POLITECNICO DI TORINO

Master's Degree Course

in Civil Engineering

Master’s Degree Thesis

Nonlinear Analysis of Longitudinal Shear - Transverse Bending

Interaction in Prestressed Concrete Box Girder Bridges

REVIEWERS: AUTHOR:

Prof. Giordano Luca Lacin Murat

Prof. Gino Diego

July 2025



TABLE OF CONTENTS

N 013 = o T 1
1. | 690w o Te 11 Totn Lo s HH USSR 2
2. Literature ReVIEW ... s s 3
2.1.  Christian Menn’s STUAIES ... e sees 6
2.2.  Eurocode Background: Shear DesSign ......ccccorrnnrmrcncnernencserseseseseseesereenes 10
2.3. fib Model Code Background: Shear Design ... 14
3. Numerical Modelling with ATENA ... 19
3.1. Geometry and Element TYPE ... 20
3.2, Material Properties. . sss e s ss s ssssesssns 22
3.2.1. 070 o 10l X f 22
3.2.2. Steel ReINfOTCEMENT ..ot 23
3.3. Reinforcement Detailing.......coumririiiiscesessesre s 24
3.4. Boundary CONAItiONS ....ccceerrrireresesesesesesesesssesessesssssssssessesssssssssesssssssssssssssssenes 25

IS TR TN " FE o 10 D 1< 00 1 Lt 1o ) o U0u T 26

S JCTR Yo T=Te U0 Ve Yot=) o U o [0 1O 26
3.6.1. Axial Load — Prestressing Simulation .........ccovvnnnnnnnnsnnnssennes 27
3.6.2. Shear-Only Simulation (Determination of Vid) ....ccccorreerrrrrcncnerenccnes 28
3.6.3. Moment-Only Simulation (Determination of Mrd)..cccuoeeererrencrerercncnes 29
3.6.4. M-V Interaction (Combined Loading) .......cccourrrrceicenenenencneseseseseserenens 30

4. Post-Processing and Results Evaluation ... 31
4.1. Result Extraction and Observation in ATENA Studio ....ccccconnenenrniencneens 32
4.2. Shear Resistance ReSUILS ... 35
4.2.1. Influence of Prestressing Level ... 36
4.2.2. Effect of Reinforcement Ratio on Shear Resistance.......ccoooevcvrurncnce. 40
4.2.3. Effect of Concrete Strength on Shear Resistance .......cccccoveecicerncncne. 43

I



4.2.4. FEM vs Eurocode COmMPariSON......courrrreremesmsssssseeesssssssssssssssesesesees 45

4.2.5. FEM vs fib model compariSon ... 52
4.3. Moment Resistance ReSUlts......cinnncrerrreceee e 62
4.4. Shear - Moment Interaction CUIVES .......ccrrmrrncreresenesesesseesesesseesesessesesesens 65

4.4.1. Domain - C25/30 - B450C - $24 — Mean Values.........eeeeereenercenen 66

4.4.2. Domain - C25/30 - B450C - ¢24 - Characteristic Values................. 69

4.4.3. Domain - C25/30 - B450C - ¢24 - Design Values ......ccccevvrrerererene 72

4.4.4. Domain - C25/30 - B450C - $20 - Mean Values......cccccvcerrvererenerennn 75

4.4.5. Domain - C25/30 - B450C - $20 - Characteristic Values................. 78

4.4.6. Domain - C25/30 - B450C - ¢$20 - Design Values ..........ccouvrererererene. 81

4.4.7. Domain - C40/50 - B450C - ¢$24 — Mean Values.......cccevnrrrerererens 84

4.4.8. Domain - C40/50 - B450C - $24 - Mean Values.........ueeeeeveererienen 87

4.4.9. Conclusion on Interaction DOMAINS ....cccceeeererererermreresereresese e 90
4.5. General Comparison of Interaction DOmains.......ccocevrerererensssssnsseneseseeen: 90

4.5.1. Effect of Reinforcement Ratio ... 90

4.5.2. Effect of Concrete Strength ... 94

4.5.3. Effect of Safety FACtOr ..o 97

5. Comparison with Cristian Menn’s Studies........coonnnnenenernnenensessssssenas 99
5.1. Comparison of the Interaction DOmains .......ccoeeeereineenenenescsesesesesesesesenees 101
5.2. Prestressing Level Effects on the Interaction Domains .......ccoceoeiennenne. 103

