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Evaluation of the seismic response of a structure
according to Standard (EC8, NTC '08)

Elastic spectrum is a function of T*

It depends on:
» Latitude and longitude of the site
» Soll class
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Elastic or elasto-plastic behaviour?

The Codes accept that the structures exceed the elastic limit
and enter in the plastic field to dissipate the seismic energy

THE BEHAVIOURS ARE

4 EQUIVALENT FOR THE
Linear - elastic SEISMIC EVENT AT THE
behaviour ULTIMATE LIMIT STATE

. Elasto-plastic behaviour "B”
i more RESISTANCE and less DUCTILITY

Elasto-plastic behaviour "A”
more DUCTILITY and less RESISTANCE

B DESIGN FORCES ARE
) > LOWER FOR ELASTO-
Displacement PLASIC SYSTEMS
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Elastic or elasto-plastic behaviour?

The seismic energy dissipation is a function
of the structure ductility

Capacity curves of the structure

Elasto-linear =) BRITTLE

g * Elast lasti
o asto-plaslic . DUCTILE
H= p!i§ticgaylly i behaviour -
dissipated l
i i >
3, 5, &

Displacement
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Collapse types for a R/C structure

> Ductile

o Global collapse with

extended plasticizations

In a large number of
beams/columns

» Fragile

o Node failure

o Shear failure of
beams/columns

o Floor mechanism

V, 1

Global
collapse

Floor
mechanism

>
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In new buildings, the ductil behaviour is guaranteed by:

» Capacity Design

o Bending/shear
hierarchy of strength

o Hierarchy 2
beam/column/node
> Detailings >
o Geometric limitations F. <F Chain with a ductile
1y 2,e Dbehaviour

o Reinforment limitations

In existing buildings, usually designed only for vertical
loads or for reduced horizontal actions, brittle failures
are very probable

POLITECNICO DI MILANO




Consolidation of foundations
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P=q/2 M
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PHASE 1. ESCAVATION and HOLE DRILLING

Courtesy Ing. C. Amigoni
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PHASE 2: HOLE REINFORCEMENT and CURB CASTING

Courtesy Ing. C. Amigoni
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PHASE 3: CONSOLIDATION AND MASONRY COMPRESSION

Courtesy Ing. C. Amigoni
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PHASE 4: CONCRETE DOWEL CASTING AND FINAL COMPRESSION

Courtesy Ing. C. Amigoni
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S. Andrea In
Mornico al Serio
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Courtesy Ing. C. Amigoni
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Geo-radar tests to check
homogeneity of masonry
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Courtesy Ing. C. Amigoni

M. di Prisco

POLITECNICO DI MILANO



Scheda riepilogativa della prova sonica MSA-SO1 —

Ultrasonic Pulse Velocity (UPV) stogramma dolaprova | Ubicazions dei punti i prova
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Strumentazione per le prove di compressione di breve durata

M. di Prisco

420

390
360

330

300

270

240

210

180

150

120

V4
\s1 _~ p/4

90

60

30

e i /A
7

330
300
270
240
210

150

120

90

30

-30

1,04 -

1,035
1,03
1,025
1,02
1,015
1,01

1,005

e
i W W
/QV
5}

o
o
<3,

1.5 2 2 3 35

N

2
e

6-6
°

0 5000 10000 15000 20000 25000 30000

Courtesy Ing. C. Amigoni

B POLITECNICO DI MILANO



2

L il
wrwml

Courtesy Ing. C. Amigoni

POLITECNICO DI MILANO



ﬁ
[
i
N
T |

" SIRUTILRY GED D4 FMUOERE & T
DELLA FASE DI TESATURA DEI CAW D4 POST-TERSIORE

M. di Prisco

B POLITECNICO DI MILANO




Consolidation of the column/foundation node

ANGOLARI IN ACCIAIO
CALASTRELLATI

Lpt > max{1.5 he, Ip/3}

. SCASSO LOCALE
" ERIPRISTINO
MEDIANTE MALTA
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Figure 3.6: Stress-strain relationship for confined concrete Saldatura in opera

Courtesy Ing. D. Bellotti

tra calastrelli e angolari
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FRP confinement of wall-
like R/C columns

450 mm 600 mm
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by T. C: Triantafillou et al.,
Materials and Structures 2015
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d premature rupture of anchors in columns with light anchors,

Fig. 6 Typical photographs of failed columns: a rebar buckling
and e no failure of the heavy anchors

and concrete crushing in control specimens, b jacket rupture at
the comer, ¢ jacket rupture in the middle of the long side,

B POLITECNICO DI MILANO
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+—h-2R * Confined A A

concrete
(a) (b)
A. bh— Ay
J'.'| L _-"‘u'—
bh bh
(h—2R)(h — 2R+ 1.5ns,) + (n+ 1)(b —2R)"

3(n+ 1)bh

(8)

(h—2R)*  1(h—2R)s,
A =2+ DT
(h—2R)s, _2(b—2R)’
(n+1)4 3 4
 (h—2R)(h—2R+ 1.5ns,) + (n+ 1)(b—2R)’
3(n+1)

+2(n—1)

(7)
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Stress (MPa)

Stress (MPa)

Stress (MPa)

Stress (MPa)
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FORCELLE PER FISSAGGIO STAFFE

/ E BARRE LONGITUDINALI

BARRE PER IL COLLEGAMENTO

DELLA CAMICIA
.
T J INCAMICIATURA IN
STAFFE__ __—GALCESTRUZZO

T

s TRADIZIONALE InCrease |n dUCtlIlty

Lpl > max{1.5 he, [o/3}

smex=he/4 T 7
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by C. Beschi et al., J. of Earthquake Engng., 2011
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Axial load
application
element

. H)J:g(r:?(:lic 8 TStress [MPa]

Horizontal force

] I
I |
| |
system 6+ b A .. =
transfering Load cell : :
element - : :
Test 4 4L 1 _______ S S
specimen y T ;
_ I :
I oo |
& Thickness 13 mm
Electro- 2 - fe fo--% A
mechanical R |
jack | L= |
| - Strain [%od]
) Steel foundation 0 ' I ' | J
Axial load connecions 0 1 2 3
application element
FIGURE 4 Direct tensile test results for HPFCR.
Average compressive strength 130 MPa
Average tensile strength 6 MPa
Average elastic modulus 42 GPa
Type of fibers Steel
Fibers length 135 mm
Fibers equivalent diameter 0.18 mm
Fibers volume 1.5 Je

by C. Beschi et al., J. of Earthquake Engng., 2011
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— Base column
— Strengthened column

