











SYNOPSIS

In this work, the use of Ultra-High Performance Fibre Reinforced Concrete
(UHPFRC) for strengthening and repairing reinforced concrete (RC) structures is
discussed. The present thesis is intend to better understand the positive effects that
retrofitting has on the structural behaviour of reinforced concrete members, focusing
primarily on a shear strengthening of existing RC and prestressed concrete beams by
means of thin jackets made of UHPFRC.

An experimental program concentrating on the investigation and evaluation of shear
bond strength at the interface between substrate and overlay was undertaken.
Seventy-two specimens, having three different substrate compressive strength and
three different roughnesses at the interface, were tested. The objectives of this test
were to study the influence of the substrate strength and of the substrate surface
roughness on the interface bond strength between a substrate and overlay concrete.
The test results showed that the influence of the substrate compressive strength is a
significant parameter that affects the interface shear stress between concretes with
different ages; while, the influence of the substrate surface roughness is not
particularly important in the interface bond strength. The data obtained by the
experimental program were used for the modelling of bond-slip relationship for the
numerical analyses.

A second component of the experimental program examined the behaviour of
composite square slab panels. Twenty-four square slab panels repaired with
UHPFRC were constructed and tested to failure under monotonically-increases load.
The numerical program involved the modelling of square slab panels, RC and
prestressed concrete beams strengthened with a UHPFRC jacket. Particular attention
was paid to the RC beams. A parametric study was conducted in order to determine
the effect of a UHPFRC jacket, investigating the influence of geometric parameters,
concrete compressive strength, longitudinal reinforcement ratio, and thickness of the
UHPFRC layer.

The finite element analyses demonstrated the effect that the UHPFRC jackets have
on the failure mode, as well as on the post-cracking behaviour, and on the formation
and evolution of cracks.

Additionally, this research proposes an analytical formulation to predict the shear
strength of beams strengthened with UHPFRC jacketing based on the actual draft of
fib Model Code 2020.
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SOMMARIO

In questo lavoro viene discusso l'uso di materiali Ultra High Performance Fiber
Reinforced Concrete (UHPFRC) per il rinforzo e il ripristino di strutture in
calcestruzzo armato.

La presente tesi intende comprendere gli effetti benefici che il rinforzo ha sul
comportamento degli elementi in c.a., concentrandosi principalmente sul rinforzo a
taglio di travi esistenti in calcestruzzo armato e calcestruzzo armato precompresso
mediante un’incamiciatura in UHPFRC.

E stato intrapreso un programma sperimentale incentrato sulla valutazione della
forza di adesione di interfaccia tra calcestruzzo esistente e calcestruzzo di ripristino.
Settantadue campioni, aventi tre diverse resistenze a compressione del substrato e
tre diverse rugosita di interfaccia, sono stati testati. Gli obiettivi di questo programma
sperimentale erano studiare l'influenza della resistenza a compressione del
calcestruzzo esistente e della rugosita della superficie sulla forza di adesione di
interfaccia. | risultati del test hanno mostrato che l'influenza della resistenza a
compressione del calcestruzzo esistente € un parametro significativo che influenza la
forza di adesione di interfaccia; mentre, l'influenza della rugosita superficiale non ¢
particolarmente importante. | dati raccolti sono stati utilizzati per la modellazione
del legame di bond nelle analisi numeriche.

Una seconda componente del programma sperimentale ha esaminato il
comportamento di pannelli quadrati riparati con UHPFRC. Ventiquattro pannelli
sono stati costruiti e testati fino a rottura sotto carico monotono.

Il programma numerico prevede la modellazione di pannelli quadrati, travi in c.a. e
travi in calcestruzzo armato precompresso rinforzate con un’incamiciatura di
UHPFRC. In particolare, I’attenzione & stata posta alle travi in calcestruzzo armato. E
stato condotto uno studio parametrico per determinare I'effetto del rivestimento in
UHPFRC, indagando l'influenza dei parametri geometrici, della resistenza a
compressione del calcestruzzo, della percentuale di armatura longitudinale e dello
spessore dello strato di UHPFRC. Le analisi agli elementi finiti hanno dimostrato
l'effetto che le camicie in UHPFRC hanno sulla modalita di rottura, sul
comportamento post-fessurazione e sulla formazione ed evoluzione delle fessure.
Inoltre, questa ricerca propone una formulazione analitica per calcolare la resistenza
a taglio di travi rinforzate con un’incamiciatura in UHPFRC, sulla base del fib Model
Code 2020.

vii



viii



ACKNOWLEDGMENTS

The experience of this thesis has been challenging, labour and intensive, but pleasant
and rewarding at the same time.

This work would not have been possible without the knowledge and leaderships of
Professors Fausto Minelli and Giovanni Plizzari, to whom | would like to express my
sincere acknowledgement.

Thank you to my main supervisor, Professor Fausto Minelli, who offered me this
PhD project and believed in my capacity to accomplish it. | am very grateful for his
scientific advice, constant optimism, and encouragement throughout all this path full
of “ups and downs”.

I would like to express my special gratitude to Professor Frank J. Vecchio, who
welcomed me at the University of Toronto. Thanks for his moderation and kind
assistance, for his thoughtfulness, and dedication.

I would like to acknowledge my research group ICAR 09, the staff of the DICATAM,
and the Lab “Pietro Pisa” of the University of Brescia.

Once again, | would like to express my sincere gratitude to Mapei for the Financial
support provided.

Finally, thank you to my colleagues for their sincerity and friendship: Nico, Enri,
Stefano, Simone, Lucia, Sara, Francesca, Mud, Ivan, Bruno, Monica, and especially to
my partner in misfortune and satisfaction, Anthony. You have made this experience
so valuable and amusing. | could not have chosen a better place for my PhD, I'm
incredibly thankful to all of you.

Thank you to my special person Cri for always being there for me.

Thank you to my friends Ale, Anna, Fede, Sari, and Donato for their love and
understanding.

Thank you to Lau for her encouragement, optimism, affection, and closeness even if
we have been living in different countries.

A special thanks to my Italian friends in Toronto Marta, Sara, Irina, and all others |
cannot mention (because of the limited space) who made my internship in Canada
the most memorable and pleasant experience ever.

Last but not least, | want to thank my family. Thank you to my wonderful parents
and awesome brother for their endless love, and trust.
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































APPENDIX C: SQUARE SLAB PANEL TEST

In the following sections, the crack patterns observed during the testing of the square
slab panel specimens are presented for both the top and bottom sides of each panel.
For each set of measurements, a summary of peak load, P, shear stress, t, slip (in
microns) between the substrate and the overlay, s, and crack in mid-span, w, are
presented.

C.1. Series PHF

#1: P=105.8 kN, t=0.56 MPa, 5=2.0 pm, w=11.9 mm

#2: P=91.3 kN, 1=0.48 MPa, s=5.1 um, w=13.4 mm
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APPENDIX C: SQUARE SLAB PANEL TEST

#5: P=94.3 kN, ©=0.50 MPa, s=0.2 um, w=15.1 mm

#6: P=105.2 kN, ©=0.56 MPa, s=2.4 um, w=14.2 mm

#7: P=91.6 kN, 1=0.48 MPa, s=1.7 um, w=13.3 mm
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APPENDIX C: SQUARE SLAB PANEL TEST

mm

o

#10: P=90.1 kN, t=0.48 MPa, s=1.2 um, w=12.8 mm
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APPENDIX C: SQUARE SLAB PANEL TEST

#11: P=105.8 kN, ©=0.56 MPa, s=1.5 um, w=12.7 mm
w27m

#12: P=106.2 kN, t=0.56 MPa, s=1.5 m, w=14.2 mm
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APPENDIX C: SQUARE SLAB PANEL TEST

356



APPENDIX D: NUMERICAL ANALYSES OF RC BEAMS:
PARAMETRIC STUDY

The numerical research program discussed in Section 6.3 is presented in detail in the
following. Each analysis responses are illustrated for:

three size of beams: small (S), medium (M), and large (L);

three concrete cylinder compressive strength (fc): 25, 50, and 70 MPa;

five shear span-to-effective depth ratio (a/d): 2.5, 3.0, 3.5, 4.0, and 4.5;

four different longitudinal reinforcement ratio (p): 0.9%, 1.6%, 2.1%, and
2.4%;

three typologies of retrofit, having different thickness of UHPFRC jacketing
(s1): 30, 40, and 50 mm.

