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|j;p RIVESTIMENTI IN ANELLI DI CONCI PREFABBRICATI DI
C,.._,@ GALLERIE REALIZZATE CON TBM

1. Perché usare le fibre nel rivestimento a conci prefabbricati
2. Fibre di acciaio o fibre polimeriche?

3. Solo fibre o soluzioni ibride con armatura continua?

4. Armatura continua in acciaio o in FRP?

5. Cosa e meglio per garantire la durabilita?

6. Quali normative?

7. Esistono riferimenti ulteriori?
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RIVESTIMENTI IN ANELLI DI CONCI PREFABBRICATI DI
GALLERIE REALIZZATE CON TBM

Fib
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Section A-A

Reference test

EN 14651
hg, =125 mm
b=150 mm

___________________

S.L.S.

fR'I'k

1.0; 1.5; 2.0; 2.5; 3.0; 4.0; 5.0; 6.0; 7.0; 8.0[MPa]
fuk = faia — ks 1 =6: k=2.3356

(Normal distribution, confidence interval = 0.75, percentile = 0.05)

8
On
[MPa] strength| st. dev
61 [MPa] | [MPa]
4 kil T'Bf“‘re!‘%
T
3F. | | Sy ing IRRRTRRT:
| R, —— . | BE Lk ]
= J : i i 632 | 079
—_— i 1 Riav L )
! 1 e, =0.7f =
R 2 b h 2 2 i 05 i | 48
Sp : L S fr3.av 532 0.66
| . 1
' | Material 4¢ ! fis 4.08
] 1
D : | T | : T |
0 1 2 3 CMOD [mm) 4
Table L.2 — Residual strength classes for SFRC
Ductility Characteristic residual flexural strength fi 1« Analytical
classes 10 [ 15 | 20 | 25 | 30 |J40]| 50 | 60 | 80 formulae
a 05 | 08 | 1,0 [ 1,3 | 15| Zo | 25 | 30 | 40 | fra=05mu
b 0,7 11 14 1.8 2,1 w] 35 4.2 56 fra=07fun
I cF T ——TT T - 'ﬂ 36 | 45 | 54 | 7.2 | fesn=09fu
________________ d 11 | 17 | 22 | 28 | 33 | 44 | 55 | 66 | 88 | fam=1l1fan
e 13 20 2,6 3.3 3.9 52 6,5 7.8 104 | fow= L3fhu

NOTE 1 All strength elasses apply unless a National Annex excludes specific ¢

NOTE2  Intermediate classes can be used, if included in a Narional Annex.

CMOD [mm ]
-

CMOD, =3.5

lasses.




RIVESTIMENTI IN ANELLI DI CONCI PREFABBRICATI DI

L 4
CJLSJ GALLERIE REALIZZATE CON TBM

Leggi constitutive adottate line guida approvate dal C.S.LL.PP. ( coerenti con EC2)

A
o) : th,1 =0,37 fR,lk
= il:lr'l'l'
teus = 0,378 freser = K0%e'0,37 fRr3k ; fris=0,57f 5 —0,26f .,
thu =823 fR,3k f - 04338 Y ' ' '
Ftuef = X0'Kg'0,33-fRr 3K i
fresa = ths,ef/ ek B ' \ ‘.
f 3 el | \
thS _: Ftud Ftu,ef/YSF fFﬁ.ff I|! . .
: : ! fee of = Kok60.37fR 1k ‘
: : ; fris of = KoK (0.57fr 31 — 0.26fR 1k)
: : & ' . SN
i €am Ero ED,SITI!TI,” . ( E-T-lu)
s N _

- 0'5/|cs 7 Wu/|cs

kg =1+ 0.5 A, [m?] < 1,25

EF’[U_ — WU/ZCS E 2:5 mm/ICS S EFtlld thld = thl f/YSF
2e

lcs = min{srm , y} F.E. approach: /i = localization limiter friaa = th3,ef/ Tsr




RIVESTIMENTI IN ANELLI DI CONCI PREFABBRICATI DI
GALLERIE REALIZZATE CON TBM

spalling

hydraulic
jacks

~\ = 2 A,

hydraulic jacks

in-plane actions
(placing situation) splitting

hydraulic jacks

t t by Schnutgen (Bochum), 2000




RIVESTIMENTI IN ANELLI DI CONCI PREFABBRICATI DI

GALLERIE REALIZZATE CON TBM

1.00 —

Experimentul:
® Cracking
O Uitimata

f = 30 MPa

RATIO OF BEARING STRESS TO CYLINDER COMPRESSIVE STRENGTH F i1’
< =
b
T

q | | 1 | 1
0 1.6 ae a8 a.a ns 40
RATIC OF SPECIMEN WIDTH TO LOADED WIDTH Bib

Influence of self generated transverse tension on the cracking load and
ultimate load of a specimen of plain concrete (Adebar et al. 1990)

.5

v

RRRRRRKED)

Comportamento biassiale del calcestruzzo

e [l =490 kpicm? (2700 psi)
s 1, =315 kpiCm? (250081
v——a [lp=590kpicmi (B3%0ps) |6'_.

