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• comportamento strutturale del fibrorinforzato
• la classificazione
• esempi significativi di applicazioni strutturali
in presenza di interazione suolo-struttura

• elementi lineari e strutture in parete sottile
• realizzazioni in HPFRC

Outline



Hybrid concrete: a large number of variables!



PULL-OUT as basic resistant mechanism



Vf = 1% ≅≅≅≅ Vf = 3%
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Peculiarità del materiale

by di Prisco & Felicetti, 1997

COMPORTAMENTO 
SOFTENING IN TRAZIONE
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by Falkner, 2006



degradante 

incrudente fFtu 

fFtu 

fFt 

σ 

ε 

fFT resistenza a trazione uniassiale di prima fessurazione 

fFTu resistenza a trazione uniassiale residua ultima 

Vf > 2%

Vf < 2%

Trazione uniassiale
Comportamento meccanico
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Performance based design

strength 

[Mpa]

st. dev 

[Mpa]

fL,av 5,43 0,47

fLk 4,55

fR1,av 6,32 0,79

fR1k 4,84

fR3,av 5,32 0,66

fR3k 4,08

ClassificationClassificationClassificationClassification

MaterialMaterialMaterialMaterial 4b

slump flow diameter: 690 mm
T50 2 sec
V-funnel time (0 min) 3.5 sec
V-funnel time (5 min) 4 sec
L-box (standard) h2/h1 = 1

fR1k 1.0;   1.5;   2.0;   2.5;   3.0;   4.0;   5.0;   6.0;   7.0;   8.0 [MPa]

cement 425: 472 kg
fly ash: 45 kg
water 200 l (w/b =0.39) 
superplast. 1.3%

fine sand 0/4  850kg
coarse sand 4/8 886 kg

hooked-end fibres 65/35 50 kg

feq,k= feq,av– ks
n = 6:  k = 1,87



(5) Fibre reinforcement can substitute (also partially) 
conventional reinforcement at ultimate limit state if the 
following relationships are fulfilled:

fR1k/fLk > 0.4;      fR3k/fR1k > 0.5

CMOD (mm)

σN

fLK

0.5 2.50

fR1k fR3k

Performance Performance Performance Performance basedbasedbasedbased designdesigndesigndesign

Minimum performance for a FRC



Workability, passing and filling ability 

Conventional tests on fresh concrete to
guarantee a homogeneous fibre distribution

The real question remains: is the mix robust enough?



Fiber
dispersion and 
orientation
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A non destructive test to identify fibre distribution
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A destructive test to characterize FRC anisotropy
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5.6.7 Orientation factor

fFtsd,mod=⋅fFtsd/K fFtud,mod=⋅fFtud/K

Isotropic fibre distribution is assumed   K = 1.0
For favourable effects K < 1.0
For unfavourable effects K > 1.0

FRC is not homogeneous and not isotropic!
The inhomogeneity and anisotropic effects due to 
casting procedure can be taken into account by a 
special coefficient K that is at this time just empirical.



TG 8.3  FRC
TG 8.6  HPFRC
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Precast elements 
interacting with the soil



EN 1916: 2012

Class B Class CClass A
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General framework

Ground slope

Varenna

Caslino



General framework

CASLINO

� Nailing
� Anchored  bulkhead

New design solution



Laboratorio di Caslino d’Erba
struttura di protezione per la stabilità dei pendii

HPFR
CC



2003 2004 2005 2006

2007 2008 2009 2010

Preliminary 
investigations

Soil investigations

Element design Element
positioning

Plate
installation

monitoring (full equipment)

Chronology

Stability
checks

Design and casting elements

Monitoring (partial equipment )
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Experimental resuls
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Anchor strand stretching vs . reference node displacement

CASE 1: Indefinite Plastic hinges

CASE 2: Plastic hinge with finite ductility

4 point load: activation of torsion hinges for low values of loads

Kinematic mechanism

Torsion Hinges RIB1

Bending Hinges

NODE 10
NODE 11



Polypropilene fibres
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CARATTERIZZAZIONE STRUTTURALE

Fasi di getto
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Set up prova
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Conci di tunnel prefabbricati

Università di Lipsia (by F. Dehn): 

aggiunta di fibre in polipropilene 

per evitare il fenomeno dello 

spalling esplosivo.

0 kg 2 kg

3 kg

(by F. Dehn, 2005)





Linear precast elements 
for roofing



by Falkner, 2006



Pier Luigi Nervi
Architecture as challenge



�A long history ...

“We wondered if, increasing significantly the 
diffusion of the steel and its percentage (i.e. 
reinforcement ratio), it could not be possible 
to create a new material characterized by a 
higher strength and especially a larger 
elasticity and elongation ...”.

Pier Luigi Nervi, 1940 

t = 38 mm! Vault span 94 m!