Additionally, the peak load, Pma, the shear capacity, Vrea, the maximum moment,
Mmax, the ratio between the maximum moment and the flexural moment, Mma/Ms,
and the ultimate vertical displacement at the mid-span, dou, are reported.
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APPENDIX D: NUMERICAL ANALYSES OF RC BEAMS: PARAMETRIC STUDY

D.1. Size S
a/d=2.5
fe= 25 MPa
p=0.9%, 1.6%, 2.1%, 2.4%
s=30 mm

200 Shear vs. Mid-span deflection
Z B25S-NN-0.9
= B25S-NF30-0.9
5150
w

100 A

50

0 —
0O 10 20 30 40 50 60 70 80 90 100
Mid-span deflection [mm]
Shear vs. Mid-span deflection

200 -
[ L R R B25S5-NN-2.1
5 —— B25S-NF30-2.1
215
v

Shear [KN]

Shear vs. Mid-span deflection

»»»»»»» B25S-NN-1.6
—— B25S-NF30-1.6

Shear [kN]

10 20 30 40 50 60 70 80 90 100
Mid-span deflection [mm]
Shear vs. Mid-span deflection
------- B25S-NN-2.4

—— B25S-NF30-2.4

T T T T T T | 0 T T T T T T T T T |
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100

Mid-span deflection [mm] Mid-span deflection [mm]

Prmax VEea Mmax Mmax /M Ou

[KN] [KN] [KNm] [] [mm]
B25S-NN-0.9 98.0 49.0 31.4 0.77 8.5
B25S-NF30-0.9 161.4 80.7 51.7 1.00 56.9
B25S-NN-1.6 109.7 54.9 35.1 0.52 7.9
B25S-NF30-1.6 258.2 129.1 82.6 1.00 28.7
B25S-NN-2.1 120.1 60.0 38.8 0.46 7.2
B25S-NF30-2.1 317.6 158.8 101.6 1.00 315
B25S-NN-2.4 123.3 61.7 39.5 0.42 74
B25S-NF30-2.4 359.9 179.9 115.2 1.00 25.5
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APPENDIX D: NUMERICAL ANALYSES OF RC BEAMS: PARAMETRIC STUDY

a/d=2.5

fe= 50 MPa

p=0.9%, 1.6%, 2.1%, 2.4%
=30 mm

Shear vs. Mid-span deflection

B50S-NN-0.9
B50S-NF30-0.9

=200 A

150 A

Shear [KN

100 A

50 A

0 10 20 30 40 50 60 70 80 90 100
Mid-span deflection [mm]

Shear vs. Mid-span deflection

------- B50S-NN-2.1
—— B50S-NF30-2.1

Shear [kN]

Shear [KN

100

50

Shear vs. Mid-span deflection

»»»»»»» B50S-NN-1.6
—— B50S-NF30-1.6

Shear [kN]

10

20 30 40 50 60 70 80 90 100
Mid-span deflection [mm]
Shear vs. Mid-span deflection

------- B50S-NN-2.4
—— B50S-NF30-2.4

0 T T T T T T T T T | 0 T T T T T T T T T |
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Mid-span deflection [mm] Mid-span deflection [mm]
Prmax VEea Mmax Mmax /M Ou
[KN] [KN] [KNm] [] [mm]
B50S-NN-0.9 131.1 65.6 42.0 0.98 13.0
B50S-NF30-0.9 175.2 87.6 56.1 1.00 95.2
B50S-NN-1.6 151.0 75.5 48.3 0.66 9.5
B50S-NF30-1.6 271.3 135.6 51.5 1.00 67.9
B50S-NN-2.1 152.9 76.4 48.9 0.51 6.8
B50S-NF30-2.1 336.1 168.0 107.5 1.00 44.0
B50S-NN-2.4 164.9 82.5 52.8 0.48 8.1
B50S-NF30-2.4 380.4 190.2 121.7 1.00 34.6
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APPENDIX D: NUMERICAL ANALYSES OF RC BEAMS: PARAMETRIC STUDY

ald=2.5
fe= 70 MPa
p=10.9%, 1.6%, 2.1%, 2.4%
$=30 mm
=200 Shear vs. Mid-span deflection
Z B70S-NN-0.9
5 B70S-NF30-0.9
2150 -
w
100 4
50
0 ——
0 10 20 30 40 50 60 70 80 90 100
Mid-span deflection [mm]
200 Shear vs. Mid-span deflection
2t T R R g B70S-NN-2.1
= —— B70S-NF30-2.1
2150
9,)

—_
(=}
S

el
=}

Shear [kN]

Shear vs. Mid-span deflection

»»»»»»» B70S-NN-1.6
—— B70S-NF30-1.6

Shear [kN]

10

20 30 40 50 60 70 80 90 100

Mid-span deflection [mm]
Shear vs. Mid-span deflection

------- B70S-NN-2.4
—— B70S-NF30-2.4

0 10 20 30 40 50 60 70 80 90 100 50 60 70 80 90 100
Mid-span deflection [mm] Mid-span deflection [mm]
Pmax Veea Mmax Mmax /M+i 6u
[KN] [KN] [KNm] [] [mm]
B70S-NN-0.9 118.0 59.0 37.8 1.00 13.9
B70S-NF30-0.9 173.6 86.8 55.5 1.00 1315
B70S-NN-1.6 173.9 86.9 55.6 0.74 8.6
B70S-NF30-1.6 276.4 138.2 88.5 1.00 88.6
B70S-NN-2.1 177.8 88.9 56.8 0.58 9.5
B70S-NF30-2.1 337.6 168.8 108.0 1.00 33.6
B70S-NN-2.4 199.8 99.9 63.9 0.56 8.6
B70S-NF30-2.4 381.3 190.6 122.0 1.00 28.8
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APPENDIX D: NUMERICAL ANALYSES OF RC BEAMS: PARAMETRIC STUDY

a/d=3

fe= 25 MPa

p=0.9%, 1.6%, 2.1%, 2.4%
$=30, 40 mm

Shear vs. Mid-span deflection

B25S-NN-0.9
B25S-NF30-0.9

[
o
o

Shear [kN]
=
3

0 T T T T T T T T T |
0 10 20 30 40 50 60 70 80 90 100
Mid-span deflection [mm]

Shear vs. Mid-span deflection

200 -
- P B25S-NN-2.1
5 —— B255-NF30-2.1
£150 -
95}

100 -

50 A

0 —

0 10 20 30 40 50 60 70 80 90 100
Mid-span deflection [mm]

Shear [kN]

Shear vs. Mid-span deflection
»»»»»»» B25S-NN-1.6
—— B255-NF30-1.6

Shear [KN]

10

20 30 40 50 60 70 80 90 100
Mid-span deflection [mm]

Shear vs. Mid-span deflection

------- B25S-NN-2.4
—— B255-NF30-2.4
——B25S-NF40-2.4

30 40 50 60 70 80 90 100
Mid-span deflection [mm]