Fig. b—Biaxial strength of concrete; rosults of experi-
mental investigation

MC 1990

fcc":]{c o
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: RIVESTIMENTI IN ANELLI DI CONCI PREFABBRICATI DI
@ GALLERIE REALIZZATE CON TBM

: di Prisco, M., Colombo M., Steel- LR
fibre role in the D-regions, t MH»L};
BOttIe Shaped Strut : Proceedings of the International s T T—
I Conference ConMat05 and //
I Mindess Symposium, Vancouver, %m%
- 20 | Canada, 2005, pp. 1-10. \\
A xm g | W \|
{ ‘ | = : by M. di Prisco et al., ||
o 5 ' ,  Politecnico di Milano M1
| b 1
| 1.6
I | Ppeak/{a.t) i
) < I Ppmk( P=1)/(ast) : A
(angenl1:\/7“:m|m’eh3'\tva :(:al | 1.4 : ’ =
I 9
. Def = 0.50H+ 0,650 ; a=H by T. Leutbecher, E. Fehling, Kassel 2012 | o
|
b/a O ma fe :
| —e— [HPFRC
NSC HSC UHSC |UHPC-1-HT |[UHPC-2-HT I ' Model Code o120 1
' “ode m=0.
2.3 0.89 0.6 0.41 0.87 0.96 : I pael Lode O
4.7 1.18 0.59 0.38 1.04 1.44 ' 08 P
: : - - ; : | _ — m— SFRC 23kg/m®
6.9 1.75 0.73 0.56 1.28 1.66 : B —a - SFRC 50kg/m?
U(‘T T T T T T I T T
10.7 2.48 1.15 0.81 1.73 2.22 : B
1 1.5 2 25 p 3
Fehling, E., Schmidt, M., Walraven, J., Leutbecher, T., Frohlich, S., Ultra-High Performance Concrete UHPC: Fundamentals,I
Design, Examples, (2015) Ultra-High Performance Concrete UHPC: Fundamentals, Design, Examples, pp. 1-188. !
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RIVESTIMENTI IN ANELLI DI CONCI PREFABBRICATI DI
GALLERIE REALIZZATE CON TBM

6.5 Design with strut and tie models

6.5.3 Ties {new clause (4)}

Tensile forces derived from strut- and-tie models may be covered by steel fibre actions
alone if the calculated concrete stresses assuming linear elastic material behaviour as

well as an ultimate limit state of stresses do not exceed Fgi.q.

Otherwise up to 30% of the tensile forces might be covered by fibre effects assuming a

stress of Fe.y in the concrete areas involved. For the residual tensile force bar
reinforcement has to be provided and properly distributed.

P [KN]

300 —

200 —

100 —

P [kN]

—+—— FRC2_media
—————— PC2_media

A [mm]
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RIVESTIMENTI IN ANELLI DI CONCI PREFABBRICATI DI
GALLERIE REALIZZATE CON TBM

Colombo, M., di Prisco, M.

*L,

1080
t=60 mm f -
D-zones in HPFRC ‘ b Size Effect
(2012) RILEM Bookseries, 2, H T B =b/a
pp. 205-212. 540
b 1080 B
~~— 7 (=
— 1) 940
i W L
\\2\ :]ru
b ' 1
80 1.6
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2 ” --4-- Small fatl, 2
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60 — " '|] —a - - Big 124 e —c
Lo g | e
’ o I' — ;-’ -
40 - f: ® ! 08 P
\ ’. ' ]| -
% ot P72
20 — “J. :\ . 0.4
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—4& - - Big
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RIVESTIMENTI IN ANELLI DI CONCI PREFABBRICATI DI
GALLERIE REALIZZATE CON TBM

cle

Traina, Leonard A., Mansour, Shahin A,,
Biaxial strength and deformational
behavior of plain and steel fiber concrete,

by Traina and Mansour, 1991

o/t
' %iffe 20 1.6 1.2 0.8 0. 0
(1991), ACI Materials Journal, 88 (4), pp. 20 1.6 1.2 0.8 04 _ 0 b
T T Y T 0_ LR 1 s 1 4 T T T T
354-362. 277 g
i e ! 01\ 3 !
L / I 0.4 L ! £ o
fy I o Plain Concrete ! /
= f © 0.5% Type 11 Fiber. o _ '
ij | @1.0% Type Il Fiber | e Plain Concrete
- | ®1.5% Type Il Fiber{ 0.8 " | 40.5% Type | Fiber _
: | SN 8 \ O1.0% Type | Fiber
f) ! / Bde,. P> Q\ ®1.5% Type | Fiber 4
! - 0. &N ,’Bo
‘\ S X o P Y - e -
™ W /* - 2 & 3 \6\ g /‘],
.-‘.\ ,l = B 6'\, / /
- 2 — . ¥ A
/\'0 YorE o .fe. 2 /‘,‘/.-'
- 0\’ = eerannemm - 1.6 = 8 P “"’ -
6’\\ / L N
' / 7 [ ?""’ 8
s L ' A / 4 s A 1 2-0 n n / n - 3 __Ja

