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INTRODUCTION
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Limit states

Ultimate limit states (ULS) are those associated with collapse or
failure, and generally govern the strength of the structure or
structural members because they correspond to the maximum load
carrying resistance of such member

Climate limit states (CLS) are those associated with collapse of the
environment, and generally govern the temperature of the planet
because they correspond to the maximum carbon dioxide resistance
of such planet
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How to achieve the Climate Limit States

 Use low-carbon material

 Reduce the not-renewable energy for the production

 Reduce the transportation

 Enhance the durability (for the reduction of maintenance costs)

 Reduce the material use → optimized design MATERIAL + STRUCTURE

 etc..
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Fibre Reinforced Concrete (FRC)
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Fibre Reinforced Concrete (FRC)
Short fibres, having a straight or deformed shape, uniformly dispersed in the concrete matrix

Main advantages of FRC:
• obtain post-cracking residual properties
• Smaller crack opening
• Higher impact loading resistance
• Better fatigue resistance
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Fibres for concrete

• Steel fibers • Aluminum fibers

• Carbon fibers

• Glass fibers

• Plastic fibers

They differ according to the type of shape and material they are made of:
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Optimized Reinforcement for elevated slabs
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Optimized Reinforcement for elevated slabs

The optimized reinforcement depends on the
FRC performance as well as on the properties of
the applied loads (i.e., load value, load
distribution, etc.)
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Italian Guidelines for FRC
NTC2018
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International Guidelines for FRC application in segmental lining

• ACI Committee 544 (2016). “Report on Design and Construction of Fiber Reinforced Precast Concrete Tunnel Segments”, ACI 
544.7R-16, American Concrete Institute, Farmington Hills, MI, 36 p.

• ITA report n. 16 (2016), “Twenty years of FRC tunnel segments practice: lessons learnt and proposed design principles”, April 2016, 
ISBN 978-2-970-1013-5-2, 71 p.

• fib Working Party  1.4.1. (2017) “Tunnels in fiber reinforced concrete”, fib Bulletin 83, “Precast tunnel segments in fibre-reinforced 
concrete”, ISSN 1562-3610, ISBN 978-2-88394-123-6, 168 p.
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Loading conditions

Splitting Test
(thrust phase, local 

behaviour)

TUNNEL SEGMENT
Critical phaseTest of in-plane action

(thrust phase, global 
behaviour)

concrete tunnel
segments

hydraulic jacks

TBM shield

cutting 
wheel

direction of
excavation

concrete tunnel
segments

hydraulic jacks

TBM shield

cutting 
wheel

direction of
excavation



21/11/2023 Keynote - Prof. Giovanni Plizzari SLIDE 14

RIVESTIMENTI IN ANELLI DI CONCI PREFABBRICATI DI GALLERIE REALIZZATE CON TBM 
INDUSTRIALIZZAZIONE E SOSTENIBILITA’

LOCAL BEHAVIOR UNDER TBM THRUST SHOES
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TBM thrust phase: local splitting phenomena

Proper specimens dimensions 
and configurations 

to study this local behavior

Thrust phase:

high compressive 
stresses on a small area

Load
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Local splitting phenomena: experimental campaign
Experimental campaign:

• prismatic samples
• line load configuration
• reinforcement solutions:
 fibres only
 rebars only

• two casting directions

Fibre type:
60/65

Material steel

Shape double hooked end

Diameter [mm] 0.90

Length [mm] 60

Aspect ratio [-] 65

Dosage [kg/m3] 25-40-60

h=3d
750mm

d=250mm

a=100mm

d=250mm

Sam
ple

geom
etry

Load 
configuration

a/d=0.40

h/d=3
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Local splitting phenomena: experimental campaign

Casting
direction

Loading
direction

Form-work

Horizontal casting

Casting direction 
perpendicular to  
loading direction

Form-work

Loading
direction

Casting
direction

Vertical casting

Casting direction 
identical to

loading direction
Unfavourable fibres 

orientation
Favourable fibres 

orientation
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Local splitting phenomena: experimental campaign