Prmax VFea Mmax Mmax /M Ou

[kN] [kN] [KNm] [ [mm]
B25S-NN-0.9 74.8 37.4 29.2 0.71 11.3
B25S-NF30-0.9 129.3 64.3 50.4 1.00 62.3
B25S-NN-1.6 90.6 45.3 35.4 0.52 9.4
B25S-NF30-1.6 209.8 104.9 81.8 1.00 59.8
B25S-NN-2.1 100.3 50.1 39.1 0.46 8.1
B25S-NF30-2.1 262.3 131.2 102.3 1.00 31.0
B25S-NN-2.4 99.4 49.7 38.8 0.41 7.7
B25S-NF30-2.4 262.5 131.2 102.4 0.82 19.2
B25S-NF40-2.4 300.9 150.5 117.4 1.00 27.3
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APPENDIX D: NUMERICAL ANALYSES OF RC BEAMS: PARAMETRIC STUDY

a/d=3
fe= 50 MPa
p=0.9%, 1.6%, 2.1%, 2.4%
=30 mm
Shear vs. Mid-span deflection Shear vs. Mid-span deflection
’2‘200 q ’2‘200 1
) B50S-NN-0.9 = ! B50S-NN-1.6
] B50S-NF30-0.9 ] —— B50S-NF30-1.6
2150 A £150 A
[92] 92)
100
50
0 T T T T T T T T T | 0 T T T T T T T T T |
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Mid-span deflection [mm] Mid-span deflection [mm]
Shear vs. Mid-span deflection Shear vs. Mid-span deflection
’2200 1 Ezgg -
< o e B50S-NN-2.1 < e B50S-NN-2.4
P — B50S-NF30-2.1 P — B50S-NF30-2.4
2 150 + 2 150 o
w w
100 100 A
50 50 /7
0 T T T T d 0 i T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Mid-span deflection [mm] Mid-span deflection [mm]
Prmax VEea Mmax Mmax /Mfl 6u
[kN] [kN] [KNm] [ [mm]
B50S-NN-0.9 99.5 49.8 38.8 0.90 13.6
B50S-NF30-0.9 140.9 70.4 54.9 1.00 134.9
B50S-NN-1.6 118.5 59.3 46.2 0.63 114
B50S-NF30-1.6 213.9 107.0 83.4 1.00 49.2
B50S-NN-2.1 131.7 65.9 51.4 0.54 10.0
B50S-NF30-2.1 275.7 137.8 107.5 1.00 50.3
B50S-NN-2.4 1345 67.3 52.5 0.48 9.2
B50S-NF30-2.4 330.3 165.1 128.8 1.00 335
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APPENDIX D: NUMERICAL ANALYSES OF RC BEAMS: PARAMETRIC STUDY

a/d=3
fe= 70 MPa
p=0.9%, 1.6%, 2.1%, 2.4%
=30 mm
Shear vs. Mid-span deflection Shear vs. Mid-span deflection
=200 - 5200 -
Z B70S-NN-0.9 é »»»»»»» B70S-NN-1.6
E B70S-NF30-0.9 H —— B70S-NFE30-1.6
2150 A £150 A
wn 75
100 A
50 4
0 T T T T T T T T T 1 0 T T T T T T T T T d
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Mid-span deflection [mm] Mid-span deflection [mm]
Shear vs. Displacement Shear vs. Displacement
’2200 1 ’2200 1
2 R s B70S-NN-2.1 2 R s B70S-NN-2.4
P — B70S-NF30-2.1 P — B70S-NF30-2.4
2150 q 2150 1
wn 92)
100 A 100 A
50-,,“—;; 50_/’2
0 T T T T T T T T T 1 0 T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Displacement [mm] Displacement [mm]
Prmax VFeA Mmax Mmax /Mﬂ 6u
[kN] [kN] [kNm] [-] [mm]
B70S-NN-0.9 108.6 54.3 42.4 1.00 14.7
B70S-NF30-0.9 140.9 70.4 54.9 1.00 135.3
B70S-NN-1.6 137.4 68.7 53.6 0.71 125
B70S-NF30-1.6 217.8 108.9 84.9 1.00 59.8
B70S-NN-2.1 152.8 76.4 59.6 0.60 10.2
B70S-NF30-2.1 278.9 139.4 108.8 1.00 37.0
B70S-NN-2.4 154.3 77.2 60.2 0.53 8.5
B70S-NF30-2.4 318.1 159.0 124.0 1.00 28.8
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APPENDIX D: NUMERICAL ANALYSES OF RC BEAMS: PARAMETRIC STUDY

a/d=3.5
fe= 25 MPa

p=0.9%, 1.6%, 2.1%, 2.4%
s1=30, 40, 50 mm

Shear vs. Mid-span deflection

Shear vs. Mid-span deflection

2200 | B25S-NN-0.9 2200 T T 1T T T | [+ B25S-NN-1.6
P B25S-NF30-0.9 = — B25S-NF30-1.6
2150 q _ngO q
W W
100 4 100 -
50 A 50 A
0 T T T T T T T T T | 0 T T T T T T T T T d
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Mid-span deflection [mm] Mid-span deflection [mm]
Shear vs. Mid-span deflection Shear vs. Mid-span deflection
’2200 1 ’2200 1
e T (R e B25S-NN-2.1 <01 [ B25S-NN-2.4
E —— B25S5-NF30-2.1 E —— B25S5-NF30-2.4
_;:°150 1 —— B255-NF40-2.1 _;:°150 1 —— B25S-NF40-2.4
& & —— B255-NF50-2.4
100 + 100 A
50 4 50 A
0 T T T T T T T T T 1 0 T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Mid-span deflection [mm] Mid-span deflection [mm]
Prmax VEea M max M max /Mfl 6u
[kN] [kN] [KNm] [ [mm]
B25S-NN-0.9 70.4 35.2 317 0.77 13.9
B25S-NF30-0.9 118.0 59.0 53.1 1.00 81.6
B25S-NN-1.6 82.9 41.4 37.3 0.55 104
B25S-NF30-1.6 195.7 97.9 88.1 1.00 715
B25S-NN-2.1 93.4 46.7 42.0 0.50 9.5
B25S-NF30-2.1 221.2 110.6 99.5 1.00 26.6
B25S-NF40-2.1 234.4 117.2 105.5 1.00 38.7
B25S-NN-2.4 91.7 45.9 41.3 0.44 9.0
B25S-NF30-2.4 226.5 113.2 101.9 0.81 20.8
B25S-NF40-2.4 253.7 126.8 114.2 1.00 26.4
B25S-NF50-2.4 273.8 136.9 123.2 1.00 38.7
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APPENDIX D: NUMERICAL ANALYSES OF RC BEAMS: PARAMETRIC STUDY

a/d=3.5
fe= 50 MPa
p=10.9%, 1.6%, 2.1%, 2.4%
$=30, 40 mm
Shear vs. Mid-span deflection Shear vs. Mid-span deflection
=200 - =200 -
Z B50S-NN-0.9 2 R R R B50S-NN-1.6
= B50S-NF30-0.9 P — B50S-NF30-1.6
2150 A £150 A
wn 75
100 A
50 4
0 T T T T T T T T T d 0 T T T T T T T T T d
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Mid-span deflection [mm] Mid-span deflection [mm]
Shear vs. Mid-span deflection Shear vs. Mid-span deflection
’2200 1 2200 -
< e B50S-NN-2.1 < e B50S-NN-2.4
E —— B50S-NF30-2.1 E —— B50S-NF30-2.4
E 150 A —— B50S-NF40-2.1 ] 150 A —— B50S-NF40-2.4
wn 93]
100 o 100 o
50 1/ 50 4 /™
0 - 0 ——
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Mid-span deflection [mm] Mid-span deflection [mm]
Prmax VFeA Mmax Mmax /Mﬂ 6u
[kN] [kN] [kNm] [-] [mm]
B50S-NN-0.9 89.8 44.9 40.4 0.94 15.9
B50S-NF30-0.9 120.2 60.1 54.1 1.00 162.9
B50S-NN-1.6 109.9 55.0 49.5 0.67 125
B50S-NF30-1.6 185.1 92.6 83.6 1.00 51.1
B50S-NN-2.1 124.1 62.0 55.8 0.59 11.6
B50S-NF30-2.1 233.4 116.7 105.0 1.00 46.9
B50S-NF40-2.1 242.9 1215 109.3 1.00 62.5
B50S-NN-2.4 120.4 60.2 54.2 1.00 10.4
B50S-NF30-2.4 267.8 133.9 120.5 0.49 33.0
B50S-NF40-2.4 276.4 138.2 124.4 1.00 50.0
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APPENDIX D: NUMERICAL ANALYSES OF RC BEAMS: PARAMETRIC STUDY