Fig. 5(b)—Biaxial strength envelopes for plain and Fig. 5(a)—Biaxial strength envelopes jor [
Type 11 fiber concretes

AN

0.4#[25.4

L. 33
d

Type [ steel fiber concretes

2

—E,':G'O
d
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RIVESTIMENTI IN ANELLI DI CONCI PREFABBRICATI DI
GALLERIE REALIZZATE CON TBM

a; s
T; s
N EL_____P_.___.E N
S . =——— _..:i — =
ﬂ qJ . E
ths +_.| X J_l‘ﬂffct

. |
Assumption | - |

# ]- a!
*ﬁﬁs — O0g-0g = (fct‘ fFTs) » M=

5
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RIVESTIMENTI IN ANELLI DI CONCI PREFABBRICATI DI

GALLERIE REALIZZATE CON TBM

1 Crack width [1/100 mm]

a0 ,

.----+----r

-=
| L el 1L
| + Bishtazam

i — WENCUL GhEal BDrEE

s mmmma  WEh Giead SBres

1 10

by Falkner, TU Braunschweig 2006

100 1000 10000 100000

T —

JE+6 | pading cycles

1E+G
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|j: RIVESTIMENTI IN ANELLI DI CONCI PREFABBRICATI DI
@ GALLERIE REALIZZATE CON TBM

PR 50- P2 2
I o A Section A-A f(T) 1-jmerg-—R  T40/35/45 (a) fﬂ;) ] y T40/50/45 (b)
& .L\_. | ! ( - I _ Deflaction f(20°C) Hot 0 C.]}‘é _
L \‘I P s ‘_/ ' 084 N W\ m---- Residual
o ; ) - — EC2 peak 1
B l i cToD i | 1.2
L S S N 0.6
[ i |
| LW\ ]
\. Aﬁ CMOD (. 0.4 085
; [ _
A |
PR ¥l T/Pn
450 | 0.2 " 0.4
| 600 i N
Temperature, 0 0
Col . N o °Cl 400 , T 5 I — 1
olombo, M., di Prisco, M., Felicetti, R., SFRC N —— e 0 200 400 600 800 0 200 400 600 800
exposed to high temperature: Hot vs. residual 1 [ — .~ 00°C Temperature [°C] Temperature [°C]
. . . \
characterization for thin walled elements, (2015) wod L N
Cement and Concrete Composites, 58, pp. 81-94. /. N 1.2
RN N Ry TR T75/50/45 (©) qT) - T75/50/80 (d)
A 00 AN N f20°C) | -
GN f . N 4
Cooling at room conditions 0.8
e B .
20 40 60 80
Time [h] 0.6
0.4
0.2
0 T | T T T | T | 0 T | T ] T | T |
0 200 400 600 800 0 200 400 600 800
CTOD, CTODy+0,6mm CTODy+3mm Temperature [°C] Femperature [*C]
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RIVESTIMENTI IN ANELLI DI CONCI PREFABBRICATI DI

GALLERIE REALIZZATE CON TBM

Explosive spalling

AN heatflow
+| «s— into the

concrete

w@w

. accumulation ‘M
of condensed "
vapour g

" nearly
water
. saturated -*¢ )t 3% age

: concrete - -° - )
3 4 vapour flow l:_l_'>
B g
¥ out of

-7 water transport. T 3% conciala: S

-, through not A .
vapour cools

@ = =

. saturated areas ..,M%

vaporisation
zone of

of free pore water <
/ and condenses evaporation
% e
A A~
B

high vapour

.. pressure at the
water saturated
layer

.........

DOD®W=--C® QPYwoT XD

e

"moisture clog"
water saturated zone

"dried up" zone explosive spalling due to

- high pore pressure
- thermal stresses

Shorter and Harmathy, 1961, Schneider, 2002,
Consolazio, 1997

Kusterle, W. et al (2004), Fire Resistance of Fibre-reinforced, Reinforced,
and Pre-Stressed Concrete. Austrian Federal Ministry of Transportation,

Infrastructure, and Technology (Ed.): Road Research Report 544
(Strassenforschung Heft 544), Vienna, Austria.

23/06/2022

Spalling rate [mm/hour]

Time, when spalling started [min]

14
12
10

L L L2

by Kusterle,

2004

prestressing at
1.16 MPa, storage storage "water",

"dry", standard-
fire, mesh
reinforcement

tensile stresses,

RWS-fire, mesh

reinforcement

reinforcement

prestressing at
1.16 MPa, storage 9.0 MPa, storage 1.16 MPa, storage
“water", RWS-fire,

prestressing at prestressing at

“water", Tunnel-

Lainz-fire, mesh
reinforcement

“water", Tunnel-
Lainz-fire,
unreinforced

mesh

@A Period during which
spalling started

Duration after start of

N\

s

tests without spalling

W

7

Fire with reduced
gradient

Standard-fire
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GALLERIE REALIZZATE CON TBM