Exposition Palace: B Pavilion, Torino, 1949-50

Ferrocement



FRC to substitute transverse reinforcement



UNI 11188: introduzione di un difetto 
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Thin webbed roof elements

NG-PL
Planet

Tecnoplan



Bending tests on roof elements

UPN 300

HEB 160
HEB 260

HEB 550

lcs,wing

lcs,slab

by di Prisco, Failla,Plizzari, 2003
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Test 
data 
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failure 
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Bending tests on roof elements

UPN 300

HEB 160
HEB 260

HEB 550

lcs,wing

lcs,slab

by di Prisco, Failla,Plizzari, 2003



COMPARISON - SECTION C
Load - Total displacement 
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Simplified model

θx=MSx/EIyy
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Two theoretical approaches
Finite Element & 
PARC Model
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Real-size structures

 
 

Element Age 
[days] 

Fibre Rcm 
[MPa] 

Element 
weight 

[kg] 
P 70 00 17 - 71.20 22840 
F 95 45 63 45/30 92.70 18740 
F 60 45 45 45/30 62.25 18820 
F 110 80 75 80/30 109.90 18480 
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17



Real-size structures



Real-size structures
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Full-size structures



Real-size structures
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Precast elements 
for partially precast elevated slabs 



Outline

• engineering framework
• materials adopted
• characterization tests
• beam tests
• slab tests
• final deck test
• concluding remarks
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Classes required by the designer  for 
prefabricated elements and cast on site 

concrete

fcm = 53 
MPa

fcm = 35.9 
MPa

C45/55; 4c C28/35; 3c
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According to Model Code 2010:
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HPFRC precast elements



Comparison of two bridges (Voo/Foster, 2010)

Courtesy Joost Walraven



Comparison 
of two 
bridges

UHPC:
- No shear reinforcement

only fibres
- fcm = 160 MPa

Courtesy Joost Walraven



Comparison of two bridges (Voo/Foster 2010)

Courtesy Joost Walraven



Two solutions for a 180 m long retaining wall 
(Voo/Foster, 2010)

Construction of retaining wall for drain 
channel in Ipoh, Malaysia,
180 m long, 1.5 m high

Solution in conventional concrete and 
UHPFRC  (fcm =160 N/mm2)

Courtesy Joost Walraven



Results of EIC for retaining walls

Courtesy Joost Walraven



Sheet piles by Jansze et al. 2005



MATERIALS

HPFRCC

FRC class: 14b



102

di Prisco et al., CIC 
2014
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di Prisco et al., CIC 
2014
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di Prisco et al., CIC 
2014
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Mix design

Composition (kg/m3) 0% fibres 0.8% fibres 1.6% fibres

CEM I 52.5 R 390 390 390

CEM III/A 52.5 N 558 558 558

Silica fume (50%) 102 102 102

Sand (0-2 mm) 1140 1118 1097

Steel fibres [OL13/0.16] 0 63 125

Superplasticizer 33 33 33

Free water 138 138 138

Rc = 140 MPa
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Ultimate load:91 kN Current load:52 kN 70 kN75 kN 82 kN 91 kN

Clacestruzzo bianco
by Pansuk & Walraven (2007)
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Ultimate load:340 kNCurrent load:150 kN200 kN250 kN300 kN340 kN

No stirrups, 0,8% fibres
by Pansuk & Walraven (2007)
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Ultimate load:531 kN Current load: 531 kN400 kN300 kN200 kN

No stirrups, 1,6% fibers
by Pansuk & Walraven (2007)



Dosage (kg/m3)
Cement type I 52.5 600
Slag 500
Water 200
Superplasticizer 33 (l/m3)
Sand 0-2 mm 983
Fibers (lf = 13mm;
df = 0.16mm)

100

Table 1 Composition of mix

SCC material

730-800 mm

> 750 mm
γ = 2450 – 2530 kg/m3

Rcm, 24h=  66.3 Mpa
Rcm, 7d =  99.1 Mpa
Rcm, 28d= 116.5 Mpa
Esm = 45249  Mpa



1164PB tests on ‘structural’ unnotched specimens

HPFRCC - Randomly oriented fibers



1174PB tests on ‘structural’ unnotched specimens

HPFRCC - Oriented fibers
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AR glass textiles
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Experimental results

Nominal Stress vs. Stroke curves

STEEL FIBERS REINFORCEMENT TEXTILE REINFORCEMENT



Experimental results

No clear synergic effects (as the ones highlighted in direct tension)

The response of the lower glass fabric took place a fter the onset of a diffuse micro-cracking, that wa s 
found to be close to an equivalent strain εεεε* of about 2.7%.

CUMULATIVE AVERAGE CURVE (F+T) SHIFTED T CURVE



1234PB tests on ‘structural’ unnotched specimens

HyFRCC: HPFRCC + 2 layers of AR glass fabrics - Randomly oriented fibers



CASE STUDY: ROOFING ELEMENT

SANDWICH COMPOSITES - FLEXURAL BEHAVIOR

POLYSTYRENE CORE GLASS FOAM CORE



CASE STUDY: ROOFING ELEMENT

SANDWICH COMPOSITES - FLEXURAL BEHAVIOR

Comparison between the sandwich composites 
and the HPFRC “structural” plate:

+ 90% of the peak load

+ 250% of the peak displacement



deflection

Load [kN]
TRCPolystyrene

HPFRC

uplifting device

New solutions for sustainable roofing
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Precast roof elements: casting in the plant 

di Prisco et al. Kassel, 2008
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Precast roof elements: real scale test
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Precast roof elements: experimental results 

Thin HPFRC

Composite plate



CASE STUDY: ROOFING ELEMENT

Roof systems are in important component of the building envelope, since
they are specifically designed to separate the living spaces from the
natural environment. They should ensure:
- adequate mechanical performances;
- energy efficiency;
- sound insulation;
- durability;
- aesthetics.