Load cell

High strength mortar

Steel plate 400x400x30 mm

Specimen

Steel plate 100x250x40 mm
HE 180 B

Electro-mechanical actuator

Reacting frame
Columns: HE 400 B; Beams: HE 450 B
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Local splitting phenomena: experimental campaign

I: Linear elastic phase of concrete
II: Crack formation and propagation
III: Concrete wedge formation and failure

Splitting failure
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Local splitting phenomena: experimental campaign

I: Linear elastic phase of concrete
II: Crack formation and propagation
III: Multi-cracking in compressed zone and failure

Crushing failure
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Local splitting phenomena: experimental campaign
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[kN]

wH1 [mm]

Load 
[kN]
Load 
[kN]
Load 
[kN]

60/65-25

60/65-40

60/65-40H

25 kg/m3 of steel fibers significantly enhance the
splitting behavior and the bearing capacity of a
concrete prism (up to +54%), as well as the specimen
ductility

40 kg/m3 of steel fibers are able to change the failure
mode from splitting to crushing in elements under LL
configuration

A higher fiber content determines a greater stiffness 
in the post-cracking phase

Casting direction influences fiber orientation, thus
the resistance and post-cracking behaviour of
specimens
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Local splitting phenomena: experimental campaign
All RC samples showed a crushing failure at a load
level of about 1200 kN

As expected, an increment of splitting reinforcement
led to a better control of the splitting crack

RC samples showed similar performance to 40kg/m3

of fibers, coherently with the failure mechanism (the
different crushing load is in accordance to the
difference compressive strength fcm)
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Local splitting phenomena: new analytical proposal
ID Pcrack,splitting

[kN]
Pmax,splitting

[kN]
Lmax

[mm]
LL-PC-1 1152 1152 750
LL-PC-2 1011 1011 750
LL-PC-3 970 970 750
LL-PFRC-1 1020 1439 560
LL-PFRC-2 840 1271 510
LL-PFRC-3 885 1160 590
SFRC33/55-1 795 1001 600
SFRC33/55-2 750 955 460
SFRC33/55-3 840 1072 560
SFRC60/75-1 800 1042 620
SFRC60/75-2 760 1006 650
SFRC60/75-3 795 1064 670
60/65-25-1 765 1072 460
60/65-25-2 670 1121 600
60/65-25-3 710 1093 400
30/80-25-1 767 1163 425
30/80-25-2 810 1207 410
30/80-25-3 770 1174 375

18 samples
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Local splitting phenomena: new analytical proposal

k'
'd
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dCompressiv

e

zone

Tensile

 zone

a d

a/2
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Middle

section

Lm
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Hypotheses when Pmax,splitting is reached:

1. Rigid plastic constitutive law in compression

2. Rigid plastic constitutive law in tension

3. k'=f(fR1m) (variable)

4. k''=0.20 (constant)

5. Residual strength = k*fR1m

Transition from nominal 
flexural tensile strength 

(EN14651 beams)
to uniaxial tensile 

strength on the 
specimen

Approximation of the 
length/depth of 

splitting crack as a 
function of FRC
nominal flexural 

strength
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Local splitting phenomena: new analytical proposal
Stress distribution along the middle section

+
Predefined and uniform max strength for FRC in tension along splitting crack

kʹ=0.32
kfR1m

fcm

−0.425
Eq.1

Pcrack,splitting ≤ Pmax,splitting= 4 0.33 𝐟𝐟𝐑𝐑𝐑𝐑𝐑𝐑
𝐝𝐝 𝐛𝐛

𝐑𝐑 − 𝐚𝐚
𝐝𝐝

kʹ2+0.20kʹ ≤ Pcrushing

Formulation for evaluating Pmax,splitting

Eq.2

Splitting crack length estimation
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Local splitting phenomena: new analytical proposal
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EXPERIMENTAL TESTS ON TUNNEL SEGMENTS
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Experimental testing
Typical research path based on experimental tests for Fiber Reinforced Concretes

Prove base di 
prop. mec. 
calcestruzzo

Prove comport.
post-fessurativo

Prove su conci in scala
reale o su altri provini di 
media scala
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CASE STUDY: Scilla tunnel
 internal diameter: 3.50 m
 thickness: 0.20 m
 width: 1.10 m
 N° of segments (per ring): 4
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CASE STUDY: Scilla tunnel
- prove a flessione atte a simulare la fase di stoccaggio, trasporto etc.