RIVESTIMENTI IN ANELLI DI CONCI PREFABBRICATI DI
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RIVESTIMENTI IN ANELLI DI CONCI PREFABBRICATI DI
GALLERIE REALIZZATE CON TBM

di Prisco, M., Tomba, S., Bonalumi, P., Meda, A., On the use of macro

Polypropylene fibres

Table 1 - Fibre IST

synthetic fibres in precast tunnel segments, (2015) Proceedings of the 7
International Conference FIBRE CONCRETE, 2015-January, pp. 478-483. 6

(o

Nominal stress [MPa]

Type Polymeric fibres for structural use : L slag
Composition Polymeric compound with high density
Kind Monofilament B es 1 s 2o a5 s a5 4
Diameter [mm] 0.78 ] g
sl 5 W/c ratio 0.47
Sheabicwaipht e, /aE] 1 Cement CEM 1525 [kg/m?3] 340
Ultinate tensile streipth [MP4] 170 For F: Limestone filler [kg/m?] 60
Elastic modulus [MPa] 36 For L: Blast furnace slag [kg/m?] 60
Water absorption Mot Sieve sand 0/3 [kg/m?] 620
Acid resistance Total Natural sand 0/12 [kg/m?] 440
Superticial treatment None Round gravel 8/15 [kg/m?] 710
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RIVESTIMENTI IN ANELLI DI CONCI PREFABBRICATI DI
GALLERIE REALIZZATE CON TBM

6
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g fR3
2 4
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o
®
5 3 :
3 i H
k=] 4 4
2 : .
w2 . Demoulding
1 B & m vg
g S g &
3 3 3 3
. | : :
0.0 0.5 1.0 1.5 20 25 3.0 3.5 4.0
CMOD [mm]
6
Slag mix
5
= 4
[«
8 :
2 3 :
® :
g :
L é ;
o : '
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: g : e
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|j;p RIVESTIMENTI IN ANELLI DI CONCI PREFABBRICATI DI
@VQ @ GALLERIE REALIZZATE CON TBM
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RIVESTIMENTI IN ANELLI DI CONCI PREFABBRICATI DI
GALLERIE REALIZZATE CON TBM

Set up prova

23/06/2022
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; RIVESTIMENTI IN ANELLI DI CONCI PREFABBRICATI DI
@ GALLERIE REALIZZATE CON TBM

Load (kM)

4 —e— '—A.q.._-__"'F-‘-.____.____E.__'___ S
~ ————aar __FH_H'J'*E :
ol | = Er’"?"
] \[WV CRACK FIBRE
:I |REINFORCEMENT

CONTRIBUTION

= = [z -Thread 3_R

[l CRACK OPENING |

{STEEL —

T = = [z -Thread Z_L
Il CRACK OPENING | ggﬁ ;E:E[EJETTEES :

| |
4[| CRACK OPENING |

= = [z -Thread 1_C

Dz - AVERAGE

= = = 5Steel Reinforcement
Ultimate Load

¥

0 2 4 6 8 10 12 14 16 18 20

Vertical displacement {(mm)
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RIVESTIMENTI IN ANELLI DI CONCI PREFABBRICATI DI
GALLERIE REALIZZATE CON TBM

4000 ,

] —Left loading pad
3500 §|—Right loading pad

|

*'

e

3000 1

J

I ks

® 2000 3
o 1

|

525002

S ] ‘
1500 ]

.

1000

4000

%5
2o

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Time (s)

[—Left loading pad
3500}/—Right loading pad

3000

£ 2500
o

§ 20003

1500

1000 i

500 '
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P=2000kN

P=3500kN
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|" RIVESTIMENTI IN ANELLI DI CONCI PREFABBRICATI DI
C,.._,y @ GALLERIE REALIZZATE CON TBM

Tested fibre cocktails - amount of fibres [V%]

Ce S
. . 0.1 . . 1.0
. +Ce
. . 0.2

- . . 1.0 - - 1.0 1.0 1.0

_ - ) i 0.1 - 0.1 0.2 - -
Cellulose - - - - - 0.1 - - 0.1 0.2

Baldzs — Czoboly: Fibre Cocktails to improve Fire Resistance, CONSEC2016 - 13 Sept 2016, Lecco
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|j;p RIVESTIMENTI IN ANELLI DI CONCI PREFABBRICATI DI
C,.._,@ GALLERIE REALIZZATE CON TBM

Post cracking

Fibres _ Explosive spalling
residual flexural
strength
in range of 0.5to 1.0 V%
Short Steel Fibres
(=13 mm)
Cellulose Fibres or Explosive spalling
No effect

Micro Polymer Fibres :
B avoided

Explosive spalling
Fibre Cocktails

avoided
Baldzs — Czoboly: Fibre Cocktails to improve Fire Resistance, CONSEC2016 - 13 Sept 2016, Lecco

23/06/2022 Progettazione strutturale: dimensionamento e verifiche per tipologie di armatura alternative — M. di Prisco SLIDE 23



; RIVESTIMENTI IN ANELLI DI CONCI PREFABBRICATI DI
@ GALLERIE REALIZZATE CON TBM

(1) Fibre-Reinforced Concrete (FRC) is a
| ; composite material characterized by a
e ' cement matrix and discrete fibres
[0 (discontinuous). The matrix is made of
either concrete or mortar. Fibres can be
made of steel, polymers, carbon, glass
or natural materials.

