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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. 
È 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 rugosità di interfaccia, sono stati testati. Gli obiettivi di questo programma 
sperimentale erano studiare l'influenza della resistenza a compressione del 
calcestruzzo esistente e della rugosità della superficie sulla forza di adesione di 
interfaccia. I risultati del test hanno mostrato che l'influenza della resistenza a 
compressione del calcestruzzo esistente è un parametro significativo che influenza la 
forza di adesione di interfaccia; mentre, l'influenza della rugosità superficiale non è 
particolarmente importante. I 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, l’attenzione è stata posta alle travi in calcestruzzo armato. È 
stato condotto uno studio parametrico per determinare l'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 modalità 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. 
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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, τ, 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, τ=0.56 MPa, s=2.0 μm, w=11.9 mm 

  
#2: P=91.3 kN, τ=0.48 MPa, s=5.1 μm, w=13.4 mm 
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#5: P=94.3 kN, τ=0.50 MPa, s=0.2 μm, w=15.1 mm 

  
#6: P=105.2 kN, τ=0.56 MPa, s=2.4 μm, w=14.2 mm 

  
#7: P=91.6 kN, τ=0.48 MPa, s=1.7 μm, w=13.3 mm 
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#8: P=99.0 kN, τ=0.52 MPa, s=1.8 μm, w=13.0 mm 

  
#9: P=100.0 kN, τ=0.53 MPa, s=2.9 μm, w=15.7 mm 

  
#10: P=90.1 kN, τ=0.48 MPa, s=1.2 μm, w=12.8 mm 
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#11: P=105.8 kN, τ=0.56 MPa, s=1.5 μm, w=12.7 mm 

  
#12: P=106.2 kN, τ=0.56 MPa, s=1.5 μm, w=14.2 mm 
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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 (ρ): 0.9%, 1.6%, 2.1%, and 

2.4%; 
 three typologies of retrofit, having different thickness of UHPFRC jacketing 

(sl): 30, 40, and 50 mm. 
Additionally, the peak load, Pmax, the shear capacity, VFEA, the maximum moment, 
Mmax, the ratio between the maximum moment and the flexural moment, Mmax/Mfl, 
and the ultimate vertical displacement at the mid-span, δu, are reported. 
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D.1. Size S 

a/d=2.5  
fc= 25 MPa  
𝜌𝜌= 0.9%, 1.6%, 2.1%, 2.4%  
sl=30 mm  

  

  
 

 Pmax 

[kN] 
VFEA 

[kN] 
Mmax 

[kNm] 
Mmax /Mfl 

[-] 
δu 

[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 31.5 
B25S-NN-2.4 123.3 61.7 39.5 0.42 7.4 
B25S-NF30-2.4 359.9 179.9 115.2 1.00 25.5 
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a/d=2.5  
fc= 50 MPa  
𝜌𝜌= 0.9%, 1.6%, 2.1%, 2.4%  
sl=30 mm  

  

  
 

 Pmax 

[kN] 
VFEA 

[kN] 
Mmax 

[kNm] 
Mmax /Mfl 

[-] 
δu 

[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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a/d=2.5  
fc= 70 MPa  
𝜌𝜌= 0.9%, 1.6%, 2.1%, 2.4%  
sl=30 mm  

  

  
 

 Pmax 

[kN] 
VFEA 

[kN] 
Mmax 

[kNm] 
Mmax /Mfl 

[-] 
δu 

[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 1.00 131.5 
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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a/d=3  
fc= 25 MPa  
𝜌𝜌= 0.9%, 1.6%, 2.1%, 2.4%  
sl=30, 40 mm  

  

  
 

 Pmax 

[kN] 
VFEA 

[kN] 
Mmax 

[kNm] 
Mmax /Mfl 

[-] 
δu 

[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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a/d=3  
fc= 50 MPa  
𝜌𝜌= 0.9%, 1.6%, 2.1%, 2.4%  
sl=30 mm  

  

  
 

 Pmax 

[kN] 
VFEA 

[kN] 
Mmax 

[kNm] 
Mmax /Mfl 

[-] 
δu 

[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 11.4 
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-2.4 134.5 67.3 52.5 0.48 9.2 
B50S-NF30-2.4 330.3 165.1 128.8 1.00 33.5 
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a/d=3  
fc= 70 MPa  
𝜌𝜌= 0.9%, 1.6%, 2.1%, 2.4%  
sl=30 mm  

  

  
 