a/d=3.5
fe= 70 MPa
p=10.9%, 1.6%, 2.1%, 2.4%
=30 mm
=200 Shear vs. Mid-span deflection 200 Shear vs. Mid-span deflection
Z7 ] B70S-NN-0.9 /2 N N G B70S-NN-1.6
= B70S-NF30-0.9 = — B70S-NF30-1.6
2150 A $150 A
W W
100
50 4
0 ——————— s
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Mid-span deflection [mm] Mid-span deflection [mm]
Shear vs. Mid-span deflection Shear vs. Mid-span deflection
2200 - 2200 +
L7 (N AN [— B70S-NN-2.1 =2 N S [u— B70S-NN-2.4
P —— B70S-NF30-2.1 P —— B70S-NF30-2.4
£150 4 £150 4
9,) 9,)
100 100
50 4 50 4
0 — 0 ——
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Mid-span deflection [mm] Mid-span deflection [mm]
Prmax VEea M max Mmax /Mfl 6u
[kN] [kN] [KNm] [ [mm]
B70S-NN-0.9 97.4 48.7 43.8 1.00 19.8
B70S-NF30-0.9 119.6 59.8 53.8 1.00 139.8
B70S-NN-1.6 1325 66.3 59.6 0.79 14.0
B70S-NF30-1.6 189.5 94.8 85.3 1.00 88.6
B70S-NN-2.1 140.4 70.2 63.2 0.64 124
B70S-NF30-2.1 241.7 120.9 108.8 1.00 72.8
B70S-NN-2.4 136.8 68.4 43.8 0.54 11.6
B70S-NF30-2.4 280.3 140.2 126.2 1.00 77.2
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a/d=4

fe= 25 MPa

p=0.9%, 1.6%, 2.1%, 2.4%

si=30, 40, 50 mm

Shear vs. Mid-span deflection

Shear vs. Mid-span deflection

200 - 5200
4 B25S-NN-0.9 <7 T A AN (R [ B25S-NN-1.6
P B25S-NF30-0.9 P — B25S-NF30-1.6
2150 A 2150 -
75} w
100 100 -
50
0 T T T T T T T T T | 0 T T T T T T T T T .
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Mid-span deflection [mm] Mid-span deflection [mm]
200 - Shear vs. Mid-span deflection 200 - Shear vs. Mid-span deflection
2 R B R B25S-NN-2.1 2 N R R ps B25S-NN-2.4
E —— B25S-NF30-2.1 E —— B25S-NF30-2.4
2150 - —— B255-NF40-2.1 2150 A —— B255-NF40-2.4
n —— B25S-NF50-2.1 n —— B25S-NF50-2.4
100 100
50 50 4 /.
ok 1 0 L e St SO
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Mid-span deflection [mm] Mid-span deflection [mm]
Pmax VFrea Mmax Mmax /Mﬂ Ou
[KN] [kN] [KNm] [ [mm]
B25S-NN-0.9 64.2 32.1 334 0.81 14.9
B25S-NF30-0.9 98.4 49.2 51.2 1.00 87.5
B25S-NN-1.6 79.0 39.5 41.1 0.61 11.9
B25S-NF30-1.6 153.3 76.7 79.7 1.00 37.9
B25S-NN-2.1 89.4 44.7 46.5 0.55 11.0
B25S-NF30-2.1 176.6 88.3 91.8 0.83 26.2
B25S-NF40-2.1 199.4 99.7 103.7 1.00 38.8
B25S-NF50-2.1 211.3 105.6 109.9 1.00 69.9
B25S-NN-2.4 86.1 43.0 44.8 0.48 10.9
B25S-NF30-2.4 182.9 91.5 95.1 0.76 23.9
B25S-NF40-2.4 218.6 109.3 1136 0.87 25.6
B25S-NF50-2.4 236.1 118.0 122.8 1.00 43.6
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a/d=4

fe= 50 MPa

p=0.9%, 1.6%, 2.1%, 2.4%

$1=30, 40, 50 mm

Shear vs. Mid-span deflection

Shear vs. Mid-span deflection

’2‘200 q 2200 ;
4 B50S-NN-0.9 -2 (R N (R — B50S-NN-1.6
= B50S-NF30-0.9 P — B50S-NF30-1.6
2150 4 2150 4
W 195}
100 4
50
0 T T T T T T T T T d T T 1
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Mid-span deflection [mm] Mid-span deflection [mm]
Shear vs. Mid-span deflection Shear vs. Mid-span deflection
’2200 1 ’2‘200 q
<1 e B50S-NN-2.1 /2 S puess B50S-NN-2.4
= —— B50S-NF30-2.1 I —— B50S-NF30-2.4
_;:3150 q —— B50S-NF40-2.1 2150 g —— B50S-NF40-2.4
« —— B50S-NF50-2.1 «
100 + 100 o
50 A \ 50 - -
0 ’ T f T T T T T T T T d 0 T : T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Mid-span deflection [mm] Mid-span deflection [mm]
Pmax VFeA Mmax Mmax /Mﬂ 6u
[kN] [kN] [kNm] | [] [mm]
B50S-NN-0.9 81.5 40.7 42.4 0.99 19.9
B50S-NF30-0.9 106.0 53.0 55.1 1.00 180.8
B50S-NN-1.6 107.6 53.8 56.0 0.76 15.5
B50S-NF30-1.6 162.5 81.3 84.5 1.00 71.2
B50S-NN-2.1 120.3 60.2 62.6 0.66 13.7
B50S-NF30-2.1 206.0 103.0 107.1 1.00 47.4
B50S-NN-2.4 114.9 57.5 59.8 0.55 12.2
B50S-NF30-2.4 212.4 106.2 110.5 0.85 25.0
B50S-NF40-2.4 239.0 1195 124.3 1.00 61.3
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a/d=4
fe= 70 MPa
p=10.9%, 1.6%, 2.1%, 2.4%
$=30, 40 mm
00 - Shear vs. Mid-span deflection 00 - Shear vs. Mid-span deflection
Z B70S-NN-0.9 2 1 R R (R B70S-NN-1.6
= B70S-NF30-0.9 P — B70S-NF30-1.6
2150 A £150 A
wn 75
100 100
50 50
0 T T T T T T T T T | 0 T T T T T T T T T d
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Mid-span deflection [mm] Mid-span deflection [mm]
Shear vs. Mid-span deflection Shear vs. Mid-span deflection
’2200 1 2200 -
< 0 B70S-NN-2.1 [ N S P B70S-NN-2.4
P —— B70S-NF30-2.1 P —— B70S-NF30-24
£150 4 £150 A —— B70S-NF40-2.4
wn 93]
100 100
50 4 s0 4 /74
0 —— 0 ———— 1
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Mid-span deflection [mm] Mid-span deflection [mm]
Prmax VFeA Mmax Mmax /Mﬂ 6u
[kN] [kN] [kNm] [-] [mm]
B70S-NN-0.9 84.1 42.1 43.7 1.00 20.9
B70S-NF30-0.9 101.0 50.5 52.5 1.00 49.1
B70S-NN-1.6 118.3 59.2 61.5 0.81 13.9
B70S-NF30-1.6 160.1 62.4 83.3 1.00 47.9
B70S-NN-2.1 132.8 66.4 69.1 0.70 13.8
B70S-NF30-2.1 207.7 103.8 108.0 1.00 54.4
B70S-NN-2.4 132.8 66.4 69.1 0.61 12.9
B70S-NF30-2.4 228.3 114.2 118.7 1.00 28.1
B70S-NF40-2.4 239.7 119.9 124.7 1.00 48.5
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a/d=4.5