- prove con carichi concentrati di notevole entità atti a simulare l’azione della TBM 
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CASE STUDY: Scilla tunnel
Fase preliminare di studio di  calcestruzzi rinforzati con fibre macro-sintetiche in 
polipropilene, fibre PP

Il dosaggio di 8 kg/m3 è stato scelto per la realizzazione dei conci
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CASE STUDY: Scilla tunnel
• Le seguenti soluzioni di rinforzo per i conci sono state oggetto di indagine:

- RC: soluzione tradizionale di riferimento (solo barre di armatura di acciaio)

- RCO+PFRC8: soluzione ibrida ottimizzata (quantitativo limitato di barre di armatura) e 8 kg/m3 di fibre macro-
sintetiche in polipropilene, PP fibers

- PFRC8: soluzione basata sull’impiego di solo rinforzo fibroso

• Le soluzioni di rinforzo sono state scelte sulla base di una progettazione preliminare secondo i seguenti principi:

- Fibre PP impiegate per il controllo di fenomeni locali di splitting (fase di spinta della TBM)

- Fibre PP in combinazione con armatura tradizionale (configurazione ibrida) per controllare fenomenologie di 
spalling (fase di spinta della TBM)

- Fibre PP in combinazione con armatura tradizionale (configurazione ibrida) per sfruttare la mutua collaborazione 
tra fibre e barre in termini di controllo fessurativo e di capacità portante a flessione (comportamento flessionale: 
la percentuale longitudinale di armatura adottata per la soluzione RCO+PFRC8 è stata ridotta allo 0.11%)
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CASE STUDY: Scilla tunnel
- Classe di calcestruzzo: C50/60

- Barre di armatura longitudinali:

       - barre curve di acciaio, 8+8 φ8

       - percentuale di armatura, ρs=0.23%

- Armatura a taglio: staffe φ8 @ 12cm,
4 bracci, con percentuale equivalente

ρst=0.15%
- Armatura di splitting: staffe locali

φ8 @ 12cm, 2 bracci

• Armatura totale:

contenuto in barre pari a 110 kg/m3
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CASE STUDY: Scilla tunnel
- Classe di calcestruzzo: C50/60

- Barre di armatura longitudinali:

       - barre curve di acciaio, 4+4 φ8

       - percentuale di armatura, ρs=0.11%
- Fibre macro-sintetiche, Fibre PP, 8 kg/m3

- Armatura a taglio: fibre PP, 8 kg/m3

- Armatura per comportamento locale

di splitting: fibre PP, 8 kg/m3

• Armatura totale:

8 kg/m3 fibre PP

+ contenuto di barre di 35 kg/m3 



21/11/2023 Keynote - Prof. Giovanni Plizzari SLIDE 35

RIVESTIMENTI IN ANELLI DI CONCI PREFABBRICATI DI GALLERIE REALIZZATE CON TBM 
INDUSTRIALIZZAZIONE E SOSTENIBILITA’

CASE STUDY: Scilla tunnel

Contenuto equivalente di barre di armatura = 110 kg/m3 (RC) vs. 35 kg/m3 (RCO+PFRC8): riduzione del 68%
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CASE STUDY: Scilla tunnel
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CASE STUDY: Scilla tunnel
• In totale 10 conci sono stati gettati:

- con riferimento alle prove a flessione su conci in scala reale, cinque conci sono stati 
gettati e provati:

- un concio di riferimento RC

- due conci RCO+PFRC8 (configurazione ibrida)