(2) Fibre materials with a Young’s
Modulus which is significantly affected
by time and/or thermo-hygrometrical
phenomenon are not covered by this
Model Code for the structural use.

R
E
-
:
B
L

(3) Mixtures of different types and/or
sizes of fibres can also be used (called
hybrid fibre reinforced concrete).
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BEAMS E-F BEAMS E-F

Other tests for quality control

Martinelli, P., Colombo, M., Pujadas, P., de la Fuente, A., Cavalaro, S., di Prisco, M.,
Characterization tests for predicting the mechanical performance of SFRC floors: identification of fibre distribution and orientation
effects, (2021) Materials and Structures/Materiaux et Constructions, 54 (1), art. no. 3.

Uniaxial tensile test (UTT) Double edge wedge splitting test (DEWS) Barcelona test (DPT) )\qz/vx BEAMS A-B BEAMS A-B

yr10 1077 ~
~N
o y
' &
xP = 8 8
> 8
N 4 . . ; :
J', 2 —UTT av.
— DEWST av.
3 ——DPT av. 1
©
o
S 2 1
z
o}
1 | =
O 1 1 1 1
0 0.5 1 1.5 2 25

COD (mm)
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Cationi

Anioni

Conduttore metallico

a Processo anodico m
Interferenza
Trasporto ¥ ot wel Trasporto P a ™ stazionaria
di corrente a” el " 'c” 'm” ‘corr di corrente L ;
nella soluzione nel metallo Jf
_
______ B -
- t » [] L]
\ , ; Correnti vaganti
L Processo catodico I, Struttura™~_ P “Anodo
metallica i o galvanico
Rotaia Sottostazione
; R Interferenza non
. —_— otaia : .
i ‘ R 1 i T R 3 stazionaria
Tubazione

._’> R pipe
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- L Water penetrates into a normal
B . 7 . concrete (W/C=0.45) within 72
;VA' hours up to 37 mm.
L . Chloride penetrates in this period
not deeper than 5 to 7 mm.

: Specimen extraction, sketch and crack positioning. Adapted from (S.Abbas, 2014)

Suction time: 72 hours
0.055
o R— T — T 0.040 | 00l — 005 —030
Table 8-1: Crack width limits obtained from literature study % 0.040 | 1200 200 o720 E :;gg :12330 o
Reference Crack width limit § oos | § =
D.C. Morse and G. R.Williamson, 1977 0.25 mm % % oo |
J.-L. Granju and S. U. Balouch, 2005 0.10 mm 2 oy e
E. Nordstrém, 2005 0.10 mm 0,005 ‘ ‘ o ‘ 0005 ‘ ‘ ‘ ‘ ‘ ‘ ‘
E. ). de P Hansen, T. Ekman, and K. K. Hansen, |999 0.15 mm ’ ° ? ¥ ** peptn, mm ’ R e ® " Position, mm
D.). Hannant and ). Edgington, 1975 0.40 mm
R.Weydert and P. Schiessl, 1998 0.00 mm (no cracks allowed)
D.Nemegeer, |.Vanbrabant, and H. Stang, 2000 0.50 mm

Crack widths allowed for SFRC (Bull. 83) : _
Suction time: 0 2 hours
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(1) For SFRC, the concrete cover due to durability requirements c,;, 4, according to 6.5.2.2 shall only apply to the embedded
reinforcement, not to the steel fibres.

(2) To avoid fibre accumulation, a minimum cover of c_;, = 20 mm to embedded reinforcement shall be used for all SFRC
members.

(3) For ULS design of SFRC in exposure classes XC2-XC4, XD1-XD3, and XS1-XS3, designed to be uncracked at SLS, the tensile
strength in the outer most tension fibres shall be disregarded within a layer of ¢4, = 10 mm from the exposed surface.

(4) For ULS and SLS design of SFRC in exposure classes XC2-XC4, XD1-XD3, and XS1-XS3 designed to be cracked at SLS, the
residual tensile strength in the outer most tension fibres shall be disregarded with a distance of ¢; 4., =Kg,* Cimin qur from the
exposed surface, unless provisions (5) or (6) are satisfied.

If the characteristic crack width calculated in accordance with 9.2 is less than the crack width limit wy;, ., stated in Table
9.2(NDP) and L.9, the values of ¢4, may be reduced as follows:

Wk cal

B = kg, O > 10 mm (L. 15)
fdur Wlim,cal

NOTE The value of kg4 -is 0,50 unless a National Annex gives a different value for use in a Country.

(5) If stainless steel fibres are used, the residual tensile strength of the outermost tension fibres within depth c;,,. may be
used.

(6) The residual tensile strength of fibres in the layer c; 4, may be used during the construction phase.




