con-
stant ratio, which differs with depth. Figure 10b 
shows the correlation between depth and ratio of 
oblique to horizontal closure deformations, which 
can be considered as a measure of the oval shape. 
At lower overburden this ratio differs significantly, 
with an average closer to 1.0, while at larger over-

burden (H > 40 m) it decreases significantly. The 
tunnel deformation at lower depth maintains a 
homothetic shape, while at larger depth an oval-
shaped closure, with the maximum closure in the 
horizontal direction, occurs. This evidence could 
be related to the incomplete closure of the primary 
support.

5 STRESS-STRAIN NUMERICAL 
ANALYSIS

Convergence measurements showed that the instal-
lation distance of the primary lining strongly affect 
the tunnel behaviour. Moreover, placement of the 
lining at the sidewall (also without invert) seems 
to have a key role in reducing tunnel displacement 
(Fig. 7).

In order to better understand these phenom-
ena, comparative stress analyses, simulating the 
sequence of lining installation, were carried out. 
Analyses were performed with the commercial 
finite difference code FLAC3D (Itasca 2006) in the 
three dimensional domain.

5.1 Numerical models

The analyses were performed maintaining con-
stant the tunnel overburden (H = 80 m) and soil 
properties.
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The soil was modeled as an elastic perfectly 
plastic material, obeying the Mohr-Coulomb 
yielding criterion. Cohesion and friction angle 
were assumed equal to c′ = 30 kPa and ϕ ′ = 30°, 
respectively. A non associated plasticity flow rule, 
characterized by the null value for the dilation 
angle ψ ′ was considered. As soil stiffness was not 
directly investigated, reasonable values for the elas-
tic constant were assumed, i.e. E′ = 400 MPa and 
ν ′ = 0.3. The coefficient of earth pressure at rest 
K0 was chosen equal to 1, a typical value for deep 
tunnels.

The analyses were performed in undrained con-
ditions in the effective stress domain. According 
to the design assumptions, water table was fixed at 
20 m above the tunnel crown.

The soil and water properties used in the analy-
ses are summarized in Table 2.

Due to the symmetry in the vertical plane of 
the tunnel axis, only one half  of the entire domain 
was modeled. The calculation mesh, consisting 
of 271680 nodes and 260967 zones, is reported in 
Figure 11. The component of displacement per-
pendicular to the vertical boundary planes was 
restrained. All components of the displacement 
were restrained at the bottom of the model.

The excavation process was simulated by 
applying the following procedure: for each exca-
vation step, equal to 1 m, a set of  soil elements are 
changed into null elements; the excavated soil slice 
remains unsupported while the primary lining is 
installed 1 m behind. The primary lining consists 
of  shotcrete, modeled as elastic shells, and steel 
sets, modeled as elastic beam elements. The lin-
ing elements were considered perfectly adhered to 
the soil.

In order to take into account the matura-
tion process of shotcrete, its Young modulus Es 
was increased during face advancement, while a 
constant value of the Poisson ratio of 0.25 was 
assumed. An empirical relationship (Chang 1994, 
Graziani et al. 2005) was assumed to describe the 
dependence of Es on time:
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where c1, c2 and c3 are equal, respectively, to 1.062, 
−0.446, 0.6 and the Young modulus at 28 days of 
maturation was fixed at 20 GPa.

The beam elements consisted of two coupled 
IPN standard steel beams (Tab. 3).

Three different types of primary linings were 
considered, i.e. minimum, average and maximum 
stiffness, as proposed in the design (Tab. 3).

The permanent lining elements considered in the 
analysis were sidewall and invert concrete, while 

the vault element was not included. The structural 
elements were modeled through elastic brick ele-
ments, characterized by Young modulus and Pois-
son ratio equal to 25 GPa and 0.25, respectively. A 
perfect adherence of the structural elements to the 
soil was assumed.

Sidewall and invert elements were installed every 
6 m, as in the actual construction. Two different 
installation distances from the face were consid-
ered: 12 and 24 m (corresponding to minimum 
distances from the face of 6 and 18 m after the 
casting, respectively). Two hypotheses of installa-
tions were investigated: installation of concrete at 
the sidewall only (cases a2, a3 in Tab. 3) and instal-
lation of both sidewall and invert (cases a4, a5 in 

Table 2. Relevant parameters adopted in the numerical 
analyses.

Soil

Dry unit weigth γd (kN/m3) 18

Porosity n 0.35

Young modulus E′ (Mpa) 400

Poisson ratio v 0.3

Friction angle ϕ′ (°) 30

Cohesion c′ (kPa) 30

Dilation angle Ψ ′ (°) 0

Water

Unit weigth γw (KN/m3) 10

Bulk modulus Kw (Gpa) 2

Maximum suction s (kPa) 200

Initial State

Height of water table on the tunnel crown hw (m) 20

Coefficient of earth pressure at rest K0 1

Figure 11. Calculation mesh including boundary 
constraints.
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Tab. 3). The case of definitive lining installed at 
infinite distance was also investigated (case a1 in 
Tab. 3).