fe= 25 MPa

p=0.9%, 1.6%, 2.1%, 2.4%
$=30, 40, 50 mm

Shear vs. Mid-span deflection

Shear vs. Mid-span deflection

’2‘200 9 ’2‘200 9
< B25S-NN-0.9 < B25S-NN-1.6
P B25S-NF30-0.9 = —— B25S-NF30-1.6
2150 q 2150 +
w w
100 100 A
50
0 T T T T T T T T T | 0 T T T T T T T T T |
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Mid-span deflection [mm] Mid-span deflection [mm]
Shear vs. Mid-span deflection Shear vs. Mid-span deflection
’2200 1 ’2200 1
< [ N B R o B25S-NN-2.1 < N B R s B25S-NN-2.4
< —— B25S-NF30-2.1 <z —— B25S-NF30-2.4
§150 q —— B255-NF40-2.1 _;:3150 q —— B255-NF40-2.4
73} n —— B25S-NF50-2.4
100 + 100 A
50 4 /- 50
ot 0 —— 17—
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 8 90 100
Mid-span deflection [mm] Mid-span deflection [mm]
Pmax Veea Mmax Mmax /M+i 6u
[kN] [KN] [KNm] [] [mm]
B25S-NN-0.9 63.2 316 36.7 0.89 18.0
B25S-NF30-0.9 87.3 43.6 50.6 1.00 101.1
B25S-NN-1.6 77.8 38.9 45.1 0.67 14.9
B25S-NF30-1.6 140.0 70.0 81.2 1.00 48.5
B25S-NN-2.1 85.0 42.5 49.3 0.59 135
B25S-NF30-2.1 164.7 82.3 95.5 0.86 28.4
B25S-NF40-2.1 180.7 90.3 104.8 1.00 45.4
B25S-NN-2.4 82.9 415 48.1 0.51 12.1
B25S-NF30-2.4 165.1 82.5 95.7 0.77 25.1
B25S-NF40-2.4 185.8 92.8 107 0.83 28.7
B25S-NF50-2.4 205.5 102.7 119.2 1.00 36.1
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a/d=4.5
fe= 50 MPa

p=0.9%, 1.6%, 2.1%, 2.4%
s1=30, 40, 50 mm

Shear vs. Mid-span deflection

Shear vs. Mid-span deflection

EZOO B50S-NN-0.9 EZOO T T T T ] [+ B50S-NN-1.6
P B50S-NF30-0.9 P — B50S-NF30-1.6
2150 2150 4
wn 75
100 100 A
50 50 A
0 T T T T T T T T T 1 0 T T T T T T T T T d
10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Mid-span deflection [mm] Mid-span deflection [mm]
Shear vs. Mid-span deflection Shear vs. Mid-span deflection
=200 =200 -
0] [ B50S-NN-2.1 1 [ B50S-NN-2.4
P — B50S-NF30-2.1 Z — B50S-NF30-2.4
2 150 ] 150 A —— B50S-NF40-2.4
73} 0 —— B50S-NF50-2.4
100 A 100 A
50 4 /A4 50 1 g
0 T : T T T 1 0 T i T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Mid-span deflection [mm] Mid-span deflection [mm]
Prmax VFeA Mmax Mmax /Mﬂ 6u
[kN] [kN] [kNm] [-] [mm]
B50S-NN-0.9 74.3 37.2 43.1 1.00 23.0
B50S-NF30-0.9 90.5 45.3 52.5 1.00 187.6
B50S-NN-1.6 102.1 51.1 59.2 0.80 17.0
B50S-NF30-1.6 143.8 71.9 83.4 1.00 46.3
B50S-NN-2.1 119.0 59.5 69.0 0.72 15.5
B50S-NF30-2.1 178.4 89.2 103.5 1.00 43.9
B50S-NF40-2.1 110.4 55.2 64.0 0.58 13.7
B50S-NN-2.4 184.9 92.5 107.2 0.83 27.2
B50S-NF30-2.4 202.0 101.0 117.1 0.78 29.3
B50S-NF40-2.4 213.0 106.5 1235 1.00 39.7
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a/d=4.5
fe= 70 MPa
p=10.9%, 1.6%, 2.1%, 2.4%
$=30, 40 mm
Shear vs. Mid-span deflection Shear vs. Mid-span deflection
=200 - =200 -
Z B70S-NN-0.9 - N R B70S-NN-1.6
E B70S-NF30-0.9 5 —— B70S-NF30-1.6
2150 4 2150 4
w w
100 100 -
50 4
0 T T T T T T T T T | 0 — T T T T T T T |
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Mid-span deflection [mm] Mid-span deflection [mm]
Shear vs. Mid-span deflection Shear vs. Mid-span deflection
’2200 9 ’2200 9
<o e B70S-NN-2.1 < o e B70S-NN-2.4
E —— B70S-NF30-2.1 E —— B70S-NF30-2.4
2150 - 2150 ~ —— B70S5-NF40-2.4
w w
100 + 100 A
50 4 " 50 o y
0 - : i — — — 0 — 1 — ————
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Mid-span deflection [mm] Mid-span deflection [mm]
Pmax Veea Mmax Mmax /Mfl 6u
[kN] [kN] [KNm] [ [mm]
B70S-NN-0.9 74.0 37.0 42.9 0.98 24.0
B70S-NF30-0.9 89.6 44.8 52.0 1.00 68.9
B70S-NN-1.6 113.9 57.0 51.3 0.88 185
B70S-NF30-1.6 1445 72.2 83.8 1.00 47.4
B70S-NN-2.1 131.6 65.8 76.3 0.77 16.1
B70S-NF30-2.1 185.0 92.5 107.3 1.00 50.4
B70S-NN-2.4 128.0 64.0 74.2 0.65 15.5
B70S-NF30-2.4 187.4 93.7 108.7 0.82 27.6
B70S-NF40-2.4 213.1 106.6 123.6 1.0 39.7
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D.2. Size M
a/d=2.5
fe= 25 MPa
p=10.9%, 1.6%, 2.1%, 2.4%
$1=30, 40, 50 mm
800 - Shear vs. Mid-span deflection 800 1 Shear vs. Mid-span deflection
=700 =700 1
« o
2600 + 2600
wn v
500 + 500 o
400 + 400 A
300 3004 M [ B25M-NN-L6
an | - i
B25M-NN-0.9 - ) )
100 1 B25M-NF30-0.9 100 1 :g;gx:g&lfg
0 T T T T T T T | 0 T T T T T T T |
0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
Mid-span deflection [mm] Mid-span deflection [mm]
=800 - Shear vs. Mid-span deflection 800 - Shear vs. Mid-span deflection
=700 =700
o o
Z600 A S600 A
95] 95]
500 500 -
400 A 400 A
0 4 (= B25M-NN-2.1 0 4 MY B25M-NN-2.4
— B25M-NF30-2.1 — B25M-NF30-2.4
200 4 — B25M-NF40-2.1 200 4 — B25M-NF40-2.4
100 4 — B25M-NF50-2.1 100 4 — B25M-NF50-2.4
— B25M-NFSM-2.1 — B25M-NFSM-24
0 T T T T T T T d 0 T T T T T T T d
0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
Mid-span deflection [mm] Mid-span deflection [mm]
Pmax VFea Mmax Mmax /M+i Ou
[KN] [kN] [kNm] [ [mm]
B25M-NN-0.9 243.5 121.7 160.7 0.53 10.9
B25M-NF30-0.9 518.5 259.2 342.2 1.00 84.0
B25M-NN-1.6 309.3 154.7 204.1 0.40 9.8
B25M-NF30-1.6 771.8 385.9 509.4 0.85 22.4
B25M-NF40-1.6 839.1 419.6 553.8 1.00 25.1
B25M-NF50-1.6 870.2 435.1 547.3 1.00 42.6
B25M-NN-2.1 348.5 174.3 230.0 0.38 8.8
B25M-NF30-2.1 755.3 377.6 498.5 0.68 18.8
B25M-NF40-2.1 812.9 406.4 536.5 0.71 18.2
B25M-NF50-2.1 993.9 497.0 656.0 0.85 22.7
B25M-NN-2.4 360.3 180.2 237.8 0.36 8.9
B25M-NF30-2.4 818.6 409.3 540.3 0.68 20.0
B25M-NF40-2.4 915.9 458.0 604.5 0.74 21.0
B25M-NF50-2.4 1045.0 522.5 689.7 0.82 22.1
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a/d=2.5