RIVESTIMENTI IN ANELLI DI CONCI PREFABBRICATI DI
GALLERIE REALIZZATE CON TBM

A.C.C.I.DE.N.T

Funded by INTERREG

* Xy
*

INTERREG
AR~ IZERA TAUIE-SLRSSE 1AL - SOWEE

Advanced Cementitious Composites In

DEsign and coNstruction of safe
Tunnel

SUPSI

University of Applied Sciences
of Southern Switzerland

Material

Il Level

Il Level
i = pv

o ‘3‘ 5.

Structure
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Structural targets,

v’ Internal explosion with detonation: tunnel
segment resisting to a blast wave caused by a
terroristic attack with 25 kg of TNT

v Fire: limited damage (no interruption for
serviceability conditions) in case of T = 600°C for
about 2 hours on the segment surface

v’ Serviceability and Ultimate loads considered in the
consolidated construction experience.
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nal solution: 2 layers
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Production procedure

SFRC HPFRCC
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SFRC HPFRC
Properties at 28 days C60/75 Class 5c C110/130 Class 15d
fcd fctd thsd thud fcd fctd thsd fFrud
Condition Duration | [MPa] | [MPa] | [MPa] | [MPa] | [MPa] | [MPa] | [MPa] | [MPa]
ULS | perm. Short 4133 72 00
transient 2.19 1.50 1.88 3.17 4.50 3.50
Long 35.13 61.20
Accident Short 5167 90 00
2.74 1.50 1.04 3.97 5.63 438
Long 43.92 76.50
SLS | Characteristic | fu/foroos | 62.00 | 329 | 2.25 1.25 108.00 | 476 | 675 | 5.25

8 20
15
i =10 =
Uy e — i
v TRIXTY-IRK U
3 e | HPFRC 15b
HH: fay,=0.5F;
— Aver H1_a1l
g +——T— L R
T T [ 0 0.5 I 1.5 2 2.5 3
3 CMOD [mm] 4 CMOD [mm]
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ab1

Casting direction

ab3 o

~ Segment plah
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Caverzan, A., Colombo, M., di Prisco, M., Rivolta, B., High performance steel fibre
reinforced concrete: residual behaviour at high temperature (2015), Materials and
Structures/Materiaux et Constructions, 48 (10), pp. 3317-3329.
600 s, = ) 160
HE) R —— = 400°C | ]
' % P "
7 “ 200°C
[ Y ot 5
400 - % “B 3
J R \ : $ 8
. o > 7]
/] N\ . 3 R o
\ \\ %’ M ~ — é'
200 \ N < 8 g
.......... \ S S 2| g
Cooling at room conditions 2P % 3
0 T T T T T T f 4.—. \& u‘ :
0 20 40 60 80 60 measures In cm

Time [h]

12.5

=
= o . -20-S0-2 —a—
T ZO.C E T20/U-20-S0-3 —e—
10 average ——
= 75 /’* ity [
(a1 1 .
E BT o S SRR, S
S 5
O Mo N . . ....oxcohim oo ssomme O ko momic i
{ 0pe :
U 0 I 2 3 4 5
COD [mm]
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g

Fire behaviour of the cross section 300 =i
Soil y \‘. t=10min
[mm] - '\'\ — - - - t=30min
RRR '\\ — - — t=60min
yl N rrre T —-—- t=120min
Tunnel 200 — ll v\ — — - - t=180min

Ly

1200
M | e —
el "—H‘“F—=300
/ — =150 100 —
goo—| s
.} yHycirou:arbc:n T L
1’ & - —
400 — G
-
,' 0
WMo e e 0 400 800 1200
0 0 80 20 60
¢ i pmin] Temperature [°C]
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Incendi in galleria « 6 diversi rivestimenti
le prove nel tunnel in calcestruzzo proiettato

del Virgolo — Bolzano, 2005 - potenza termica fino a 30 MW

e accurata misurazione
della temperature
gas: 28 punti
calcestruzzo: 94 punti

progetto UPTUN - Work Package 6

Bamonte, P., Felicetti, R., Gambarova, P.G.,
Nafarieh, A., On the fire scenario in road
tunnels: A comparison between zone and field
models, (2011) Applied Mechanics and
Materials, 82, pp. 764-769

gas temperature - section X =0.0m

1 fire

|
|
200 : N ,
I V. V\\ .end of fire
100! ! '

water water water

] shield? shield © mist
O T | T T . | T T | .I . | T T

0 5 10 15 20 time (min)

Tmax=335°C \ concrete
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Plain —8—
SFRC —a—
HPFRC —e—

0.75 e S s . J— T

0.5 -

T R, SN WO, —— gl S

0 100 200 300 400 500
T |°C]

1.25

0.75

0.5

0.25

0 :
0 100

0°C
30
27 & sample | —e—
27.5 sample 2 —=—
25 sample 3 —e—
5 average —=

oy [MPa]
5

0 | 2 3 4 5 6 7 8 9
COD [mm]

Caverzan, A., Colombo, M., di Prisco, M., Rivolta, B., High performance steel fibre
reinforced concrete: residual behaviour at high temperature (2015), Materials and
Structures/Materiaux et Constructions, 48 (10), pp. 3317-3329.