1000- - ® Experimental point (N;Mmax)
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FIGURE 11 Moment vs. rotation curves with and without slip contribution. by C. Beschi et al., J. of Earthquake Engng., 2011
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Engineering Motivation: shear walls

- Seismic resistance relies on r/c walls
- Architectural considerations results in openings

I
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lateral
load

downward
settlement
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%BBBB%BBB
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Engineering Motivation: shear walls

v

g

tensile
force

force

v

4compressive tensile

force

Coupling beams have to:

- guarantee the wall to behave as
unique system and not as two
separate independent shafts

- transfer shear forces from one
shaft to the other

- work up to high drift levels

- allow for the development of
plastic hinges at the base of the
wall shafts

Complicated reinforcement
detailing

M. di Prisco

B POLITECNICO DI MILANO




Engineering Motivation: uprgrading/repairing

Existing buildings: poorly designed coupling beams

Need for retrofitting/upgrading

- suffered damage from previous events (e.g. earthquakes or soil
settlements)

- Yo comply with new design codes (imposing more stringent requirements)

M. di Prisco
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Engineering Motivation: HPFRCC

Flastic hinges al

heam ends and . -'-h M

beam-calumn j.:intg:--.. —

Basze of

Plaslic hinges e structural walls

at column :
bases HMHH? H zih";
R

Potential applications of HPFRCCs in earthqualke-
resistant structures (Parra-Montesinos 2003).

M. di Prisco
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Engineering Motivation: HPFRCC coupling beams

P

600 570 ams
AA A 9 .
206 | o
600 4 $130
D8 @ 75 >
— P i -
o
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200 ..Q
08
| stimups 380
2) Specimen 1
B8

e N
N

¢) Specimen 3

Drift (%}

a) Specimen 1

600 fﬁ \
>

Shear Foree (kN)

Drift (%)
c) Specimen 3

Canbolat, B. A.; Parra-Montesinos, 6. J.; Wight, J .K.: Experimental Study on Seismic Behavior of
High-Performance Fiber-Reinforced Cement Composite Coupling Beams, ACI Structural Journal,

Jan.-Feb. 2004, 159-166.
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Engineering Motivation:
upgrading/retrofitting coupling beams

R/C jacketing Bolted steel plates

) . . T 400
A-A Base Bea
I ) [ . BETE T Seel Plate Envelopes 300 ‘
{ A Welded tieg I - 200+
s A 7
71777 ) P/ / 100

/
\ Coupling Beam

|

——CBI

—4— CB2

11
A8 8 88
1300

Shear Force(kN)
o

b =
i i £
j | e |
L AL‘.’ = .[ Welded ties s ' ! ’ s
— “ x

[ [} . ; 400 .
300 | 525 750 -0.06 -0.04 -0.02 0.00 0.02 0.04 0.06
Chord Rotation Angle (Rad)

406

182

Disadvantages

-Identification of reinforcement position

- Thickness of the jacket 5 cm _Drilling bolt holes etc.

Worthy to explore the use HPFRCCs as a solution for
upgrading/retrofitting of coupling beams

Mihaescu, A., Tudor, D., Ciuhandu, 6., Ianca, S.; Research on the repair and strengthening of
coupling beams in coupled shear walls damaged after earthquakes. Proceeding of the 9™h ECEE,
1990, Moscow.

R.K.L. Su, Y. Zhu.; Experimental and numerical studies of external steel plate strengthened
reinforced concrete coupling beams. Engineering Structures, Vol. 27, 2005 8 (10), pp. 1537-

1550.
- I POLITECNICO DI MILANO
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Material Density Tensile
[g/cm?3] strength
[MPa]
AR Glass 2.8 1400
E Glass 2.5 2000-3500
Carbon HM 1.85-1.9 2400-3400
Carbon HS 1.75 4100-5100
Aramid 1.44-1.47 3600-3800
Polymeric 1.1-1.25 40-82
matrix
Steel 7.8 Yield 250-400
Failure 350-
600
M. di Prisco

Elastic Ultimate
Modulus elongation
[GPa] [%]
70-80 2
70-80 3.5-4.5
390-760 0.5-0.8
240-280 1.6-1.73
62-180 1.9-5.5
2.6-3.6 1.4-5.2
206 20-30

POLITECNICO DI MILANO




¢ —t—p Tcnsion

old 7 /j textile reinforced concrete

Coticrete 0l bond length i strengthening layer

Delamination of cementitious matrix in the textile layer

%__________ == Tcnsion
1 7

I ond length |

Failure in the new-old concrete joint

(1) —4—p Tecnsion
7
/ @ break near old concrete surface

i bond length |

) disruption body in old concrete
Failure in the old concrete

Brameshuber, W. Report 36: “Textile Reinforced Concrete - State-of-the-Art”. Report of RILEM TC 201-TRC
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|
steel plate
l bond length l adhesive

Deformation of the adhesive bonded plates (steel or FRP)

F,

e ——————ne— 3
¢ s 3 e
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textile reinforced
strengthening

1

Deformation of the strengthening layer

High stress zone Crack

WA

Crack propagation
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High stress zone

Y

Crack propagation
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RESEARCH OBIJECTIVE

High Performance Fibre Reinforced Concrete (HPFRC)

DOSAGE
COMPONENT
_ (Kg/m?)

Cement type 1 52.5 600
Slag 500
Water 200
Superplasticizer 33 (£/m3)
Sand 0-2 mm 982
Steel fibres (/,/d=13/0.16) 100

M. di Prisco
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RESEARCH OBIJECTIVE e
Textile Reinforced Concrete (TRC)

COMPONENT DOSAiE Maximum aggregate size is less than
(Kg/m?) 0.6 mm.