fe= 50 MPa

p=0.9%, 1.6%, 2.1%, 2.4%
$=30, 40, 50 mm

800 - Shear vs. Mid-span deflection 800 - Shear vs. Mid-span deflection
=700 =700
3600 - 2600
92) [9,]
500 4 500 4
400 400
300 o ‘04 B50M-NN-16
200 + 200 ——B50M-NF30-1.6
B50M-NN-0.9 — B50M-NF40-1.6
100 ~ B50M-NF30-0.9 100 4 —— B50M-NF50-1.6
0 T T T T T T T \ 0 T T T T T T T 1
0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
Mid-span deflection [mm] Mid-span deflection [mm]
5800 - Shear vs. Mid-span deflection 5800 - Shear vs. Mid-span deflection
=700 =700
< <
2600 2600
9] 7]
500 500
400 A 400 A
04 B50M-NN-2.1 04/ B50M-NN-2.4
A —— B50M-NF30-2.1 —— B50M-NF30-2.4
200 /73 — B50M-NF40-2.1 200 4 —— BS0M-NFA0-24
100 4 —— B50M-NF50-2.1 100 4 —— B50M-NF40-2.4
—— B50M-NFSM-2.1 —— B50M-NFSM-2.4
0 T T T T T T T | 0 T T T T T T T 1
0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
Mid-span deflection [mm] Mid-span deflection [mm]
Prmax VEea M max M max /Mfl 6u
[kN] [kN] [KNm] [ [mm]
B50M-NN-0.9 3225 161.2 212.8 0.67 13.0
B50M-NF30-0.9 532.1 266.1 351.2 1.00 71.0
B50M-NN-1.6 400.6 200.3 264.4 0.47 11.0
B50M-NF30-1.6 833.4 416.7 550.0 1.00 20.8
B50M-NF40-1.6 887.2 443.6 585.6 1.00 26.3
B50M-NF50-1.6 902.1 451.1 595.4 1.00 52.0
B50M-NN-2.1 449.5 224.8 296.7 0.43 104
B50M-NF30-2.1 890.0 445.0 587.4 0.77 19.8
B50M-NF40-2.1 947.5 473.7 625.3 1.00 21.8
B50M-NF50-2.1 1058.2 529.1 698.4 1.00 25.8
B50M-NN-2.4 466.5 233.2 307.9 0.40 10.2
B50M-NF30-2.4 966.2 483.1 637.7 0.76 19.5
B50M-NF40-2.4 978.4 489.2 645.7 0.76 23.2
B50M-NF50-2.4 1101.1 550.5 726.7 0.83 235
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a/d=2.5
fe= 70 MPa
p=0.9%, 1.6%, 2.1%, 2.4%
$=30, 40, 50 mm

Shear vs. Mid-span deflection

Shear vs. Mid-span deflection

=800 - =800 -
V4 V4
=700 =700
o o
2600 2600
95] 95]
500 A 500 A
400 400 A
300 A 300 A
200 - 200 4 /4 b B70M-NN-1.6
B70M-NN-0.9 —— B70M-NF30-1.6
100 + B705M-NF30-0.9 100 4 — B70M-NF40-1.6
0 T T T T T T T | 0 T T T T T T T d
0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
Mid-span deflection [mm] Mid-span deflection [mm]
600 - Shear vs. Mid-span deflection 600 - Shear vs. Mid-span deflection
=700 =700
o <
2600 2600
w w
500 500 -
400 A 400 o
304/ B70M-NN-2.1 300 - ——B70M-NF30-24
200 — B70M-NF30-2.1 200 4 —— B70M-NF40-2.4
i —— B70M-NF40-2.1 ——B70M-NF50-2.4
100 1 — B70M-NF50-2.1 100 1 — B70M-NFSM-2.4
0 T T T T T T T | 0 T T T T T T T 1
0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
Mid-span deflection [mm] Mid-span deflection [mm]
Pmax VreA Mmax Mmax /Mﬂ 6u
[kN] [kN] [kNm] [-] [mm]
B70M-NN-0.9 346.5 173.2 228.7 0.66 133
B70M-NF30-0.9 526.6 263.3 3475 1.00 59.1
B70M-NN-1.6 448.4 224.2 295.9 0.46 111
B70M-NF30-1.6 8925 446.2 589.0 1.00 53.2
B70M-NN-2.1 516.9 258.5 341.2 111
B70M-NF30-2.1 952.8 476.4 628.8 041 20.8
B70M-NF40-2.1 1044.3 522.1 689.2 0.75 23.1
B70M-NF50-2.1 1135.1 567.6 749.2 0.87 334
B70M-NN-2.4 524.7 262.4 346.3 1.00 10.8
B70M-NF30-2.4 1063.4 531.7 701.8 0.39 23.3
B70M-NF40-2.4 1074.2 537.1 709.0 0.74 21.9
B70M-NF50-2.4 1160.9 580.4 766.2 0.81 19.9
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a/d=3
fe= 25 MPa

p=0.9%, 1.6%, 2.1%, 2.4%
s1=30, 40, 50 mm

Shear vs. Mid-span deflection

Shear vs. Mid-span deflection

=800 - =800 -
Z Z
=700 =700
Se00 Se00
9,] [9,]
500 A 500 A
400 - 400
300 O i e B25M-NN-16
— B25M-NF30-1.6
200 + MNNDS 200 + — B25M-NF40-16
100 + B25M-NF30-0.9 100 1 :gggngﬁfe
0 T T T T T T T | 0 T T T T T T T d
0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
Mid-span deflection [mm] Mid-span deflection [mm]
5800 - Shear vs. Mid-span deflection 5800 - Shear vs. Mid-span deflection
=700 =700
< <
2600 A 2600 A
9] 7]
500 4 500 A
400 A 400 A
00 4 M= B25M-NN-2.1 004 g0 [ = B25M-NN-2.4
— B25M-NF30-2.1 — B25M-NF30-2.4
200 — B2SM.NF40-2.1 200 4 — B2SM.NF40-2.4
100 J — B25M-NF50-2.1 100 J — B25M-NF50-2.4
— B25M-NFSM-2.1 — B25M-NFSM-24
0 T T T T T T T | 0 T T T T T T T 1
0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
Mid-span deflection [mm] Mid-span deflection [mm]
Prmax VEea M max M max /Mfl 6u
[kN] [kN] [KNm] [ [mm]
B25M-NN-0.9 213.3 106.6 170.6 0.57 13.0
B25M-NF30-0.9 424.3 212.1 339.4 1.00 62.2
B25M-NN-1.6 282.4 141.2 225.9 0.45 12.0
B25M-NF30-1.6 553.7 276.8 4429 0.74 25.0
B25M-NF40-1.6 655.6 327.8 524.5 0.85 28.3
B25M-NF50-1.6 682.9 3415 546.3 1.00 32.1
B25M-NN-2.1 323.2 161.6 258.6 0.42 111
B25M-NF30-2.1 611.0 305.5 488.8 0.67 22.8
B25M-NF40-2.1 697.7 348.9 558.2 0.74 24.9
B25M-NF50-2.1 777.6 388.8 622.1 0.81 27.3
B25M-NN-2.4 347.2 173.6 277.8 0.42 10.6
B25M-NF30-2.4 646.7 3234 517.4 0.65 21.6
B25M-NF40-2.4 724.8 362.4 579.9 0.71 22.8
B25M-NF50-2.4 782.1 391.0 625.7 0.75 24.9
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a/d=3
fe= 50 MPa