 Pmax 

[kN] 
VFEA 

[kN] 
Mmax 

[kNm] 
Mmax /Mfl 

[-] 
δu 

[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 12.5 
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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a/d=3.5  
fc= 25 MPa  
𝜌𝜌= 0.9%, 1.6%, 2.1%, 2.4%  
sl=30, 40, 50 mm  

  

  
 

 Pmax 

[kN] 
VFEA 

[kN] 
Mmax 

[kNm] 
Mmax /Mfl 

[-] 
δu 

[mm] 
B25S-NN-0.9 70.4 35.2 31.7 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 10.4 
B25S-NF30-1.6 195.7 97.9 88.1 1.00 71.5 
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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a/d=3.5  
fc= 50 MPa  
𝜌𝜌= 0.9%, 1.6%, 2.1%, 2.4%  
sl=30, 40 mm  

  

  
 

 Pmax 

[kN] 
VFEA 

[kN] 
Mmax 

[kNm] 
Mmax /Mfl 

[-] 
δu 

[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 12.5 
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-NF40-2.1 242.9 121.5 109.3 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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a/d=3.5  
fc= 70 MPa  
𝜌𝜌= 0.9%, 1.6%, 2.1%, 2.4%  
sl=30 mm  

  

  
 

 Pmax 

[kN] 
VFEA 

[kN] 
Mmax 

[kNm] 
Mmax /Mfl 

[-] 
δu 

[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-1.6 132.5 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 12.4 
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  
fc= 25 MPa  
𝜌𝜌= 0.9%, 1.6%, 2.1%, 2.4%  
sl=30, 40, 50 mm  

  

  
 

 Pmax 

[kN] 
VFEA 

[kN] 
Mmax 

[kNm] 
Mmax /Mfl 

[-] 
δu 

[mm] 
B25S-NN-0.9 64.2 32.1 33.4 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-NF40-2.4 218.6 109.3 113.6 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  
fc= 50 MPa  
𝜌𝜌= 0.9%, 1.6%, 2.1%, 2.4%  
sl=30, 40, 50 mm  

  

  
 

 Pmax 

[kN] 
VFEA 

[kN] 
Mmax 

[kNm] 
Mmax /Mfl 

[-] 
δu 

[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-NF40-2.4 239.0 119.5 124.3 1.00 61.3 
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a/d=4  
fc= 70 MPa  
𝜌𝜌= 0.9%, 1.6%, 2.1%, 2.4%  
sl=30, 40 mm  

  

  
 

 Pmax 

[kN] 
VFEA 

[kN] 
Mmax 

[kNm] 
Mmax /Mfl 

[-] 
δu 

[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  
fc= 25 MPa  
𝜌𝜌= 0.9%, 1.6%, 2.1%, 2.4%  
sl=30, 40, 50 mm  

  

  
 

 Pmax 

[kN] 
VFEA 

[kN] 
Mmax 

[kNm] 
Mmax /Mfl 

[-] 
δu 

[mm] 
B25S-NN-0.9 63.2 31.6 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 13.5 
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 41.5 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  
fc= 50 MPa  
𝜌𝜌= 0.9%, 1.6%, 2.1%, 2.4%  
sl=30, 40, 50 mm  

  

  
 

 Pmax 

[kN] 
VFEA 

[kN] 
Mmax 

[kNm] 
Mmax /Mfl 

[-] 
δu 

[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-NF40-2.4 213.0 106.5 123.5 1.00 39.7 
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a/d=4.5  
fc= 70 MPa  
𝜌𝜌= 0.9%, 1.6%, 2.1%, 2.4%  
sl=30, 40 mm  

  

  
 

 Pmax 

[kN] 
VFEA 

[kN] 
Mmax 

[kNm] 
Mmax /Mfl 

[-] 
δu 

[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 18.5 
B70S-NF30-1.6 144.5 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  
fc= 25 MPa  
𝜌𝜌= 0.9%, 1.6%, 2.1%, 2.4%  
sl=30, 40, 50 mm  

  

  
 

 Pmax 

[kN] 
VFEA 

[kN] 
Mmax 

[kNm] 
Mmax /Mfl 

[-] 
δu 

[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 

  



APPENDIX D: NUMERICAL ANALYSES OF RC BEAMS: PARAMETRIC STUDY 

374 

a/d=2.5  
fc= 50 MPa  
𝜌𝜌= 0.9%, 1.6%, 2.1%, 2.4%  
sl=30, 40, 50 mm  

  

  
 