5.2 Results

The L1 horizontal convergence and the vertical 
displacement at the crown from the analyses are 
reported in Figure 12. The installation of sidewall 
and invert concrete at long distances from the face 
(a1) and at the maximum distance of 24 m (a5) 
gives a horizontal deformation ε1 between 0.7% 
(a5) and 1% (a1), comparable with the monitoring 
data at similar overburden (Fig. 9).

Also the deformation ε2–3 from numerical analy-
ses shows a good agreement with the measured val-
ues (Fig. 10a). Furthermore the analyses provide a 
ratio ε2–3/ε1 varying from 0.28 (a5) to 0.25 (a1), con-
sistent with the non homothetic tunnel deforma-
tion measured at higher overburdens (Fig. 10b).

The behaviour of tunnel deformation when only 
sidewall concrete is installed (a1, a2 and a3) is also 
qualitatively confirmed by the numerical investiga-
tions. Figure 12a shows that, at the installation dis-
tance of 24 m (a3), horizontal convergence stops 
increasing when the sidewall concrete reaches the 
reference section, at 18 m (i.e. minimum installation 
distance for this case). Figure 12b, on the contrary, 
shows that the vertical displacement at the crown 
is still increasing at the same distance, attaining a 
final value only at a larger face distance (24 m). The 
noticeable effect of sidewall casting is confirmed by 
comparing the maximum values of displacements 
obtained at different installation distances (a1, a2 
and a3). Even though the sidewall is installed at 24 m 
(almost 2 times tunnel diameter) from the face (case 
a3), convergence strongly reduces with respect to 
the infinite installation distance (case a1) (Fig. 12).

Figure 12 also shows that, for both the hori-
zontal convergence and the vertical displacement 
at the crown, there are no significant differences 
if  sidewall is cast alone (a3) or together with the 
invert (a5), when the installation distance is longer 
than 24 m. At shorter installation distance (12 m), 
the placement of the sidewall alone (a2) and with 
the invert (a4) produces different results: the invert 
installation shows a sharp reduction in the increase 
of convergence as the face advances.

The role of invert installation can reasonably be 
assumed: closure of primary lining with the invert 
strongly increases the overall lining stiffness. On 
the contrary, the important increase in stiffness fol-
lowing the sidewall installation is less apparent.

The influence of the installation of primary lin-
ings with different stiffnesses (minimum, average 
and maximum), in the hypothesis that only the 
sidewall is cast at the distance of 24 m (a3), is also 
shown in Figure 12. In these analyses, at least for 
the investigated soil properties and tunnel depth, 
results show that in order to reduce tunnel conver-
gences it is not possible to separate the effects of an 
increase in the primary lining stiffness, from those 
of a reduction in the distance between the primary 
and definitive linings.

Table 3. Lining characteristics adopted for the various 
analyses.

Primary lining (min)* (average) (max)*

Shotcrete thick. (m) 0.2 0.25 0.3

Steel sets 2IPN160 2IPN180 2IPN180

Definitive lining

Installation length (m) 6

Maximum installation distance (m) for:

(a1) (a2) (a3) (a4) (a5)

Sidewall ∞ 12 24 12 24

Invert ∞ ∞ ∞ 12 24

Vault ∞ ∞ ∞ ∞ ∞

*primary linings investigated only in the condition (a3)
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Figure 12. (a) Shortening of the horizontal control 
length L1 and (b) vertical displacement at the crown 
resulting from the numerical stress analyses.
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6 CONCLUSIONS

In this paper monitoring data from two tunnels 
excavated in a fine-grained formation are analysed 
and compared with the results of 3D numerical 
simulations.

The regression model of Sulem et al. (1987) proved 
to be a reliable instrument in the comparison of con-
vergence data measured at different face distances 
and relative to different excavation sequences.

The detailed analysis of the convergence meas-
urements of the two tunnels suggested some evi-
dence from the interaction between lining and soil. 
Analyses showed that tunnel overburden, as well as 
the different components of the definitive lining (at 
sidewall and invert), clearly affect the intensity of 
tunnel deformation. At the higher depth the tun-
nel shape does not depend on the overburden: the 
higher horizontal closure is presumed to be influ-
enced by the low stiffness of the primary lining, 
working as an open arch. The concrete at the side-
wall increases the stiffness at the foot of the pri-
mary lining, so reducing the effects of punching.

Horizontal and vertical displacements from 3D 
numerical analyses were in accordance with the 
monitoring data.

The numerical stress analyses highlighted (in 
accordance with the monitoring data) the relevant 
role of the installation distance of the different 
structural elements of the linings.

Results from convergence measurements suggest 
that the effects of the excavation sequence between 
the two tunnels requires further analyses.
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