p=0.9%, 1.6%, 2.1%, 2.4%
s1=30, 40, 50 mm

Shear vs. Mid-span deflection

Shear vs. Mid-span deflection

=800 - =800 -
z zZ
=700 =700
Se00 2600 -
95] 95]
500 - 500 4
400 400
300 304 M1 B50M-NN-1.6
200 4 200 4 ——— B50M-NF30-1.6
B50M-NN-0.9 ——— B50M-NF40-1.6
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Mid-span deflection [mm] Mid-span deflection [mm]
Prmax VFeA Mmax Mmax /Mﬂ 6u
[kN] [kN] [kNm] [-] [mm]
B50M-NN-0.9 281.6 140.8 225.3 0.71 15.3
B50M-NF30-0.9 426.7 2134 3414 1.00 32.2
B50M-NN-1.6 343.1 171.6 2745 0.49 13.9
B50M-NF30-1.6 665.3 332.7 532.3 0.86 28.1
B50M-NF40-1.6 7175 358.8 574.0 0.90 31.8
B50M-NF50-1.6 757.4 378.7 605.9 1.00 73.9
B50M-NN-2.1 405.8 202.9 324.6 0.47 12.3
B50M-NF30-2.1 673.2 336.6 538.6 0.70 23.7
B50M-NF40-2.1 766.9 3834 613.5 0.78 25.5
B50M-NF50-2.1 820.4 410.2 656.3 0.81 25.6
B50M-NN-2.4 447.6 223.8 358.1 0.47 12.3
B50M-NF30-2.4 747.2 373.6 597.7 0.71 22.3
B50M-NF40-2.4 785.6 392.8 628.5 0.73 22.6
B50M-NF50-2.4 921.2 460.6 736.9 0.84 26.2
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0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
Mid-span deflection [mm] Mid-span deflection [mm]
Prmax VEea M max Mmax /Mfl 6u
[kN] [kN] [KNm] [ [mm]
B70M-NN-0.9 301.1 150.5 240.9 0.70 17.0
B70M-NF30-0.9 432.6 216.3 346.1 1.00 21.1
B70M-NF40-0.9 442.4 221.2 353.9 1.00 70.5
B70M-NN-1.6 392.9 196.4 314.3 0.48 14.9
B70M-NF30-1.6 672.8 336.4 538.2 0.84 27.6
B70M-NF40-1.6 729.9 364.9 583.9 0.91 29.8
B70M-NF50-1.6 760.5 380.2 608.4 1.00 76.2
B70M-NN-2.1 454.2 227.1 363.4 0.45 13.6
B70M-NF30-2.1 720.5 360.3 576.4 0.69 23.8
B70M-NF40-2.1 806.9 403.5 646.6 0.81 26.2
B70M-NF50-2.1 885.4 442.7 708.3 0.84 29.0
B70M-NN-2.4 500.3 250.1 400.2 0.45 13.8
B70M-NF30-2.4 803.6 401.8 642.8 0.70 23.9
B70M-NF40-2.4 845.6 422.8 676.5 0.78 23.7
B70M-NF50-2.4 918.4 459.2 734.7 0.80 26.0
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p=0.9%, 1.6%, 2.1%, 2.4%

si=30, 40, 50 mm
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Mid-span deflection [mm] Mid-span deflection [mm]
Prmax VFeA Mmax Mmax /Mﬂ 6u
[kN] [kN] [kNm] [-] [mm]
B25M-NN-0.9 200.8 100.4 188.7 0.63 16.2
B25M-NF30-0.9 362.3 181.1 340.5 1.00 73.2
B25M-NN-1.6 256.7 128.3 241.3 0.48 15.2
B25M-NF30-1.6 488.9 244.4 459.5 0.77 29.1
B25M-NF40-1.6 540.3 270.2 507.9 0.82 33.0
B25M-NF50-1.6 595.5 297.8 559.8 1.00 36.6
B25M-NN-2.1 299.5 149.8 281.5 0.46 14.2
B25M-NF30-2.1 516.2 258.1 485.3 0.66 26.5
B25M-NF40-2.1 578.4 289.2 543.7 0.72 30.5
B25M-NF50-2.1 642.3 321.2 603.8 0.80 335
B25M-NN-2.4 317.3 158.6 298.2 0.45 145
B25M-NF30-2.4 536.8 268.4 504.6 0.64 25.5
B25M-NF40-2.4 600.6 300.3 564.5 0.69 28.5
B25M-NF50-2.4 663.8 331.9 624.0 0.75 30.5
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Prmax VEea M max M max /Mfl 6u
[kN] [kN] [KNm] [ [mm]
B50M-NN-0.9 259.6 129.8 173.9 0.77 19.0
B50M-NF30-0.9 363.2 181.6 341.4 1.00 74.8
B50M-NN-1.6 323.3 161.6 303.9 0.54 16.9
B50M-NF30-1.6 525.9 263.0 494.4 0.77 34.0
B50M-NF40-1.6 580.1 290.0 545.2 1.00 39.8
B50M-NF50-1.6 613.1 306.5 576.3 1.00 39.2
B50M-NN-2.1 3914 195.7 367.9 0.53 16.0
B50M-NF30-2.1 582.5 291.2 547.5 0.71 30.2
B50M-NF40-2.1 633.7 316.9 595.7 0.76 30.0
B50M-NF50-2.1 690.4 345.2 649.0 0.83 32.4
B50M-NN-2.4 396.7 198.3 372.9 0.49 14.3
B50M-NF30-2.4 603.4 301.7 567.2 0.68 26.8
B50M-NF40-2.4 660.6 330.3 621.0 0.73 27.1
B50M-NF50-2.4 718.9 359.4 675.7 0.77 30.5
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Mid-span deflection [mm] Mid-span deflection [mm]
Pmax VreA Mmax Mmax /M+i 6u
[KN] [kN] [kNm] [-] [mm]
B70M-NN-0.9 286.5 143.2 269.3 0.76 20.8
B70M-NF30-0.9 367.3 183.7 345.3 1.00 714
B70M-NN-1.6 357.1 178.6 335.7 0.53 17.3
B70M-NF30-1.6 566.4 283.2 5324 0.78 36.4
B70M-NF40-1.6 593.1 296.5 557.5 1.00 37.8
B70M-NF50-1.6 646.8 323.4 608.0 1.00 103.3
B70M-NN-2.1 422.9 211.4 397.5 0.51 17.3
B70M-NF30-2.1 598.5 299.3 562.6 0.70 27.7
B70M-NF40-2.1 650.6 325.3 611.6 0.77 29.7
B70M-NF50-2.1 720.5 360.3 677.3 0.85 37.3
B70M-NN-2.4 447.2 223.6 420.3 0.47 16.8
B70M-NF30-2.4 620.4 310.2 583.2 0.66 26.4
B70M-NF40-2.4 691.3 345.6 649.8 0.75 28.7
B70M-NF50-2.4 742.0 371.0 697.5 0.76 39.5
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fe= 25 MPa
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Mid-span deflection [mm] Mid-span deflection [mm]
Prmax VEea M max M max /Mfl 6u
[kN] [kN] [KNm] [ [mm]
B25M-NN-0.9 188.0 94.0 203.0 0.67 21.0
B25M-NF30-0.9 314.3 157.1 339.4 1.00 71.4
B25M-NN-1.6 263.8 131.9 284.9 0.56 18.4
B25M-NF30-1.6 449.9 225.0 485.9 0.81 29.8
B25M-NF40-1.6 485.9 242.9 524.8 0.85 37.0
B25M-NF50-1.6 540.2 270.1 583.4 1.00 40.4
B25M-NN-2.1 290.2 145.1 3134 0.51 17.8
B25M-NF30-2.1 501.5 250.8 541.7 0.74 28.5
B25M-NF40-2.1 551.8 275.9 595.9 0.72 30.7
B25M-NF50-2.1 604.7 302.4 653.1 0.77 345
B25M-NN-2.4 314.0 157.0 339.2 0.51 18.6
B25M-NF30-2.4 520.4 260.2 562.1 0.71 29.1
B25M-NF40-2.4 578.8 289.4 625.1 0.76 335
B25M-NF50-2.4 632.1 316.0 682.6 0.82 35.2