- due conci PFRC8 

- con riferimento alle prove con carichi concentrati atti a simulare l’azione della TBM 
su conci in scala reale, cinque conci sono stati gettati e provati:

- un concio di riferimento RC

- due conci RCO+PFRC8 (configurazione ibrida)

- due conci PFRC8 
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CASE STUDY: Scilla tunnel – bending tests
I due appoggi sono continui sull’intera lunghezza del concio, mentre il carico all’estradosso è stato applicato con 
due piastre (150x200 mm) posizionate su uno strato di malta ad alte prestazioni
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CASE STUDY: Scilla tunnel – bending tests
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CASE STUDY: Scilla tunnel – point load tests
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CASE STUDY: Scilla tunnel – point load tests
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CASE STUDY: Scilla tunnel – point load tests
- carico nominale in esercizio per ogni scarpa: 700 kN
- carico eccezionale per ogni scarpa: 1000 kN (1.43 volte il carico di esercizio)

- carico massimo in caso di emergenza per ogni scarpa di spinta: 1600 kN (2.29 volte il carico di esercizio)
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CASE STUDY: Scilla tunnel – point load tests
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FRC OPTIMIZATION
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Enhancement of structural behavior

Towards a performance–based FRC design based on the ability of the composite
material to resist internal crack propagation (i.e., toughness)

Better control of flexural 
cracks (e.g. lining final stage)

Control of splitting cracks: 
reduction or substitution of 

local stirrups  in segment 
region under TBM shoes

Control of shear cracks: 
complete substitution or 
reduction of stirrups for 

shear

Control of splitting cracks: 
reduction or substitution of 

local stirrups  in  longitudinal 
joints of the segment

Improvement of 
post-cracking 

strength due to 
fiber addition



21/11/2023 Keynote - Prof. Giovanni Plizzari SLIDE 46

RIVESTIMENTI IN ANELLI DI CONCI PREFABBRICATI DI GALLERIE REALIZZATE CON TBM 
INDUSTRIALIZZAZIONE E SOSTENIBILITA’

20 years of FRC applications - lesson

Lessons 
learnt

• Localized stresses are better resisted by conventional rebars
• Diffused stresses (e.g., splitting stresses) are better resisted by fibres
• Fibre content is not a complete information  residual post-cracking strength

Keys

• The flexural demand in tunnel segments is a key-point for evaluating the possibility to completely 
substitute traditional rebars with FRC

• Localized bending stresses can be due to acting ground loads or can be generated by contact 
irregularities occuring during the TBM thrust phase 

Recom.

• Nature/frequency of load conditions (both ground & excavation)  High localized stresses in the 
specific project ? Where/when? Possible to reduce / avoid contact irregularities during TBM thrust? 
etc.

• If not  high-performance FRC or hybrid solution (rebars and FRC); in alternative, use FRC only and 
foresee hybrid in critical alignment sections (intersections, bad ground conditions, etc.)

• Design considering post-cracking strength and prescribe FRC performances the necessary boundary 
conditions

• Composite material  specific mix-design (workability, durability, etc.) and fibres selection vs. 
concrete strength (pull-out rather than rupture)



Optimized Reinforcement for elevated slabs
Optimized hybrid topology of
segmental tunnel linings

• Diego N. Petraroia, Filippo Medeghini, Peter 
Mark & Giovanni A. Plizzari 

• Institute of Concrete Structures, Ruhr University Bochum, Germany

• DICATAM, University of Brescia, Italy

63
2
0
2
2



Topology optimization of segments.