5.3. Interaction Domain Behaviour under Reduced Reinforcement and

Design Safety FaCtOrs. .. e 106
5.4. Limitations and Underlying ASSUMPLIONS......cocerrueeeceeeneesesesesesesesesesesees 109
6. L0703 s Tod LB TS] o] o NPT OO 110
7. 2N 0] 0 =3 0 Uc § - QPO RSS 112
8. REfEI@NCES ..ot 138

I1



LIST OF FIGURES

Figure 1. Web segment of concrete boxX girder ... 2
Figure 2. Typical stress state for Saint-Venant’s theory (Recupero, 2016).............. 4
Figure 3. Distribution of internal forces in the sandwich layers ........cccooevnnnncncnene. 5
Figure 4. Equilibrium of a segment (Menn, 1990).....c.cccourrrrrrrrrseeeeeeseseseseseseenes 7
Figure 5. Shear - transverse bending interaction diagram (Menn, 1990)................ 9
Figure 6. Inclination angle of CONCrete Strut.......orrrrrrrreresesess s 11
Figure 7. Cracking in a partial SECtION ... 11
Figure 8. Relation between Omin — &ex (fib 2020 Model Code pp.680) ............... 17
Figure 9. Panel sketch with dimensSions ... 20
Figure 10. 2D Layered shell properties in ATENA.....ccornnnsseeeeeeeeees 21
Figure 11. Boundary conditions representation in ATENA model ........coouvirnne. 25
Figure 12. Axial loading - prestressing simulation ... 27
Figure 13. Shear loading — pure shear simulation .......cccovnmrrnnncscceeeeeeee 28
Figure 14. Moment force loading — pure bending simulation.........cccceoeeninincnineene. 29
Figure 15. Combined load configuration ... 30
Figure 16. Post-processor — support reactions.......nncnnsesseens 32
Figure 17. Post-processor - crack propagation and crack width ... 33
Figure 18. Post-processor - Principal min. stress distribution .........ccoceeeeevnieicncnne 33
Figure 19. Deformed shape under axial compression .......coorencrrnsescnresnencnennns 34
Figure 20. Deformed shape under shear deformation........cccooeeerreienrrcscnrsnencnennns 34

Figure 21. Deformed shape under combination of axial compression, shear and

023 5 e 10 TP 34
Figure 22. [teration CONVErgenCe PrOZIESS .....curmrrreresmsssssssssesssssssssesssssssssessssssssssssesssns 35
Figure 23. Shear - transverse bending interaction diagram (Menn, 1990, p. 263)

I11



LIST OF TABLES

Table 1. Overview of design equations for different levels of approximation ..... 18
Table 2. Material properties with safety design values.........ccoonnnnnnrnnnsnnnnnns 22
Table 3. Boundary CONAItiONS ..o 25
Table 4. RESUILS fOT P24 ...ttt 37
Table 5. RESUILS fOT P20 ... s 38
Table 6. Shear Capacity vs. Prestress for ¢24 mm ... 41
Table 7. Shear Capacity vs. Prestress for ¢20 mMm ......cnnnncnennesenesnsseseseseens 42
Table 8. Effect of Concrete Strength on Shear Resistance ......ccccccoerevrnrcccnnencenes 44
Table 9. Evolution of ac with ocp for Different Concrete Strengths.......cooovviinnnnas 46

Table 10. trd(e2) and trd(reEm) values with 8 estimations for C25/30 - mean values

Table 11. trde2) and trda(rEm) values with 0 estimations for C25/30 - characteristic