HOW CAN WE MEET THE REQUIREMENTS OF THE REVISED
NATIONAL CODES?

A retrofitting strategy that might be successfully applied
to several precast structures in northern Italy is
represented by the substitution of the unsafe tertiary
roofing elements with innovative multilayer panels
characterized by lightness and remarkable structural
performances.

S.IN.E.RG.I.E ATTI.V.E. 
SISTEMA INTEGRATO SOSTENIBILEENERGETICAMENTE

ATTIVO PER IL RINNOVO DEGLI EDIFICI INDUSTRIALI

ATTRAVERSO COPERTURE COMPOSITE
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HPFRC + INSULATINGCORE + TRC
• self-weight reduction to solve seismic 
requirements;
• fire safety improvement;
• environmental sustainability, relying both on the 
improvement of the thermal performances and on 
the design of Building-Integrated Photovoltaics 
(BIPV) and the use of recycled fibres;
• global cost reduction: no need of waterproofing 
layer



The proposal
• 2.5 m wide and 5 m long secondary prefabricated elements.
• Main features: lightness (self-weight of about 1.2 kN/m2); remarkable thermal

insulation (U = 0.42 W/m2K), waterproof quality , ease of assembly , fire
safety (> R30) and effective integration of photovoltaic systems .

Transverse sections of the proposed composite panel (mid and end section)



HPFRCC - material characterization



TRC - material characterization



CASE STUDY: ROOFING ELEMENT

SINERGIE ATTIVE PANEL



CASE STUDY: ROOFING ELEMENT

SINERGIE ATTIVE PANEL



CASE STUDY: ROOFING ELEMENT

SINERGIE ATTIVE PANEL



Longitudinal bending tests - setup



Longitudinal bending tests
• - Remarkable strength and ductility levels: peak loads were about 3.5 to 4

times higher than the one associated to the Ultimate Limit State (ULS).
• - Test number 2 was halted right after the widening of some shear cracks,

originally developed on an HPFRCC web, probably due to a poor control of the
wall thickness and an uneven distribution of the fibrous reinforcement.



Transverse bending tests - setup



Transverse bending tests
� Ultimate loads about 4 to 4.5 times higher than the ULS design one.
� Peak load of test number 1 corresponded to the localization of a flexural

crack,
� Test number 2 an early failure occurred due to the delamination of the TRC

bottom layer (caused by the introduction of an alternative production
procedure).



Constitutive laws for the cement-based materials

TRC and HPFRCC piecewise-linear constitutive laws 



Mechanical characteristics of polystyrene

Uniaxial tension Uniaxial compression

EPS 100
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by Zani, 2013



by F. Müller, C. Kohlmeyer, J. Schnell, 2012
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M 
[kNm]

Curvature
[1/mm] 

No EPS

with 
EPS

No 
TRC
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Lecco Campus



RESEARCH FRAMEWORK

A.C.C.I.DE.N.T
Funded by INTERREG

Advanced Cementitious 

Composites In DEsign and 

coNstruction of safe Tunnel

Material Meso-structure Structure

I Level II Level III Level



Structural targets, 

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

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

�Serviceability and Ultimate loads considered in the 
consolidated construction experience.
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D.M. 14/01/2008: Classification and required performance



Segment: Materials

Prototype Tunnel Segment
� Ec

� ρ    

� fc,peak

� εc,peak

�fct,peak

� εct,peak

� fR1

(COD1 = 0.5 mm)

�fR2

(COD2 = 2.5 mm)

� fI,peak

�ε I,peak

SFRC

40000

24 10-10

-71

-0.0035

4.55

0.0001

4.84

4.08

-

-

HPFRCC

45000

25 10-10

-115

-0.003

7

0.005

12

8.4

5

0.00011

Concrete:

[MPa]

[MPa]

[MPa]

[MPa]

[MPa]

[MPa]

[-]

[-]

[-]

[ N s2

mm4 ]

28 days



Structural design model

� Two half rings with masonry layout

� Hinged beam to represent segment

� Rotational spring for longitudinal joints

� Shear spring for circumferential joint

� Radial and tangential springs for soil

MODEL PARAMETERS

� N. of element per segment: 12

� N. of element per k-segment:   4

� Length of beam element: 0.2945 m

� Total N. of elements: 128

MODEL ASSUMPTIONS



Target?
Segment: Reference geometry and steel reinforcement

Traditional Solution Innovative Solution 

Steel Reinforcement: 110 kg/m3 Steel Reinforcement: 35 kg/m3





157Thanks for your kind attention!


