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ABSTRACT: The behavior of precast tunnel segments, subjected to the Tunnel Boring Machine (TBM)
thrust is analyzed in the paper, with particular reference to the case of the Rome Metro C line. Firstly a
proper finite element (FE) code is applied with the aim of evaluating the load related to the first crack
formation, and the evolution of the crack opening. The obtained results are validated through full-scale
tests, developed in the Material and Structure Laboratory of the Rome University “Tor Vergata”, on
actual segments. A suitable system and set-up has been realized in order to re-create the in appropriate
way the in-situ load conditions.
1

INTRODUCTION

The tunnel construction by adopting a Tunnel
Boring Machine (TBM) is nowadays the most
extensively adopted system. The tunnel lining is
usually made with precast segments in reinforced
concrete, loaded by two kinds of actions. The first
one occurs in the construction phase (i.e. demoulding, handling and TBM thrust) and the second one
is given by the soil pressure that causes stresses on
the lining ring.
Nevertheless, for this kind of structures, the
construction phase is often the most severe condition. In particular, the effects of the TBM thrust
on the segments can lead to a severe stress field on
the element, with subsequent cracks that can jeopardize the structural durability. For this reason, the
structural design requires a similar attention with
respect to the geotechnical design.
In order to study the problem of the TBM
thrust effect on the precast segment, a numerical
study, combined with an extensive experimental campaign, has been carried out. It has to be
remarked that in the simple design procedure the
actions transmitted by the TBM are considered as
single point load acting on the segment circumferential side. This model is far away with respect to
the actual field condition, mainly for two reasons:
(a) the action is not properly a point load, but the
dimensions of the usually adopted thrusting shoes
allow a distributed pressure and (b) more loads
(thrusting shoes) are present on the segment, and
their relatively small spacing implies a reciprocal

interaction and does not allow to consider the situation of a single load. For this reason a numerical
modeling, by means of a proper finite element (FE)
code (DIANA, Manie & Kikstra; 2008) has been
carried out with the aim of simulating, as deeper
as possible, the actual actions on the segment. Furthermore, the adopted FE code allows modeling
the concrete cracking phenomena and predicting
the crack opening. This aspect is very important
because in this kind of structures the crack opening limit has to be fulfilled (Burgers et al., 2007).
Due to the complexity of the problem, the study
was integrated with a series of full-scale experimental tests with a specifically designed system
able to reproduce the TBM thrust on the element.
The results of the experimental tests, carried out
in the first research phase, were used for validating the numerical model, which can be considered
a valuable tool for the precast segment design.
The case study herein analyzed refers to the tunnel lining of the Rome Metro C line.
2

PRESENTATION OF THE PROBLEM

During the excavation process, the TBM machine
uses the already placed lining for contrasting the
advancing thrust. The lining is made with reinforced concrete precast segments, combined as in
Figure 1.
The TBM acts on the lining by means of several hydraulic jacks whose force is applied on the
segments with steel shoes. In a traditional set-up,
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Figure 1.

Figure 3.

Segmental lining scheme.

Segment geometry.

260 mm (Figure 3). The segment has a thickness
of 300 mm, an average length of 1400 mm and a
width of 300 mm.
3

Figure 2.
detailing.

Transversal section of TBM with shoe

two jacks act on a single shoe. Between the steel
shoes and the segment, a Teflon layer, having a
thickness of 30 mm, is present. The shoe surface
is shown in Figure 2.
With reference to segment type D of the ring
(Figure 3, Figure 4), three shoes act on the elements.
The distance between the shoes centroids is equal
to 1000 mm while the free space between them is

FE MODELING

Aim of the study is to investigate the possible
cracking phenomena due to the TBM thrust
action. The precast segment is so modeled by
adopting a non-linear fracture mechanic approach
for the concrete.
The development of crack patterns is studied
by means of the smeared crack approach, combined to the “total strain rotating crack” model
(Rots, 1988). With this approach the stress–
strain relationship is evaluated in the principal
directions of the strain vector. A crack is initiated when the principal tensile stress exceeds the
value of the tensile strength and its direction is
perpendicular to the direction of the principal
tensile stress. The effect of the cracking is spread
over the area that belongs to an integration point
of the mesh. When cracking starts, the principal
stress follows a tension-softening stress-strain
diagram, which is characterized by three material parameters: tensile strength, fracture energy,
shape of the softening diagram. An additional
parameter, which is very important for this
approach, is the crack band width over which the
crack is smeared out, related to the size of the
finite element mesh (Figure 5). The value of this
parameter, that can affect the analysis outcome,
has been accurately chosen, with a parametric
enquire, in order to optimize the convergence of
the model, independently of the results of the
experimental tests.
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Figure 4.

Segment D.

Figure 6. a) Element mesh, b) Reinforcement modeling.
Figure 5. a) Smeared crack approach, b) constitutive
relationships of concrete in tension and compression.

The nonlinear tension softening suggested by
Corneliuson et al. (1986), usually named “Hordijk relationship”, is adopted for plain concrete, as
shown in Figure 5. The fracture energy, Gf, is determined with reference to the MC1990 (1993). The
compressive behavior of the concrete is approached
by the curve proposed by Thorenfeld at al. (1997),
whose parameters have been assigned on the basis
of the actual concrete compression strength.
The Finite Element 3D mesh was composed by
adopting 20 nodes prismatic elements having a side
dimension about 60 mm (Figure 6a).
Due to the low stresses acting on the reinforcement,
the steel was considered with an elastic behavior. The
reinforcement bars were modeled with discrete element embedded to the concrete mesh (Figure 6b).
The concrete properties have been derived by
uni-axial compression and tensile tests carried out

Table 1.

Mechanical material properties.