722 U LS USSR 49

.............................................................................................................................................................. 50
Table 13. trde2) and trdrFEm) values with 8 estimations for C40/50 — mean values
.............................................................................................................................................................. 51
Table 14. Overview recall of design equations for different levels of
F=1'03'0) (0D 10 0 €= Lt 10 ) o U0 OSSPSR 53
Table 15. Comparison of trd values (Mean values - C25/30 - B450C - @24)......... 54
Table 16. Comparison of trd values (Characteristic values - C25/30 - B450C - ¢24)
.............................................................................................................................................................. 55
Table 17. Comparison of trd values (Design values - C25/30 - B450C - ¢24)...... 56
Table 18. Comparison of trd values (Mean values - C25/30 - B450C - ¢20)......... 57
Table 19. Comparison of trd values (Characteristic values - C25/30 - B450C - ¢20)
.............................................................................................................................................................. 58
Table 20. Comparison of trd values (Design values - C25/30 - B450C - ¢20)......59
Table 21. Comparison of trd values (Mean values — C40/50 - B450C - ¢24)........ 60
Table 22. Comparison of trd values (Mean values — C40/50 - B450C - ¢20)........ 61

Table 23. Comparison of moment resistance —Mrd(E2) - Mrd(FEM)— values... 63

IV



Table 24. M - V interaction domain curve for prestressing level ccp=2.5MPa (mean
VAIUES = P24 ettt e s e R e R e e e e e 66
Table 25. M - Vinteraction domain curve for prestressing level ccp=5.0MPa (mean
VAIUES = P24 ettt ettt et ae e e e e e 66
Table 26. M - V interaction domain curve for prestressing level ccp=7.5MPa (mean
VAIUES = P24 ettt b e e s ae e e e e e 67
Table 27. M - V interaction domain curve for prestressing level op=10.0MPa
(Mean Values - P24) ..o 67
Table 28. M - V interaction domain curve for prestressing level ocp=2.5MPa
(characteristiC Values = P24 ) ... s 69
Table 29. M - V interaction domain curve for prestressing level op=5.0MPa
(characteristic Values = P24 ) ... s 69
Table 30. M - V interaction domain curve for prestressing level ocp=7.5MPa
(characteristic Values = P24 ) ... s 70
Table 31 M - V interaction domain curve for prestressing level ocp=10.0MPa
(characteristiC Values - 24) ... sas s 70
Table 32. M - V interaction domain curve for prestressing level occp=2.5MPa
(6 L ¥ a T Z= T LB LT () ) P 72
Table 33. M - V interaction domain curve for prestressing level ocp=5.0MPa
(06 L ¥ AT 2= T LB LT () 1 T 72
Table 34. M - V interaction domain curve for prestressing level occp=7.5MPa
(AeSIZN VAIUES = D24 ) oo 73
Table 35. M - V interaction domain curve for prestressing level ocp=10.0MPa
(AeSIgN VAlUES — D24 ). 73
Table 36. M - Vinteraction domain curve for prestressing level ccp=2.5MPa (mean
VALUES = D20 iR 75
Table 37. M - Vinteraction domain curve for prestressing level ccp=5.0MPa (mean
A= LD LTI (01 0 TSP 75
Table 38. M - V interaction domain curve for prestressing level ccp=7.5MPa (mean
A= LD CET I (01 0 ) TSP 76
Table 39. M - V interaction domain curve for prestressing level ccp=10.0MPa

(Mean Values = P20) e e e se e e s s e e nnns 76



Table 40. M - V interaction domain curve for prestressing level ocp=2.5MPa
(characteristic Values — D20) ..t 78
Table 41. M - V interaction domain curve for prestressing level ocp=5.0MPa
(characteristic Values — D20) ..t 78
Table 42. M - V interaction domain curve for prestressing level ocp=7.5MPa
(characteristic Values — D20) ..t 79
Table 43. M - V interaction domain curve for prestressing level op=10.0MPa
(characteristic values — PZ20) ... s 79
Table 44. M - V interaction domain curve for prestressing level ocp=2.5MPa
(design values — DZ20) .. 81
Table 45. M - V interaction domain curve for prestressing level op=5.0MPa
(design values — DZ20) .. 81
Table. 46. M - V interaction domain curve for prestressing level occp=7.5MPa
(design values = P20) .o 82
Table 47. M - V interaction domain curve for prestressing level ocp=10.0MPa
(design Values = P20) . e e e e 82
Table 48. M - V interaction domain curve for prestressing level ccp=2.5MPa (mean
VaAlUES = P24 - CAO) ettt se s sa s s et s e e e 84
Table 49. M -V interaction domain curve for prestressing level ccp=5.0MPa (mean
VaAlUES = P24 — CAO) ottt n e e 84
Table 50. M - V interaction domain curve for prestressing level ccp=7.5MPa (mean
A= LB TS (>3 e 00 0 ) T 85
Table 51. M - V interaction domain curve for prestressing level ccp=10.0MPa
(mean values — P24 — C40) ..o 85
Table 52. M - Vinteraction domain curve for prestressing level ccp=2.5MPa (mean
ValUES = D20 = C40) e 87
Table 53. M - Vinteraction domain curve for prestressing level ccp=5.0MPa (mean
VaAlUES — P20 = C40) e e e a e e s e s e e nnns 87
Table 54. M - V interaction domain curve for prestressing level ccp=7.5MPa (mean
A=Y LT (> YA O O ) TP 88
Table 55. M - V interaction domain curve for prestressing level ccp=10.0MPa