1.25

0.75

0.5

0.25

SFRC —a—
HPFRC —e—

e “A— —

0 100
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300
T [°C]

400 500 600
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Pulled out Fibres

23/06/2022
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6 —

T20/U-20 —— : ; : i % E
Caverzan, A., Cadoni, E., di Prisco, M.. 5.5 F T20/U-200 = :ooocovveee oeeeenees e et MR R
Dynamic tensile behaviour of high performance 5 %%8;8288 =il S - L A .
fibre reinforced cementitious composites after asl. . L . . T L .
high temperature exposure ~f L 0 7y .
(2013), Mechanics of Materials, 59, pp. 87-109. T e
(@) 5 5 o
| ; z

0.01 0.1 | 10 100 1000
log &

| — : :
le-06 1e-05 0.0001 0.001
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va @ * Shock-Tube lateral view GALLERIE REALIZZATE CON TBM

Specimen/soil

chamber @ Diaphragms Andreotti, R., Colombo, M.,
. Driven chamber chamber Driver chamber Guardone, A., Martinelli, P., Riganti,
E_;ni ____________________ | | G., di Prisco, M..
! l [ It 7 — i I i Performance of a shock tube facility
! ﬂ I for impact response of structures
Iu i il Support M (2015), International Journal of Non-
= 2= o n = o o Linear Mechanics, 72, pp. 53-66.

1.8m (¢ = 583mm) 10.5m ($p = 481mm) 0.26m  2.3m (b =481mm)

Smoke evacuation Specimen  Soail

Refractory material

Burner
Air inlet

High-temperature
chamber

Gas inlet
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Colombo, M., Martinelli, P., Di Prisco, M., Layered high-
performance concrete plates

interacting with granular soil under blast loads: An
experimental investigation.

(2013) European Journal of Environmental and Civil
Engineering, 17 (10), pp. 1002-1025.

Void in the
filling grout

Filling grout

Tunnel lining

2 ! ' ! :
_Exp : '
SDOF
FEM - supp. ; !
1.5 am wm == FEM - fixed | 7" R oo -
E -
E b f b b2 _
&
O
7 — SRR S /. A —
e ie® @
0 0.2 0.4 0.6 0.8 1

Time [ms]

Specimen type 1 (1L)
HPFRCC

=
3

B8
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cle

. " " ; ' — : 0.035 . . . .
. . OW press. ex ! [
@ Vertical section A : A 3 Low EFESS_ AVF_’ | (b) : : = 3L-H FEM
4 - 3| bR High press. exp. 0.08 (-o=mmoosfes | R LEAEE Emaenms 2L-H FEM
pacer disl : : - = Hi Av. : : ; ;
Soil Specimen ??///////;///;///// i Driven © .l \ : ng-h press A J ol ! 5 :
o < 3 L 0.025
° ! -
= |
3 1 £ 002
<4 ' = | : L\ A |
- G 0015 (= g-erbessentn s o X
O : : :
0.01
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| 1000 " Legend Time [ms]
500 A = I t
- e
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st | | 3 ! ‘ fh
A Y Coe H
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I ‘ I | @] r Y 00 y
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, 560 N , 560 ¥
D= el A10 A12
Colombo, M., Martinelli, P., Di Prisco, M., Layered high-performance concrete plates A
interacting with granular soil under blast loads: An experimental investigation.
(2013) European Journal of Environmental and Civil Engineering, 17 (10), pp. 1002-1025. ,, = o -

e e >t e
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Colombo, M., Martinelli, P., di Prisco, M.,
A design approach for tunnels exposed
to blast and fire (2015),

Structural Concrete, 16 (2), pp. 262-272.

150
Colombo, M., Martinelli, P., di Prisco, M.,
Underground tunnels exposed to [kNm]
internal blast: Effect of the explosive 100 —
source position
(2016) Key Engineering Materials, 711,
pp. 852-859. 50 —

HPFRC

SFRC

lcs=h

Jcs=srm

Curvature [1/mm]

-50 —

-100 —

28 days

— - — 28 days - SFRC 4c

l
4E-005
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RIVESTIMENTI IN ANELLI DI CONCI PREFABBRICATI DI
GALLERIE REALIZZATE CON TBM

MODEL ASSUMPTIONS

v Two half rings with masonry layout

v Hinged beam to represent segment

v Rotational spring for longitudinal joints
v Shear spring for circumferential joint

v Radial and tangential springs for soil

MODEL PARAMETERS
v" N. of element per segment: 12
v' N. of element per k-segment: 4
v’ Length of beam element: 0.2945 m
v’ Total N. of elements: 128

_ Longitudinal
o, Joint
| | BEAM
 « RING2

Sy

BEAM NN\ o pi o
RING 17N gy /19 J0IN

%

Soil springs

Coupling spring, k,
ELEA

?\'\(\%l

S YN

\\ . :
?\\ Rotation sprmg, c;
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Eurocode ENV 1992-1-1