 Pmax 

[kN] 
VFEA 

[kN] 
Mmax 

[kNm] 
Mmax /Mfl 

[-] 
δu 

[mm] 
B50M-NN-0.9 322.5 161.2 212.8 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 10.4 
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 23.5 
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a/d=2.5  
fc= 70 MPa  
𝜌𝜌= 0.9%, 1.6%, 2.1%, 2.4%  
sl=30, 40, 50 mm  

  

  
 

 Pmax 

[kN] 
VFEA 

[kN] 
Mmax 

[kNm] 
Mmax /Mfl 

[-] 
δu 

[mm] 
B70M-NN-0.9 346.5 173.2 228.7 0.66 13.3 
B70M-NF30-0.9 526.6 263.3 347.5 1.00 59.1 
B70M-NN-1.6 448.4 224.2 295.9 0.46 11.1 
B70M-NF30-1.6 892.5 446.2 589.0 1.00 53.2 
B70M-NN-2.1 516.9 258.5 341.2  11.1 
B70M-NF30-2.1 952.8 476.4 628.8 0.41 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 33.4 
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  
fc= 25 MPa  
𝜌𝜌= 0.9%, 1.6%, 2.1%, 2.4%  
sl=30, 40, 50 mm  

  

  
 

 Pmax 

[kN] 
VFEA 

[kN] 
Mmax 

[kNm] 
Mmax /Mfl 

[-] 
δu 

[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-NF30-1.6 553.7 276.8 442.9 0.74 25.0 
B25M-NF40-1.6 655.6 327.8 524.5 0.85 28.3 
B25M-NF50-1.6 682.9 341.5 546.3 1.00 32.1 
B25M-NN-2.1 323.2 161.6 258.6 0.42 11.1 
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-NF30-2.4 646.7 323.4 517.4 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  
fc= 50 MPa  
𝜌𝜌= 0.9%, 1.6%, 2.1%, 2.4%  
sl=30, 40, 50 mm  

  

  
 

 Pmax 

[kN] 
VFEA 

[kN] 
Mmax 

[kNm] 
Mmax /Mfl 

[-] 
δu 

[mm] 
B50M-NN-0.9 281.6 140.8 225.3 0.71 15.3 
B50M-NF30-0.9 426.7 213.4 341.4 1.00 32.2 
B50M-NN-1.6 343.1 171.6 274.5 0.49 13.9 
B50M-NF30-1.6 665.3 332.7 532.3 0.86 28.1 
B50M-NF40-1.6 717.5 358.8 574.0 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-NF40-2.1 766.9 383.4 613.5 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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a/d=3  
fc= 70 MPa  
𝜌𝜌= 0.9%, 1.6%, 2.1%, 2.4%  
sl=30, 40, 50 mm  

  

  
 

 Pmax 

[kN] 
VFEA 

[kN] 
Mmax 

[kNm] 
Mmax /Mfl 

[-] 
δu 

[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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a/d=3.5  
fc= 25 MPa  
𝜌𝜌= 0.9%, 1.6%, 2.1%, 2.4%  
sl=30, 40, 50 mm  

  

  
 

 Pmax 

[kN] 
VFEA 

[kN] 
Mmax 

[kNm] 
Mmax /Mfl 

[-] 
δu 

[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 33.5 
B25M-NN-2.4 317.3 158.6 298.2 0.45 14.5 
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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a/d=3.5  
fc= 50 MPa  
𝜌𝜌= 0.9%, 1.6%, 2.1%, 2.4%  
sl=30, 40, 50 mm  

  

  
 

 Pmax 

[kN] 
VFEA 

[kN] 
Mmax 

[kNm] 
Mmax /Mfl 

[-] 
δu 

[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-2.1 391.4 195.7 367.9 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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a/d=3.5  
fc= 70 MPa  
𝜌𝜌= 0.9%, 1.6%, 2.1%, 2.4%  
sl=30, 40, 50 mm  

  

  
 

 Pmax 

[kN] 
VFEA 

[kN] 
Mmax 

[kNm] 
Mmax /Mfl 

[-] 
δu 

[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 71.4 
B70M-NN-1.6 357.1 178.6 335.7 0.53 17.3 
B70M-NF30-1.6 566.4 283.2 532.4 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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a/d=4  
fc= 25 MPa  
𝜌𝜌= 0.9%, 1.6%, 2.1%, 2.4%  
sl=30, 40, 50 mm  

  

  
 

 Pmax 

[kN] 
VFEA 

[kN] 
Mmax 

[kNm] 
Mmax /Mfl 

[-] 
δu 

[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-2.1 290.2 145.1 313.4 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 34.5 
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 33.5 
B25M-NF50-2.4 632.1 316.0 682.6 0.82 35.2 
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