48



21/11/2023 Keynote - Prof. Giovanni Plizzari SLIDE 49

RIVESTIMENTI IN ANELLI DI CONCI PREFABBRICATI DI GALLERIE REALIZZATE CON TBM 
INDUSTRIALIZZAZIONE E SOSTENIBILITA’

Local splitting phenomena: new perspective on fiber orientation
In collaboration with:

Filippo Medeghini
Giuseppe Tiberti

Peter Mark
Giovanni Plizzari
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Local splitting phenomena: new perspective on fiber orientation
In collaboration with:
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Specimen preparation
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Material properties

60_Series                                _ 35_Series                                                                             _

Series 
designation

60_W 60_S 60_I 60_B 35_W 1 35_W 2 35_S 35_I 1 35_I 2 35_B 1 35_B 2

Batch number 1 2 3 4 5 7 8 5 6 6 7

Flow table test 
(cm) [34]

46 53 46 40 44 41 50 44 58 58 41

fcm,cube (MPa) 79,3 79,0 79,3 76,9 79,8 68,1 62,3 79,8 68,1 68,1 68,1
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Experimental results
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Numerical modelling

12,8571°

51,4286°

51
,4

28
6°

51,4286°
51,4286°

51
,4

28
6°

51,4286°

51,4286°

C-L

A1-L

A2-L

A3-L

A4-L

A5-L

B-L

K-L

High axial load
+

Concrete partially loaded area 
along longitudinal joints

High thickness requirements

Starting point to develop a new concept of 
hybrid solution for precast tunnel 

segments

Reduced thickness compared to the 
traditional solution
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Numerical modelling
CASE STUDY: Wehrhahn-Linie Düsseldorf (Metro tunnel)

Width: 1.50 m
Thickness: 0.45 m
Average length: 3.93 m

Tunnel lining aspect ratio:

Internal diameter

Thickness
=

Di
H

=
8.30

0.45
=18.4

Width: 1.50 m
Thickness: 0.30 m
Average length: 3.86 m

Tunnel lining aspect ratio:

Internal diameter

Thickness
=

Di
H

=
8.30

0.30
=27.7

Volume saving: -34%
[V450 = 2.65 m3 V300 = 1.74 m3]

Longitudinal chord:
C70/85
FRC 8c



21/11/2023 Keynote - Prof. Giovanni Plizzari SLIDE 56

RIVESTIMENTI IN ANELLI DI CONCI PREFABBRICATI DI GALLERIE REALIZZATE CON TBM 
INDUSTRIALIZZAZIONE E SOSTENIBILITA’

Numerical modelling

ID
Ecm

[MPa]
fcm

[MPa]
fck

[MPa]
fctm

[MPa]
fctk

[MPa]

C40/50 35000 48 40 3.50 2.50

C70/85 41000 78 70 4.60 3.20

ID
Ecm

[MPa]
fcm

[MPa]
fctm

[MPa]
fR1m

[MPa]
fR3m

[MPa]

HPFRC70-8C 41000 78 4.60 10.6 10.6

Materials mechanical properties

fctm =4.60

w [mm]

σ [MPa]

σ2 =4.17

σ1 =2.73
σ3 =3.03

w1=0.017 w2=0.37 w3=2.59

Post-cracking residual flexural 
strength

Uni-axial post-cracking law

Semi-analytical 
model 

proposed by 
eng. Mudadu
[PhD. Thesis]
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Numerical modelling

ID
Ecm

[MPa]
fcm

[MPa]
fck

[MPa]
fctm

[MPa]
fctk

[MPa]

C40/50 35000 48 40 3.50 2.50

C70/85 41000 78 70 4.60 3.20

ID
Ecm

[MPa]
fcm

[MPa]
fctm

[MPa]
fR1m

[MPa]
fR3m

[MPa]

HPFRC70-8C 41000 78 4.60 10.6 10.6

Materials mechanical properties

Post-cracking residual flexural 
strength

Uni-axial post-cracking law

Semi-analytical 
model 

proposed by 
eng. Mudadu
[PhD. Thesis]

Materials modelling

SMEARED CRACKING
APPROACH

Total-strain rotating
crack model
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Numerical modelling
Joint configurations and loading conditions along the longitudinal joint:

Tr
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t 
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n
[t=

45
0 

&
 3

00
 m

m
]