Cement type 1 52.5 600
Slag 500 l
Wat 209
ater TEXTILE REINFORCED MORTAR
Superplasticizer 44 (¢//m3)
Sand 0-0.6 mm 957

POLITECNICO DI MILANO
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RESEARCH OBIJECTIVE

Retrofitting layers UHPFRC and TRC for damaged concrete substrate

Effectiveness of strengthening layers

—

* load bearing capacity in tension and compression
* ductility offered by the retrofitting layer

* serviceability and ultimate conditions

M. di Prisco

POLITECNICO DI MILANO




RETROFITTING MATERIALS: -
High Performance Fiber Reinforced Concrete

5 500 mm .
,l ” 150 mm 2 A 2 150 mm 2
‘_1 A b 130 mm
sect. A-A v

Cement type |1 52.5 600
Slag 500
Water 200
Superplasticizer 33 (//m3)
Sand 0-2 mm 982
Steel fibres (l,/d=13/0.16) 100

Ferrara, L., di Prisco, M., Lamperti, M.G.L. “Identication of the stress crack opening behaviour of HPFRCC: the role of flow

induced fiber orientation”.
B POLITECNICO DI MILANG
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RETROFITTING MATERIALS: -
High Performance Fiber Reinforced Concrete

Ferrara, L., di Prisco, M., Lamperti, M.G.L. “Identication of the stress crack C_aStiI}g
opening behaviour of HPFRCC: the role of flow induced fiber orientation direction
50, 150 | 150 , 150 500 , S50, 150 150 150 500 ,
1 1 1 T T T T
supposed ﬂow lme
T T T T ol 4
! \7,7 i yieg ool N (1 § S
Casting - . ___:_[) _________ > . +
direction ( ” / | beam L3 s 2
/V/ '_ 'c: 1 —_
— st a o
o, | 8 | — et
| 4 =
e / ““““ N 2 |
P ! beam L1 bl =)
| //4 ——-4'-> --------- > 1 2
Y o B

supposed flow line

30— 30 —
beam L1
beam L2

25 20 — 20
& [
2 =
Nt ~
2 , z
© beam Ll © beam T1

100 beam T1 10

beam T2
beam T2 5
0 ; | ] | : | : | i | 0 . | . | . | . | . J
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COD (mm) COD (mm)
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RESEARCH OBIJECTIVE -

Textile Reinforced Concrete Steel welded reinforced concrete

* the roving was made by filament homogeneous cross section

* ductility was due to a failure of the

filaments « ductility was due to plastic behaviour

of the steel

* bond between steel and concrete
* thicker layer, concrete cover is
necessary

* two kind of bond: coating with the
matrix and inner filaments

e coating reduces the flawness

* thin thickness

* no flexural capacity as a cable

M. di Prisco
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Cementitious
MATTX —

Core filaments

Sleeve filaments

M. di Prisco
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RETROFITTING MATERIALS: -

Textile Reinforced Concrete
Fabric

There are variety of textile fabrication process and the most important feature is

creating an open structure suitable for the full penetration of the matrix.

l‘l-g-%:i--!\
" o -_H-.!-.-

Dol e
=IE-=IT--ig =
:s: aﬂi;mgﬂlq

B H e

Plain weave Leno weave Multiaxial
Title, T, expressed by Tex [g/km] T
The cross section A, [mm?] A=
Density p,4 [g/cm?3] yo¥ 1000

M. di Prisco
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RETROFITTING MATERIALS: —-
Textile Reinforced Concrete
Mechanical properties

A /state | uncracked concrete)

state lla state llb state Il
— —>l< = +
cracking formation stabilized crack pattern

P>

stress [N/mm?]

strain [%o]

M. di Prisco
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RETROFITTING MATERIALS: ——
Textile Reinforced Concrete

Matrix
Cement type 1 52.5 600
Slag 500
Water 209
Superplasticizer 44 (//m3)
Sand 0-0.6 mm 957

Water/binder=0.19 (0.20-0.225)
Superplasticizer/cement=7.3% (8.3-9.3-10.3%)

fct
fCC

6 — 8 MPa
76 —112 MPal

LUNI EN 196-1 2005 Methods of testing mortar - Part 1: Determination of

POLITECNICO DI MILANO

mechanical strength
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RETROFITTING MATERIALS: =
Textile Reinforced Concrete

Fabric
| m | | B
Material AR Glass AR Glass AR Glass
Fabrication
e Leno weave Leno weave Leno weave
Warp [Tex] 2x320 2 x 640 2 x1200
Weft [Tex] 640 1200 1200
Warp filament 14 14 19
Weft filament 14 19 19

Tensile Load [kN]
average

3.67 6.58 11.02

Displacement control 1.67 mm/s
Pressure in the clamping edges 3.4 bar

M. di Prisco
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RETROFITTING MATERIALS:

Textile Reinforced Concrete - Fabric

Load [kN]

Load [KkN]

12 4
11
10 4

[ S
o O =Y W
|

S = D W s N O
R S N | M | 1

--..--.--......1 W
SEsEsanessnEnen
wee N9

N8
N7
N6
NS
N4
N3
N2
NI
Average

S = 2 W s WO DX
T

T T T T T
5 10 15 20 25 30
stroke [ mm|

()

i

‘3 ‘ ; weft
L

e Hﬂmﬂmﬂ

70 mm

stroke [mm]

(©
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Load [kN]

Load [kN]

12 4
11 A
l()-

S = N W s A0 0O
I TR (| I [

_——
S = D W ks OO D~
1 1 1 1 1 1 1 1 1 1 1 |

l lll e lalabe ]
I | £9 N2
: it

'!3!!5 " N
Pt e o N6
70 mm N7
N8
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NI10
Average
T T T T — T -I
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stroke [mm|

(b)

+—e—oF| AVG
—e—9[2AVG
s—-—aF3 AVG

comparison

T T T T T 1
0 5 10 15 20 25 30
stroke [mm]

(@)
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RETROFITTING MATERIALS:

Textile Reinforced Concrete — Fabric F2 different coatings

Coatings are made of Styrene Butadine

NO COATING COATING A
12~ 12~
11 A B9 i coating 11 9| F2 coatlngI\IA1 N6
10 - N1 10 N7
N2
9 - 9 - N8
_ g N2 — 8 e N9
S N4
E 7 A N3 E 7 A A NI10
= = N5 | g
= 6 ———AVG| = 6 VR AVG
< ] \ |
(o] 5 1 (o] 5 =1 \ \U\\
'J 4 A\\_ 'J 4 A [N \\\\
3 4 \\ 3 \\
\ \ \Pat
2 2 A \\f\\\ ‘\/“\
1 \ 1 - SR T
0 T T T T T 0 T T T = — =
0 5 10 15 20 25 0 5 10 15 20 25 30
stroke [mm] stroke [mm)|
M. di Prisco
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RETROFITTING MATERIALS:
Textile Reinforced Concrete - Coating

Load [kN]

Load [kN]

12

—
(=T ]

S = N W kA AN 0 O

—
—_— N

(=

S = D W kA LA XX O

F2 coating B
— NI

N2
N3
\ —— Average

stroke [mm|

F2 coating D
— NI

— N2
N3
| | —— Average

30

stroke [mm]

Load [kN]

Load [kN]

12

—
S -

p—
\] S = N W A LA 0O

—
S -

S = D W B NN 3 0 O

M. di Prisco

F2 coating C
N1

— N2
A N3
4 Average

stroke [mm|

Comparison
- +—+—+ F2 no coating

4 ©—<90—9 F2 coating A
® @ @ F2 coating B
*—k—% F2 coayhg C
OG—©O—0 F2 coa\ng D

stroke [mm|
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RETROFITTING MATERIALS: =
Textile Reinforced Concrete - Production technology

M. di Prisco
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RETROFITTING MATERIALS:
Textile Reinforced Concrete

Steel (perspex)
plates

TRM specimen

2 fabrics overlapped

M. di Prisco

spherical joints

pneumatic
clamping
3.9-5.6 MPa
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RETROFITTING MATERIALS: amim
Textile Reinforced Concrete

Variables investigated in the composite: _
« different coatings * weft spacing

_ weft spacing.

* curing procedure

» geometric reinforcement ratio and
position inside the specimen thickness

* size effect

* displacement rate
* high temperature

Colombo, 1.G., Magri, A., Zani, G., Colombo, M., Di Prisco, M. Textile Reinforced Concrete:
Experimental investigation on design parameters (2013) Materials and Structures/Materiaux et

M. di Prisco

Constructions, 46 (11), pp. 1933-1951
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RETROFITTING MATERIALS: -
Textile Reinforced Concrete - Coating

30
28 A
26 TRM FABRIC
24 - - [kN] | [kN] H
22 A
= 20 - No coating 8.15 4.34
E 18 -
— 16 Coating A 10.65 6.50 0.81
% ig 1 —— no coating
2 100 coating A Coating B 1200 6.80  0.88
g - —@— coating B
6 - = s R CoatingC  12.48  6.71
g ] coating D
5 | , , , . CoatingD 1096 668  0.82

0 0.005 0.01 0015 0.02 0025 003
strain [-]
Effectiveness Factor EF

P .
TRMspecimen
EF = F

P

Iqlayer fabric

EF <1 bond weakness
EF > 1 positive interaction with the matrix which exerts a tension stiffening effect.

M. di Prisco
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RETROFITTING MATERIALS:
Textile Reinforced Concrete — Curing condition

Different shrinkage conditions:
* air for 28 days

* 60°C for 6 days
 water for 28 days

30

28 1 comparison curing
26 q | methods

24 4 |— 60°C

22 n —— air

20 9 |— — — water

18
16

Stress [MPa]

| |
0 0.005 0.01 0.015 0.02 0.025 0.03 “

strain [-] 1.05 0.93 0.68

M. di Prisco
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RETROFITTING MATERIALS: -
Textile Reinforced Concrete
Reinforcement ratio

_n-Tex
' p,-1000

A;: area of fabric [mm?]
n: the number of roving
pq4: density of fabric [g/cm3]

Ay
Neapric: the number of fabrics in the thickness
A_: cross section of the specimen

P = nfabric )

M. di Prisco
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RETROFITTING MATERIALS:
Textile Reinforced Concrete
Reinforcement ratio

* 1 layer (p=0.97%, 6 mm thick) * 1 layer where 2 fabrics were overlapped
“2 fabrics” (p=1.94%, 6 mm thick)

* 2 layers with 2 detached fabrics
“2 layers” (p=1.94%, 6 mm thick)

M. di Prisco
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RETROFITTING MATERIALS: -
Textile Reinforced Concrete - Reinforcement ratio Fabric F1

20 20 -
18 4 |p=0.97% 1 layer 18 4| p = 1.46% 3 layers AVG
@ N1 & - N1 N4
’ N2 N5 N2 N5
E 14 N3 N6 E 14 N3 N6
12 4 12 - -
E N AVG E ‘
- 10 . 10 1 3
4 I ; 7] i WA
2 8 } 1 ‘ . - 2 8 - ’,‘1 ny o
a c““;““l N ‘ w‘ i ;} 6 . L " T' ’{"NJ {‘» . k
4 1WA | 4 1
oA
. - L ’ L 2 7
0 T — T \ T T T 1 0 T T T T T 1
0.005 001 0015 002 0025 0.3 0 0.005 001 0015 002 0025  0.03
Strain |-] Strain [-]
(a) (b)
20
18
16
—_ 14 ; —
£ 12 AN é:
= : =
. 10 f o
17,) 7]
-5} 5 @
= 8 p = 1.94% 2 fabrics g 8
= v N1 = N4
6 A/ 2 6
i A N5 N2 NS5
N6 - N3 4 N6
2 AVG N4 2 AVG
0 d 1 ! ! ! ! 0 T T T T T T 1
0.005 0.01 0015 002 0025 0.03 0 0.005 001 0015 002 0025 003
Strain [-] strain [-|
(c) (d)
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RETROFITTING MATERIALS:
Textile Reinforced Concrete - Reinforcement ratio Fabric F1

20
I8 11 Comparison
5 0.97 % i
u e 146% s
A

Stress [MPa]

—60— 1.94 % 2 fabrics
—4aA——1.94 % 2 layers

T T T

0 0.005 001 0015 002 0025 003
Strain [-]

p =1.46% p=1.94% 2 fabrics p=1.94% 2 layers

M. di Prisco
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RETROFITTING MATERIALS:
Textile Reinforced Concrete - Reinforcement ratio Fabric F2