Material

E
MPa

ν
–

fc
MPa

ft
MPa

Gf
N/m

Concrete
Steel(shoes)
Steel(bar)
Teflon

41658
210000
210000
600

0.2
0.15
0.15
0.46

84
–
–
–

4.6
–
–
–

150
–
–
–

on cores drilled by the segment used for the experimental validation, described in the following.
The main properties of the modeled materials
are summarized in Table 1.
The boundary conditions adopted for the segment was chosen in order to restrain the vertical
displacement at the segment base, considering a
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Figure 10. Numerical Load (one shoe)—crack opening.

Figure 7.

Boundary conditions.

rigid contact between the segment and the already
placed lining, having infinite stiffness (Figure 7).
Furthermore, constrains were placed in order to
link the torsion segment displacement.
The incremental analysis, needed with this kind
of model, was carried out by increasing the shoes
load pressure. In this way it was possible to increment the load on the shoes maintaining a stable
behavior.
4

Figure 8.

Stress distribution.

Figure 9.

First crack location, between the shoes.

NUMERICAL FE RESULTS

Firstly, the results of the analysis at a load level
smaller than the cracking one is presented. Figure 8 shows the principle stress distribution pattern in the segment. It can be noticed that tensile
stresses are present in the zones between the shoes
and in a limited region at the segment base. It is
evident that the stress distribution is far away with
respect to the situation exhibited when a point
load is considered: the maximum stresses are not
located under the acting load (shoes) but under the
unloaded surface between the shoes.
Figure 9 refers to the loading step related to the
cracking onset. It can be noticed that the first crack
occurred in the zone between the shoes in correspondence of a load level about 1596 kN for each
shoes (total load of 4788 kN). The crack stabilized
(at this load level) at an initial opening value equal
to 0.00148 mm.
Figure 10 shows the evolution of the maximum
crack opening by increasing the load level. It can
be noticed that, starting from an opening, equal
to 0.00148 mm, the crack opening evolves up to
about 0.2 mm in correspondence to a load level
equal to 1932 kN for each shoes. The evolution of
the crack opening can be followed thanks to the
adopted model for the concrete under tension.
In fact, if a simple brittle relationship is adopted
for modeling the tensile behavior of the concrete
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Figure 11. Tensile concrete model: Comparison between
brittle and Hordijk models.

(Figure 11), the crack opening measured at the first
cracking stage results equal to 0.25 mm. Nevertheless, it is worth noting that the load level related to
the first cracking, obtained with a brittle model for
the concrete, results equal to 1596 kN, i.e. equal to
the one obtained with the smeared crack model.
In order to verify the behavior of the overall lining and not only to limit the analysis to a single segment, a model of the complete ring (Figure 12) has
been developed. In this case it was not considered
the presence of the steel reinforcement, because the
main aim of this analysis was only to compare the
load level related to the first cracking.
The first cracking of the complete ring model
occurs at a load level (on a single shoe) of about
1512 kN very close to what obtained on the single segment (1596 kN). It has to be remarked
that the first cracking load in the single segment
results the same for the model with and without
reinforcement.

5

Figure 12.

Complete ring model.

EXPERIMENTAL VALIDATION

In order to validate the numerical model, an extensive experimental campaign has been set up. Aim
of the tests was to reproduce the in situ TBM
thrust on a single precast segment.
A suitable testing system has been designed in
order to perform full-scale tests, by applying thrust
on the segment up to 4000 kN on a single shoe, with
up to three shoes on a single segment. The testing
system is illustrated in Figure 13. Two hydraulic
jacks act on every steel shoe. A close ring frame is
adopted for every jacket, having a maximum loading capacity of 2000 kN. The total loading capacity of the system is equal to 12000 kN.
The precast segment is placed on a RC beam
having a cross section of 800 × 800 mm, internal to
the close ring frames. In order to obtain a uniform
support a 25 mm thick steel plate is placed between
the segment and the RC beam (Figure 13).
A hydraulic control system has been adopted
with the aim of applying the loads similarly to
what happens with the TBM. In particular it was
possible to control the load on a single jacket and,
with ad hoc valves, it was possible to maintain constant the oil pressure in the circuit.
The loads applied on the segment were measured by means of three inductive load pressures,
each for every couple of jackets. The vertical displacements of the steel shoes were measured with
potentiometer wire transducers, placed on the
front side (intrados) and on the rear side (extrados) of the segment (Figure 14). Furthermore,
two LVDTs were adopted for measuring the crack
opening between the steel shoes (Figure 14).
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Figure 13.

Figure 15.

Experimental test: crack pattern.

Figure 16.

First crack.

Test set-up.

Lvdt 1

Lvdt 2

wires
a)

wires
b)

Figure 14. Test set-up—Instrumentation; a) intrados,
b) extrados.

Figure 15 shows the crack pattern evolution for
different load levels in a tested segment.
It can be noticed that the crack onset is in
accordance with the numerical forecast. As a matter of fact the first crack opens on the extrados
side for a load level of about 1500 kN, for each
shoe, and it is located between the load shoes.
A detail of the first crack is highlighted in
Figure 16.
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CONCLUDING REMARKS

The results of both numerical and experimental
analyses on tunnel precast reinforced concrete segments subjected to TBM thrusts, allow drawing the
following remarks:
− numerical FE analyses, can simulate the actual
behavior of the segment, with reference to the
crack onset and opening, provided that a correct model is adopted for the tensile response of
the concrete. As a matter of fact, both the load
related to the first crack and the opening crack
evolution are caught by the numerical model;
− for the analyzed case, loaded by three couple of
jacks, the cracks appear between the load shoes
and not under them; this aspect should be taken
suitably into account in the design phase;
− the analysis of a single segment appears to be
representative of the entire ring.
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