S
p

lit
te

d
jo

in
t 

co
nf

ig
ur

at
io

n
[t=

30
0 

m
m

]

Outward eccentricity Inward eccentricity

Outward eccentricity Inward eccentricity

e=0.28*a450 e=0.28*a450

e=0.28*a450 e=0.28*a450

a

t

t

a/2a/2

Normal condition

Normal condition
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Numerical modelling

Symmetry
constraints

Segment
 solid brick isoparametric elements
 20 nodes
 quadratic interpolation
 Gauss integration scheme 3x3x3

Bars reinforcement
 embedded reinforcement
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Numerical modelling

In the analyses the loads were applied to guarantee the vertical equilibrium.
The following relationship has to be fulfilled:

�Vertical forces =  FR ∙ cosα1+ FR∙ cosα2 − FL∙ senγ1= 0
FL
FR

 =
cosα1+ cosα2

senγ1

FR

FR

FL
α1

α2

γ1

FR : radial load

FL: longitudinal load

Symmetry
constraint
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Numerical modelling
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Numerical Analyses
Longitudinal joint

Original segment: normal vs. eccentric loading condition

-46% -51%

ID: C40_RC_8300_450_N

σc,max = 62.9 MPa

Failure mechanism: concrete crushing

The eccentricity greatly
influences the bearing
capacity of the
longitudinal joint
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Numerical Analyses
Longitudinal joint

Normal condition: original vs. hybrid segments

-18% +9%

ID: C70_RC-8c_8300_300_N

σc,max = 77.7 MPa

Failure mechanism: splitting failure

O
ri

g
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H
yb
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d

H
yb
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d

The adoption of the
modified joint
configuration (splitted)
allows to fully exploited
the performance of the
longitudinal chord of
HPFRC
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Numerical modelling
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Numerical Analyses
Longitudinal joint

Normal and eccentric conditions: original vs. hybrid segments
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+16%
+22%

Hybrid reinforcement
+

Splitted condition

Higher bearing 
capacity compared to 
the original solution
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Numerical modelling

+9%
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EXPERIMENTAL CHECK FOR AN ONGOING PROJECT: Lonato tunnel

AV/AC Torino-Venezia
Image source: https://transport.ec.europa.eu/transport-themes/infrastructure-
and-investment/trans-european-transport-network-ten-t_en

Trans-European Transport Network (TEN-T)

The Trans-European Transport Network (TEN-T)
policy addresses the implementation and
development of a Europe-wide network of
railway lines…

…The ultimate objective is to close gaps, remove
bottlenecks and technical barriers, as well as to
strengthen social, economic and territorial
cohesion in the EU.
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EXPERIMENTAL CHECK FOR AN ONGOING PROJECT: Lonato tunnel
The Project:
The case study is part of the new high-speed and
high-capacity Brescia-Verona railway line. It is a twin-
tunnel lining, each 4800 m long

Lining’s geometric features:
Internal diameter: 8.80 m
External diameter: 9.70 m
Thickness: 0.45 m
Width: 2.00 m

Experimental program
Trapezoidal segment “A” was chosen

"A"

"B"

"D"

"F"

"E"

"C"

Ø8800Ø9700



21/11/2023 Keynote - Prof. Giovanni Plizzari SLIDE 67

RIVESTIMENTI IN ANELLI DI CONCI PREFABBRICATI DI GALLERIE REALIZZATE CON TBM 
INDUSTRIALIZZAZIONE E SOSTENIBILITA’

EXPERIMENTAL CHECK FOR AN ONGOING PROJECT: Lonato tunnel

FEATURES OF THE REACTING FRAME

• Self-equilibrated system

• concrete beam 1x1x5 m + 6 steel
frames

• maximum trust capacity: 16 MN

• different loading configurations

• maximum sample height: 2 m

TWO SEGMENT TYPE “A” WAS TESTED

The force exerted by the TBM thrust 
system on tunnel segments during the 

excavation process were applied through 
a steel-concrete reacting frame

POINT LOAD TEST
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EXPERIMENTAL CHECK FOR AN ONGOING PROJECT: Lonato tunnel
TWO SEGMENT TYPE “A” WAS TESTED

Two loading point for each segment

The size of thrust shoes were the same of 
the original design

According to the original design the 
following loads for each loading point 

were considered:

 1875 kN

 3750 kN

 4800 kN

 5833 kN

 6650 kN

 7500 kN TBM max. load
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EXPERIMENTAL CHECK FOR AN ONGOING PROJECT: Lonato tunnel

Solid brick elements

Imposed pressure

How to define instrumentation?