26 26 -
24 14 | p=1.71% 1 layer 24 1| p =2.40% 3 layers
22 1 N1 22 A N1
20 + N2 20 1 N2
= 181 = 18 -
S 3 S N3
& 16 - . & 16 -
2 14 e = 14 AV Gt
2 2 12 7 Ll
e £ 10 7 |
N N \ |
wn 2] 8 P ==+ \
6 6 - [ o “ \“
4 4 1 Rsrlab:
2 2 4 \‘ | \‘
0 T T T T T 1 0 T T T T —
0 0.005 0.01 0.015 0.02 0.025 0.03 0 0.005 0.01 0.015 0.02 0.025 0.03
Strain |-] Strain |[-]
(a) (b)
26 A 26 7
24 - 24
22 L 22
20 A 20 -
= 18 = 181
« ]
& 16 - B 16 A
2 14 2 14 -
2 127 ‘ p = 3.42% 2 fabrics 2 ié I p =3.42% 2 layers
2 10 4 | Nl = NI
@ 3 - B « N2
; | s N3
2 1 VG 2 AVG
() T T T T T T T O 1 T T T T 1
0 0.005 0.01 0.015 0.02 0.025 0.03 0 0.005 0.01 0.015 0.02 0.025 0.03
Strain [-] strain [-|
(©) (d)
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RETROFITTING MATERIALS:
Textile Reinforced Concrete - Reinforcement ratio Fabric F2

26

24 Comparison o
22 4|— 1.71 % 1 layer /@/9/
20 4|4 2.40 % 3 layers -y

—O— 3.42% 2 layers
—aA—— 3.42% 2 fabrics

Stress [MPa]
i
i‘i:
R
;\

0 0.005 0.01 0.015 0.02 0.025 0.03
Strain [-1

M. di Prisco
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RETROFITTING MATERIALS: e
Textile Reinforced Concrete - Reinforcement ratio

Comparison between F2 -2 layers (p=3.42%) and F3 - 1 layer (p=3.20%)

)
~

Comparison
A—&—A F2-2 layers

G—6—0© F3-1 layer

[y
S

p—
N

—
[N

Stress [MPa]

0

~

F3 1 layer p=3.20%

s

0 0005 001 0015 002 0025 003 F2 2 layers p=3.40
Strain [-]
o cracking O max
[MPa] [MPa]
F2 - 2 layers p=3.40% 4.62 24.42
F3 - 1 layer p=3.20% 4.03 17.13 f’,»;l'

. 3y
_ POLITECNICO DI MILANO
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RETROFITTING MATERIALS: ——
Textile Reinforced Concrete - Reinforcement ratio

P

EF = TRMspecimen
nIayer ) I:)fabric
F1 p=0.97% F2 p=1.71%
F1 p=1.46% 0.84 F2 p=2.40% 0.60
F1 p=1.94% 2 fabric 0.91 F2 p=3.42% 2 fabric 0.83
F1 p=1.94% 2 layers 1.07 F2 p=3.42% 2 layers 0.81
F3 p=3.20% 0.68

M. di Prisco
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EXPERIMENTAL PROGRAMME -

Effectiveness of retrofitting layers on damage concrete.
Tests have to take into account:
* the interface treatment to ensure a good bond

e compact-samples that can be also extracted from full-size structures
* possibility to precrack concrete plates (considering SLS and ULS)

* the tensile load and ductility

* the compressive strength

Two kind of tests were adopted:

Magri, A., Colombo, M., Di Prisco, M. TRM and UHPFRC: Retrofitting solutions for structural elements (2012) Concrete Repair,
Rehabilitation and Retrofitting 111 - Proceedings of the 3rd International Conference on Concrete Repair, Rehabilitation and Retrofitting,

ICCRRR 2012, pp. 1292-1297.
- I POLITECNICO DI MILANO
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EXPERIMENTAL PROGRAMME —
DEWS technique

compression J
stresses
\ P&——P
\
\ tensile
: stresses
I tensile
1' stresses
]

~
S

compression
stresses

M. di Prisco
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EXPERIMENTAL PROGRAMME
Compression technique

J*
_ steel plates

. _. traditional concrete

-

\

SECTION

_. retrofitting layer

-

\

M. di Prisco

SECTION
CRACKED
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EXPERIMENTAL PROGRAMME ==
Specimen preparation

R/C concrete plate;
two notches in the upper and in bottom side;
the steel welded mesh 6 mm rebar.

7 15 7

7,5
\

-——

15
i
-
3
<>

K

30

——

7,5

The cubic compressive strength was evaluated by ten compressive tests:
R=30.40 MPa

M. di Prisco
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EXPERIMENTAL PROGRAMME:
Specimen preparation

w=0mm
w=0.3 mm
wW=3mm

M. di Prisco

Three levels of crack opening
displacement:

The surfaces were treated by a
disk of a angle grinder
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EXPERIMENTAL PROGRAMME
Specimen preparation

M. di Prisco
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EXPERIMENTAL PROGRAMME
Experimental programme
DEWS

Experimental programme

w =0 mm 3 specimens HPFRC
3 specimens TRC
3 specimens concrete

w=0.3mm 3 specimens HPFRC
3 specimens TRC

w =3 mm 3 specimens HPFRC

3 specimens TRC

M. di Prisco
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EXPERIMENTAL PROGRAMME ===
Experimental programme -DEWS

Connection to the machine

| O — .
! | F ! |:sp = H P
| | | [ ] | . .
| | i : friction coefficient?!
L _ _]I_ L d
=0.89
coD N “
S ) lr’
LVDT LVDT
o _1_ /h
N ~con ! 0 \ ‘

coD, |

||
| 30 |
| !

4

The friction was minimized by the use of graphite as lubrificant.

di Prisco, M., Lamperti, M.G.L., Lapolla, S. “Double Edge Wedge Splitting Test: Preliminary Results.”