Model Code 2010
500

e N |
400 —Plain |
300 2 ' i Reinforced | |
L. - Settings2 | |
= 200 p |« Settingst | |
g —~ 100 ’ 4 5 ] :
—_ ] 7 — % | -+-Stockpiling

§ £ 0 f l/I‘ 'L | |§ — Fibre- :
o % 2000 1000\:;\\-1(00 -2000 -3000 -4000 -500G @ O | reinforced |
£ < 100 U SN W 5 |
-g ) \ \\{ ’ | 5 20, \ = Operational |
& 200 = NN e \ e R
m ~ LN [ ] |
-300 - ~. o+ ; . B B Echal_Force Iﬂkhﬂm} ______ »

-400 ! . e = — | } } W !>

-500

Normal Force (kN/m)

—— Unreinforced concrete  —— Fibre-Reinforced concrete Reinforced concrete

= QOperational stage * Transient stage
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Colombo, M., Martinelli, P., di Prisco, M.,
A design approach for tunnels exposed
to blast and fire (2015),

Structural Concrete, 16 (2), pp. 262-272.

Colombo, M., Martinelli, P., di Prisco, M.,
Underground tunnels exposed to
internal blast: Effect of the explosive
source position

(2016) Key Engineering Materials, 711,
pp. 852-859.
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Traditional Solution

Innovative Solution

108/var
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w1 Jf _;“i; e ———— 5 SN [ RN v [ |
3.1 1affk [] S 3+3010 |
S S e e e e e e i .‘?*‘.‘:ﬁ-'y boolbEE — 5 oz T R G
&‘I 1 ! ; I || i I‘f,’ * - = i *
—a—1 11 o I ) \ \ 1@8/20 3+3010 |
SESaaninan) : iE==s | = S
=] M ==N =T = ==
EETE = = bt 63 -l
1908/var
Steel Reinforcement: 110 kg/m?3 Steel Reinforcement: 35 kg/m3
Pos.12 Pos. |
Pos.ja
Pos.5
| ® | ® 1.407
2 \3{
5 - - - - 3 - - - 3 S |
pos.3 8 I —=— =P a
’ﬁ: va — 31 a o o
Pos.2a \ )
: ™ o0
f/ [Pos.2 “Pos.10 T 3
/! o
/’ 1464 "L
Pos.6 /

23/06/2022

Progettazione strutturale: dimensionamento e verifiche per tipologie di armatura alternative — M.

di Prisco

SLIDE 48



RIVESTIMENTI IN ANELLI DI CONCI PREFABBRICATI DI
@ GALLERIE REALIZZATE CON TBM

MATERIAL UNIT COST | VOLUME TOTAL

CONCRETE TRADITIONAL
100 €/m3 1.34 m3 134 €
C40/50 SOLUTION 350 €
STEEL

3
REINFORCEMENT | 00 €/kg | 120 kg/m?3 | 145 €

279 €

MANUFACTURE Z=n 00 - 70 €

MATERIAL UNIT COST | VOLUME TOTAL

HPFRCC (borders) | 430 €/m?3 0.29 m3 125 €
SFRC 150 €/m3 | 1.05 m?3 158 €
TRM 3 €/m? | 448 m?2 13 €
REINFSOTRI’E(IZEIIE_MENT 0.9 85 | KO/ 2R E
2200 INNOVATIVE 390 €
MANUFACTURE 15 % . 50 € SOLUTION
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Three possible uses of GFRP bars

A. Meda, M. Moja, E.M. Pizzarotti, G. Vago, GFRP reinforcement for segmental linings of mechanized tunnels, ICC 2018

N, M € Ysare the environmental reduction factors (n,=0.7 for wet
environment and n,=0.8 for dry environment), the long-term loading
coefficient (n,=1 for provisional structures) and the partial safety factor
for GFRP (y;= 1.5). Furthermore, no resistance of GFRP rebar in
compression is considered.
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Concrete cylindrical strength at demoulding  fex, sn 12 MPa
Concrete cylindrical strength final stage fok, 264 40 MPa
Lateral view Concrete partial safety coefficient - 1.5
5 5
5 - GFRP strength i 755 MPa
= Young's modulus Es 40 GPA
A Ultimate deformation Efi 0.019
Vg { !
i i & Environmental reduction factor Na 0.7
gt Lo £ Long-term loading coefficient M 1
- Concrete partial safety coefficient Vi 1.5
Intrados view Ber.
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M [kM] Widdspan displacement [mm|
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Nominal stress [MPa]
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SFRC only SFRC+GFRP
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from 225 kN up to 367 kN (63%) and
reduces the crack width of more than 50%.
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CHI—Comuizsisnc & soado per La prodisposizion: ¢ |'asalisi di verse toonsdhe latve slle costrazon

Linea Guida per la identificazione, la qualificazione ed il controllo di
accettazione di compositi fibrorinforzati a matrice polimerica (FRP) da
utilizzarsi per il consolidamento strutturale di costruzioni esistenti

CONSIGLIO NAZIONALE DELLE RICERCHE
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Thank you for your attention!

105

Precast tunnel segments in

fibre-reinforced concrete

State-of-the-art repore
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