Simplified numerical models can help 
to identify the position in which to 

place it

Splitting 
stresses

Spalling 
stresses
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EXPERIMENTAL CHECK FOR AN ONGOING PROJECT: Lonato tunnel

How to define instrumentation?

Simplified numerical models can help 
to identify the position in which to 

place it

SPL-int-mid

SPT-int-01.1 SPT-int-02.1

 

Scarpa di spinta - 01 - Scarpa di spinta - 02 -

50
0

SPT-int-01.2 SPT-int-02.240
0

SPT-int-01.3

SPT-int-01.4

40
0

40
0

SPT-int-02.3

SPT-int-02.4

30
0

DSPL-int-02DSPL-int-01

1000

300

Several displacement transducers were used for monitoring crack
developments and displacements of tunnel segments:

 4 LVDTs for vertical displacement

 2 LVDTs for spalling cracks

 16 LVDTs for splitting cracks
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EXPERIMENTAL CHECK FOR AN ONGOING PROJECT: Lonato tunnel
GLOBAL BEHAVIOUR

Segments presented similar structural response
under TBM load:

C.01 – max vertical displacement: 0.79 mm

C.02 – max vertical displacement: 0.67 mm

Vertical displacement was more pronounced on 
intrados side than on extrados side

Thrust shoes are shifted on intrados side due to the 
gaskets

Ratio between intrados and extrados side around 2



Intrados

Top

5833 kN
3750 kN

5833 kN
2

1

1

C.02
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EXPERIMENTAL CHECK FOR AN ONGOING PROJECT: Lonato tunnel

CRACK WIDTHS «C.02»

N.
[-]

3750 kN
[mm]

4800 kN
[mm]

5833 kN
[mm]

6650 kN
[mm]

7500 kN
[mm]

1 0.05 0.05 0.05 0.10 0.10

2 - - <0.05 0.05 0.05

CRACK WIDTHS «C.01»

N.
[-]

3750 kN
[mm]

4800 kN
[mm]

5833 kN
[mm]

6650 kN
[mm]

7500 kN
[mm]

1 - <0.05 0.05 0.05 0.10

2 - - <0.05 <0.05 0.05

3 - - - <0.05 <0.05

Only spalling cracks were detected

Crack opening at maximum load: 0.10 mm

Crack opening after unloading: close or <<0.05 mm



LOCAL BEHAVIOUR

Spalling cracks appeared on intrados side and 
progressively develop to extrados side

C.01 – Crack onset: 4800 kN

C.02 – Crack onset: 3750 kN

No sudden increases are monitored by 
displacement transducers

The design reinforcement is adequate to control 
splitting cracking phenomena
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EXPERIMENTAL CHECK FOR AN ONGOING PROJECT: Lonato tunnel

Displacement transducers were properly located to 
measure the crack opening
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Loading conditions

Load cases

Production & transient
stages
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TBM thrust jack forces
It is a critical phase, and it tends 

to govern the amount of 
reinforcement (fiber or 

traditional reinforcement) as 
the service states 

Image source: https://www.herrenknecht.com/en/
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Loading conditions

Positioning of the segment by 
means of erector system 

(pin shear erector or vacuuming system)

K⋅dead 
weight

Pin shear erector

K⋅dead 
weight

Pin shear erector

Transportation and 
positioning of the segment 

(the segments need to be 
transported around the segment 

plant, to the project site, down to the 
tunnel)
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