Proceedings of conference FRAMCOS 7 2012
- I POLITECNICO DI MILANO
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EXPERIMENTAL PROGRAMME s
Experimental programme
Compression tests

Experimental programme @P

w =0 mm 3 specimens HPFRC
3 specimens TRC S
2 specimens concrete
p-—= TLvor -—<
w=0.3mm 3 specimens HPFRC
3 specimens TRC .
2 specimens concrete

w =3 mm 3 specimens HPFRC

3 specimens TRC

2 specimens concrete

M. di Prisco
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EXPERIMENTAL RESULTS
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EXPERIMENTAL RESULTS ===
DEWS

7 7 :
Front
6 1| G—6—0© down
&—0—¢ middle
—_ — S T|a—2——2Au
= = :
E E 47
a & g
o Q
Q @)
= 2 7 SR — = — = 4
] -
0 #2000 i |
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
stroke [mm| Stroke [mm]
0.03 | ‘ -
W | CRACK EVOLUTION
0025 A *¢—6—¢ fiont | . S : 1 Until the failure
. G—6&—>0 rear j | " 3
E | | 4 1 N
g e cop IcoD)
_ u 1 up !
g o015 {9= o P Jup \‘
-; '
S ] X
S 001 ; \
=4 4 \
I \
0.005 - - \
‘ ‘
‘ & 3 " N
0 $—4-ecr@ ‘ — | copdown| [i cop down
0 1 2 3 4 5 6 1 8
stroke [mm|
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EXPERIMENTAL RESULTS -
DEWS - TRC strengthening layer

100 100
80 80
z z I
= 60 = 60 A
=% [~ L
= =
] 40 ® 40
=) Q TRC w=0.3 mm
- - AVG | M,
20 20 G—6&—© NOI
*—o—¢ N2
A—A—A NO3
O y { 0 4 1 ; I I 1 T 1 1
16 0 4 8 12 16
stroke [mm| stroke [mm]
(a) (b)
100 - ‘ : 100 -
r TRC w=3 mm i
80 - 1 AVG 80 -
G—6e—9 Nol
z § 1 L *+—¢—¢ N2 E B
=60 - } i A—A—A NO3 =2 60
= =% L
§ 40 -§ 40 -
~ — B Comparison TRC
20 20 N /S | ——@ w=0mm |
; G—6—© w=0.3 mm
L—A—A w=3 mm
0 4 T 0 (0 @ . T : 1
0 4 8 12 16 0 4 8 12 16
stroke [mm]| stroke [mm]
(© (d)
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EXPERIMENTAL RESULTS ram
DEWS - TRC failure mechanism

Multicracking phenomenon guaranteed Detachment of matrix pieces

by the AR glass fabric. pmitla; getched

T T

M. di Prisco
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EXPERIMENTAL RESULTS -
DEWS - HPFRC strengthening layer

100 100 ~
- HPFRC w=0 mm - HPFRC w=0.3 mm
AVG
80 4 - B & ey 80
Z r *+—6—¢ NO2 Z
= 60 A& N =2 6
=5 -
T 40 T 4
Q =}
it -
20 20
0 4 1 0 4 1
0 4 8 12 16 16
stroke [mm)] stroke [mm]
(a) (b)
100 ; - 100 -
- | HPFRC w=3 mm B Comparison HPFRC
g | AVG %0 G—6—6 w=0 mm
f G—6—9© N1 *—¢—¢ w=03mm
E‘ = i *—0—¢ NO2 z H—A—A w=3mm
= 60 el = 3
- [~
=
T 4 B e | S S
= =
20 20
0 4 0 1 : 1
0 4 8 12 16 0 -+ 8 12 16
stroke [mm]| Stroke [mm]
(c) (d)
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EXPERIMENTAL RESULTS ===

DEWS - HPFRC failure mechanisms

Crack localization in One side delamination Both sides

the central section rear starting from the edge; delamination
and front sides One side crack localization. starting from the

. .. Failure of precrack Failure of precrack
Failure tipically of precrack . .
1 specimen w =0 mm 2 specimens w =0 mm
w =0.3 mm . .
1 specimen w=3 mm 2 specimens w=3 mm
M. di Prisco
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EXPERIMENTAL RESULTS .
DEWS — HPFRC failure mechanisms

M. di Prisco



EXPERIMENTAL RESULTS .
DEWS — HPFRC failure mechanisms

* the stiffness of the uncracked subgrade No Signiﬁcant effect of Shrinkage
* the reinforcement bars - their irreversible strain was observed.
plastic strains may play a key role

l l

APPARENT DUCTILITY DUCTILITY controlled growing
due to DELAMINATION of CRACK due to STEEL FIBRE
M. di Prisco
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EXPERIMENTAL RESULTS
DEWS — HPFRC and TRC comparison

Load P [kN]

Load P [kN]

100

80 A

D
(=]
1

40 +
HPFRC and TRC
w=0 mm
G—6—=>0 Concrete
¢—9—¢ IRM
IA——2A—A UHPFRC

T T 1

0 4 8 12 16

20

stroke [mm]

()

100

I TRC and HPFRC |

30 4 w=3 mm

: Concrete
L | | —¢—¢ TRM
[ AH—2A—A UHPFRC

60 -

40

20

stroke [mm|

(c)

100 A

80

60

1

40 A

Load P [kN]

20

HPFRC and TRC
w=0.3 mm

G—6—=0© Concrete
——¢ TRM
A—=A—2A UHPFRC

T 1

8 12 16

stroke [mm|

(b)

TRC advantages compared to HPFRC:
* easiness in casting procedure because
no formworks are needed;

°no

fiber

segregation, a typical

problem in vertical casting;
* thickness reduced to 6 mm instead of

20 mm.

M. di Prisco
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CONCLUSIONS -

DEWS INNOVATION TECHNIQUE

* DEWS test allows to compare the retrofitting specimen with the unstrengthened
ones in terms of load capacity but above all in terms of ductility

* possibility to precrack concrete plates

* the possibility of carrying out tensile tests by applying compressive loads

* pure tension, without any crosswise compressive stresses

e compact samples

TRC SOLUTION
The major ductility was reached in the TRC solution. TRC layer shows multicracks

behaviour in the central region where a portion of the layer is detached from the
concrete plate.

Precrack Concrete HPFRC Ratio Ratio
Levels [kN] [kN] [kN] TRC/Conc. | HPFRC/Conc.