382












































































































APPENDIX E: PREDICTION OF BEAM SHEAR STRENGTH

418



	SYNOPSIS
	SOMMARIO
	ACKNOWLEDGMENTS
	Chapter 3. CHARACTERIZATION OF UHPFRC.pdf
	3 CHARACTERIZATION OF UHPFRC
	3.1 UHPFRC composition
	3.1.1 Planitop HPC Floor
	3.1.2 Planitop HPC Floor 46
	3.1.3 Planitop HPC Floor T
	3.1.4 Planitop HPC Floor 46 T
	3.1.5 Planitop HPC

	3.2 Compression properties
	3.2.1 Experimental results

	3.3 Tensile properties
	3.3.1 Set-up description
	3.3.2 Experimental results

	3.4 References


	Chapter 4. BOND BETWEEN OVERLAY AND SUBSTRATE CONCRETE.pdf
	4 BOND BETWEEN OVERLAY AND SUBSTRATE CONCRETE
	4.1 Introduction
	4.2 Shear bond test
	4.2.1 Material and specimen geometry
	4.2.1.1 Substrate concrete
	4.2.1.2 Overlay
	4.2.1.3 Specimen geometry
	4.2.1.4 Substrate surface
	4.2.1.5 Casting and curing specimens

	4.2.2 Set-up description
	4.2.3 Experimental results
	4.2.3.1 Influence of substrate strength
	4.2.3.2 Influence of surface roughness

	4.2.4 Concluding remarks

	4.3 Strengthening of square slab panels
	4.3.1 Materials and specimen geometry
	4.3.1.1 Substrate concrete
	4.3.1.2 Overlay
	4.3.1.3 Specimen geometry
	4.3.1.4 Substrate surface
	4.3.1.5 Casting and curing specimens

	4.3.2 Set-up description
	4.3.3 Experimental results
	4.3.3.1 Influence of surface roughness

	4.3.4 Concluding remarks

	4.4 Comparison of shear stress obtained from two different tests
	4.5 In-situ load testing to evaluate UHPFRC overlay techniques
	4.5.1 Introduction
	4.5.2 Case study
	4.5.2.1 Building geometries and material characterization

	4.5.3 Structural analysis
	4.5.4 Load test set up and instrumentations
	4.5.5 Load test results
	4.5.6 UHPFRC overlay strengthened
	4.5.7 Load test set up and instrumentations
	4.5.8 Load test results
	4.5.9 Shear stress
	4.5.10 Concluding remarks

	4.6 References


	Chapter 5. FINITE ELEMENT ANALYSES.pdf
	5 FINITE ELEMENT ANALYSES
	5.1 Numerical analyses of square slab panels
	5.1.1 Introduction
	5.1.2 Numerical modelling of the square slab panels
	5.1.3 Comparison of numerical and experimental results
	5.1.3.1 PHF (VEM - Voo and Foster 2003 FRC tension model)
	5.1.3.2 PHF (fib Model Code 2010 FRC tension model)
	5.1.3.3 PHF46 (VEM - Voo and Foster 2003 FRC tension model)
	5.1.3.4 PHF46 (fib Model Code 2010 FRC tension model)

	5.1.4 Influence of shrinkage
	5.1.4.1 PHF (VEM - Voo and Foster 2003 FRC tension model)
	5.1.4.1.1 Uniform shrinkage deformation
	5.1.4.1.2 Linear shrinkage deformation

	5.1.4.2 PHF46 (VEM - Voo and Foster 2003 FRC tension model)
	5.1.4.2.1 Uniform shrinkage deformation
	5.1.4.2.2 Linear shrinkage deformation


	5.1.5 Concluding remarks

	5.2 Numerical analyses of RC beams: parametric study
	5.2.1 Introduction
	5.2.2 Numerical modelling of the beams
	5.2.3 Finite element analysis results
	5.2.3.1 B25S
	5.2.3.2 B50S
	5.2.3.3 B70S
	5.2.3.4 B25M
	5.2.3.5 B50M
	5.2.3.6 B70M
	5.2.3.7 B25L
	5.2.3.8 B50L
	5.2.3.9 B70L

	5.2.4 Concluding remarks

	5.3 Case study: numerical analyses of existing damaged I-beams
	5.3.1 Introduction
	5.3.2 Numerical modelling of the beams
	5.3.3 Finite element analysis results
	5.3.3.1 I-Beam Series 1
	5.3.3.2 I-Beam Series 2

	5.3.4 Concluding remarks

	5.4 References


	Chapter 6. DISCUSSION AND MODELING OF SHEAR.pdf
	6 DISCUSSION AND MODELING OF SHEAR
	6.1 Introduction
	6.2 Design aspect
	6.2.1 Actual draft Model Code 2020
	6.2.1.1 Level I approximation
	6.2.1.2 Level II approximation
	6.2.1.3 Level III approximation


	6.3 Analytical model to predict the shear strength of composite beams
	6.3.1 Approach 1
	6.3.2 Approach 2
	6.3.3 Approach 3

	6.1 Prediction of shear strength of composite beams in numerical analyses
	6.2 Concluding remarks
	6.3 References


	Chapter 7. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK.pdf
	7 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK
	7.1 Conclusions
	7.2 Recommendations for future work


	APPENDIX A.pdf
	APPENDIX A: MATERIAL TEST RESULTS
	A.1. Cubic compression tests
	A.1.1. Test set PHF
	A.1.2. Test set PHF46


	APPENDIX A: MATERIAL TEST RESULTS
	A.1. Cubic compression tests
	A.1.1. Test set PHF
	A.1.2. Test set PHF46

	A.2. Three-point bending tests
	A.2.1. Test set PHF
	A.2.2. Test set PHF46
	A.2.3. Test set PHFT
	A.2.4. Test set PHF46T
	A.2.5. Test set PH

	A.3. Shear bond tests
	A.3.1. Test set PHF-C12/15
	A.3.2. Test set PHF-C16/20
	A.3.3. Test set PHF-C20/25
	A.3.4. Test set PHF46-C12/15
	A.3.5. Test set PHF46-C16/20
	A.3.6. Test set PHF46-C20/25



	APPENDIX B.pdf
	APPENDIX B: DATA FOR THE FINITE ELEMENT MODELLING OF THE RC PANEL
	B.1. Finite element model of the panels
	B.2. Residual flexural strengths


	APPENDIX C.pdf
	APPENDIX C: SQUARE SLAB PANEL TEST
	C.1. Series PHF
	C.2. Series PHF46


	APPENDIX D.pdf
	APPENDIX D: NUMERICAL ANALYSES OF RC BEAMS: PARAMETRIC STUDY
	APPENDIX D: NUMERICAL ANALYSES OF RC BEAMS: PARAMETRIC STUDY
	D.2. Size M
	D.3. Size L


	APPENDIX E.pdf
	APPENDIX E: PREDICTION OF BEAM SHEAR STRENGTH

	APPENDIX B.pdf
	APPENDIX B: DATA FOR THE FINITE ELEMENT MODELLING OF THE RC PANEL
	B.1. Finite element model of the panels
	B.2. Residual flexural strengths


	APPENDIX C.pdf
	APPENDIX C: SQUARE SLAB PANEL TEST
	C.1. Series PHF
	C.2. Series PHF46


	APPENDIX D.pdf
	APPENDIX D: NUMERICAL ANALYSES OF RC BEAMS: PARAMETRIC STUDY
	APPENDIX D: NUMERICAL ANALYSES OF RC BEAMS: PARAMETRIC STUDY
	D.2. Size M
	D.3. Size L


	APPENDIX E.pdf
	APPENDIX E: PREDICTION OF BEAM SHEAR STRENGTH

	_PhD Thesis_Frontespizio - segreteria.pdf
	SYNOPSIS
	SOMMARIO
	ACKNOWLEDGMENTS

	Frontespizio firmato.pdf
	_PhD Thesis_Frontespizio - segreteria.pdf
	SYNOPSIS
	SOMMARIO
	ACKNOWLEDGMENTS