W=0 mm 86.5 56.12 2.46 1.60
W=0.3 mm 34.8 89.7 78.7 2.62 2.29
W=3 mm 21.09 43 43 2.05 2.05

TRC costs 3.84 €/m? instead of HPFRC 8.8€/m?

POLITECNICO DI MILANO
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Experimental campaign

| PROBLEM STUDY | VARIABLES

Plain Concrete

Plain Concrete+Longitudinal
reinforcement

R/C coupling beams

Plain Concrete+Longitudinal

14 Specimens reinforcement+Stirrups
have been
tested in “full No damage
scale”
Pre-Damage Level
Retrofitted/upgraded 1% drift (SLS)
With HPFRCC
2% drift (ULS)

Upgraded with TRCC No datmage

M. di Prisco
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Specimen manufacturing

C20/25 - Reinforcement ® 14

— —

| 1000

Longitudinal
reinforcement 40 8
. Stirrup
Reduced scalel:2 ®6 spaced at 100mm
I[/h =1.5
. . . 1 304 1 [ dfr§ [ [ 7§ ||

- 2 specimens without reinforcement IEEEEI NN NEEEEE
- 2 specimens with only longitudinal g

reinforcement
- 10 specimens with longitudinal and

transversal reinforcement

300

M. Muhaxheri, A. Spini, L. Ferrara, M. di Prisco, M.G.L. Lamperti, Strengthening/retrofitting of Reinforcement ® 14
coupling beams using advanced cement based material, Proceedings of the International

M. di Prisco

Conference on Concrete Repair, Rehabilitation and Retrofitting, ICCRRR 2015.
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Specimen production
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Testing frame
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Loading system

Aimersoff“
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Experimental tests: plain concrete

Brittle diagonal failure

100 —

CB-PC/A’
CB-PC/A

Force [kN]

Drift [mm]
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Force [kN]

Experimental tests

Coupling beam with only longitudinal reinforcement (2+228)
EC2 minimum for non seismic design strut&tie

100 — 1 .
_ A g

bhf.,

(—)=63 kN |
1+A2 Asl ! Qs>
T |

CB-OL/A Applied Load
CP-OL/A' :

Drift [mm]

Effects of boundary conditions (axial restraint)!
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Force [kN]

Experimental tests: r/c coupling beams

Longitudinal reinforcement 4 bars & 8 - stirrups 6 @100mm
EC2 minimum for non seismic design

Drift [%]
6 5 -4 -3 2 -1 0 1 2 3 4 5 6
[TT T T T T T T T[T T T T T 7T 7T s MODEL CODE 2010
200 [— Lo direcipn i (ITI level approach)
90 KN | 4 0 =29+ 7000¢,
100 —
TS -
I y E 0.4 100 o
/ 2 |1+1500s, 1000+ 0.7k z
0 _ - o 8k, = /
7 - ’ "& f
! . 5 _ 04 if p, >0.08Y_"
» : //v | § 1+1500€X y
DN ———— Monotonic ? \
-100 —
—————— Reversed monotonic |— -4
i Cyclic VRd,S = Azw nyW cot &

2o VRd,c - kv‘\/ 1:cm bZ

30 24 -18 12 -6 0 6 12 18 24 30 Viq =95.4kN

Displacement [mm]
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Experimental tests: r/c coupling beams

Longitudinal reinforcement 4 bars & 8 - stirrups 6 @100mm
EC2 minimum for non seismic design

Crack evolution under monotonic loadings

Cyclic test

M. di Prisco
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Experimental tests: plain and r/c coupling beams

100 —
. 80 —
\\ |
! —
2%
1 [} N
' O
: S 40
| L
i i
1
Coupling beams made ) 20 —
with plain concrete ’ ]
| | | r- 1 | | 0
0 4 8 12 16 20
60 1 Drift [mm]
= 50 -
gg 40 - E ‘ i i
ZE
0n zZ ‘ " .
SE 301 L
(@)
58 21
% 1071 beams
O T T T T T T T
0 1 2 3 4 5 6 7
Casting day
M. di Prisco

Control specimen

Coupling beams with
only longitudinal
reinforcement

8 12 16 20
Drift [mm]
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Repair/upgrading with HPFRCC

Mix design (dosages in kg/'m’)

Constituent HPFRCC 100
Cement type I52.5 600
. . Slag 500
Superplasticizer 33 (I/'m%)
Sand 0-2 mm Q83
Steel fibres (li=13 mm:ds=0.16 mm) 100
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Upgrading with TRC

Mix design.

Content

Component kg/m?
Cement I 52.5 600
Sand 0-600 um 928
Water 220
Superplasticizer 44
Slag 500

,A; ,--:;: o -
101

. di Prisco

Jacketing thickness about 6
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Experimental tests: HPFRCC-retrofitted c/b

Cyclic pre-damage

80 ‘ ‘ 120 ‘ ‘ ‘ 4
— 2 1 N
80 —
40 —
i S <
£ 40 — £
Z Z z Z
3 0 o § P
S I3 S %
| S 0— S
5 S
-40 —
-40 —|
— _2 1 i —
-80 | | | | | -80 | | | | 4
-6 4 2 0 2 4 6 -12 -8 -4 0 4 8 12
Displacement [mm] Displacement [mm]
1% drift pre-damage (SLS) 2% drift pre-damage (ULS)
M. di Pris:
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Experimental tests: HPFRCC-retrofitted

199 KN

216 KN

Drift [o/°] Drift [o/o]
6 5 4 3 2 1 0 1 2 3 4 5 -8 -6 -4 -2 0 2 4 6 8
IIIIIIIIIIIII IIIIIIIIII l_8 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_8
200 Lciading‘dir'ec‘!lon 200 — Loading direction
! — _<—b—>+ =
— 4 — 4
100 100 (—
I =
£ i "
— E,_‘
Z PEd
8 Y Y ‘é) 8 0 , 4 = g 0
S , %5 / v
- I 5o \
/ L - - -~ /
e/ f ’ %) N " n
A //////”/,,f / Monotoni \ 7J
-100 — W\ //J//’/ﬂ’@”j,’ / onotonic -100 — S - ”/’/’I, / Monotonic
“/ 2 . 24 2 B Reversed monotonic (— _4 7 U; A l’ ______ Reversed monotonic |— _4
L . e T~ -
B | /, Cyclic i v ‘,’ —————— Cyclic
_\\ ,// B ‘\ I, -
~200 = } -200 (— NS
T T S S N T D D Y S Cla bl bbbl -8
-30 -24 -8 -2 -6 0 6 12 18 24 30 36 -30 24 -18 12 -6 0 6 12 18 24 30 36
Displacement [mm] Displacement [mm]
No pre-damage (SLS) 1% drift pre-damage (SLS)
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Shear stress [N/mm?]
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Experimental investigations (HPFRCC)

— )
¢ Diagonal crack

i

& Multiple cracking

104
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Experimental investigations (TRC)  , , , pewes 0
L L L L L L L B L B L L B S
Longitudinal reinforcement 156 KN -
4 bars @8 stirrups O6 spaced at 100 )
100mm Z Z
Upgrading with TRCC layer of 6 mm ) %

PR NN AT NN N ! c v b by -8
-30 -24 -18 -12 -6 0 6 12 18 24 30
Displacement [mm]

Crack evolution under monotonic increased displacement Cyclic test

ah :
£ £

M. di Prisco
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Experimental tests: HPFRCC-retrofitted c/b

250 — CB retfrofitted with HPFRCC

(1% pre-damaged)
200 —
z 150 7 CB strengthened with TRCC
o _
[¥)
C
o
w 100 — Specimen Load bearing
P capacity [kN]
7 4 ™. ‘ Coupling beam with both longitudinal
y P ) 90
J \‘\1\ - and transversal reinforcement
— V. \ I sl m‘wm\'\ A .
50 / Control specimen \ , i Coupling beam upgraded with TRCC 156
;/I P v ‘\7 Coupling beam upgraded with HPFRCC 199
| i e / Coupling beam repaired with HPFRCC 220
M. s /
0 | | | | = | - 1 |
0 10 20 30 40
Drift [mm]
M. di Prisco
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Modelling the behaviour of HPFRCC coupling beams

Timoshenko Beam element

<> <>
<>Q<> <>Q<>
I %ﬁo% 4
0
<> <>0
Material behaviour
Crack closure
stress \ ‘ e)
A
Oco
-/;?.1 ;—’—0&
(%)) &
o
7
Ores t
éco strain - ﬂ__:‘m” oo > Y

sir
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Modelling the behaviour of HPFRCC coupling beams

Monotonic tests

Coupling beams with longitudinal

Coupling beam upgraded with

and transversal reinforcement HPFRCC
100 — 200 — PR
— - . ~ N < — / P ~ ~ -~ ]\
80 - 160 — o \
= 60 — K = 120 — ,/
X s XX 7
fa— / — /
Rel N A hel N ’
(w] o /
3 40 —| / 3 80 /
/2 Experimental S T o Experimental
_ /«/ Numerical _| // Numerical
74 //
20 — 40 —
/)
y }
/)
0 | | | | 0 | | | | |
0 4 8 12 16 0 4 8 12 16 20
Displacement [mm] Displacement [mm]
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Modelling the behaviour of HPFRCC coupling beams

-4 3 2 1 0 1 2 3 4 800 4
Sl LI N R B R T T T '
- — 3
— 4
400
400 L .
B &
& £
£ _ £
< zZ Z Z
= ()]
g 0 °g 8 ° ° g
2 5 2 v
5] «a
— -4
-400 -400
— -4
- — -8
500 | | | | | | 800
24 -18 -12 6 0 6 12 18 24 24
Displacemen t [mm]
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Structural Level Modelling

Pushover analysis of a 5 storey wall (fiber beam elements)

- minimum reinforcement of the wall

- different options for coupling beams (non retrofitted/retrofitted)

M. di Prisco

200 — H H
Wall without opening
160 —
= ——+—— Single wall
X, 120 — —— Wall without opening
@ — & — All coupling beams upgraded
2 b — B — No coupling beam upgraded
g __ — 4 — Coupling beam upgraded at 1st storey
2 80 — — @ — Coupling beam upgraded at 2nd storey
m — A — Coupling beam upgraded at 3rd storey
. P . . f — 4 — Coupling beam upgraded at 4th storey
r'°9r'€55'V€ 'mprovemenT Y — X — Coupling beam upgraded at 5th storey
40 coupling acti
0 I ] A I ST inale shaft
0 0.5 1 15 2 25 WO Slng € shalls
Drift [%]
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Structural Level Modelling

Efficiency
Coefficient
All beams upgraded 0.911
1° beam upgraded 0.885
2° beam upgraded 0.906
3° beam upgraded 0.906
4° beam upgraded 0.885
5° beam upgraded 0.849

M. di Prisco

0.92
0.91

iciency factor

0.84

Efficiency coefficient

Fselec‘red upgrading ~ I:nof upgrading

1’] =
F‘roTaI upgrading ~ |::no‘r upgrading

0.9 -
0.89 -
0.88 -
0.87 -
i 0.86 -
0.85 -

=4—Single coupling beam upgraded
== All coupling beam upgraded

Storey
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CASE STUDY: ROOF ELEMENT

Roof systems are an 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 and 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. ‘

HPFRC + INSULATING CORE + TRC

» self-weight reduction;

» global cost reduction;

« fire safety;

* no need of waterproofing layer;

« environmental sustainability, relying both on the improvement of the thermal
performances and on the design of Building-Integrated Photovoltaics (BIPV).

M. di Prisco
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Load [kN]

110
100
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40
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|~ stroke_2

— 51
1— 5.2
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! I ] I
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Displacement [mm]|
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Concluding remarks

v" A large spectrum of innovative solutions to improve seismic
performance of existing buildings are offered to the designer.
He has to improve his knowledge to be well guided in the
choice of the most suitable

v Asignificant improvement of the connecting beams in the
lifter shaft could often allow the designer to satisfy the
seismic check in the zone characterized by a low seismicity

v" Synergic approaches to rehabilitation of existing buildings can offer
overall solutions to several requirements due to the change of
standards occurred in the expected life-time of the structure

M. di Prisco
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