(mean values - P20 - C40) e e e se s e e se e se e sesnns 88

VI



Table 56. Shear and Bending capacity simulation steps and analysis progress
(C25/30, d24 MM, MEAN VAIUES) .ueeurerererrreriniressersesissesesesessssssesesesssssssssessssesssssssessssssens 112
Table 57. Shear and Bending capacity simulation steps and analysis progress
(C25/30, d24 mm, Char. VAlUES) .ot ssssessesssnnnens 112
Table 58. Shear and Bending capacity simulation steps and analysis progress
(C25/30, d24 mm, design VAlUES) ... 112
Table 59. Shear and Bending capacity simulation steps and analysis progress
(C25/30, d20 mm, Mean VAlUES) .o 112
Table 60. Shear and Bending capacity simulation steps and analysis progress
(C25/30, d20 mm, char. Values) ... s 113
Table 61. Shear and Bending capacity simulation steps and analysis progress
(C25/30, d20 mm, desSign VAlUES) ... sese s 113
Table 62. Shear and Bending capacity simulation steps and analysis progress
(C40/50, d24 mm, MeaAN VAIUES) ..cviiiiiiieiiinere s 113
Table 63. Shear and Bending capacity simulation steps and analysis progress
(C40/50, d20 MM, MEAN VAIUES) .uevererererrrerinesessessesesesesesessessssssessesssssssssessssesssssssessssssens 113
Table 64. Shear - Bending interaction simulation (C25/30, $24 mm, mean values,
OP=2.5 MPA) et e e nnnas 114
Table 65. Shear - Bending interaction simulation (C25/30, $24 mm, mean values,
Lo 7o T T OIS ) VOO 114
Table 66. Shear - Bending interaction simulation (C25/30, $24 mm, mean values,
Op=7.5 MPQA) et e e nnnas 114
Table 67. Shear - Bending interaction simulation (C25/30, $24 mm, mean values,
Op=10.0 MPA) oottt se ettt s s snnnnas 114
Table 68. Shear - Bending interaction simulation (C25/30, $24 mm, char. values,
Op=2.5 MPA) et nnnas 115
Table 69. Shear - Bending interaction simulation (C25/30, $24 mm, char. values,
Op=5.0 MPA) ettt n s 115
Table 70. Shear - Bending interaction simulation (C25/30, $24 mm, char. values,
Op=7.5 MPA) et e bR nnnas 115
Table 71. Shear - Bending interaction simulation (C25/30, $24 mm, char. values,
Lo 7okt O 0\ 2 ) RO 115



Table 72. Shear - Bending interaction simulation (C25/30, $24 mm, design
Values, Ocp=2.5 MPA) et 116
Table 73. Shear - Bending interaction simulation (C25/30, $24 mm, design
values, Gcp=5.0 MPa) ..o 116
Table 74. Shear - Bending interaction simulation (C25/30, $24 mm, design
Values, Ocp=7.5 MPA) e 116
Table 75 Shear - Bending interaction simulation (C25/30, $24 mm, design values,
Ocp=10.0 MPA) .ottt 116
Table 76. Shear — Bending interaction simulation (C25/30, $20 mm, mean values,
Op=2.5 MPA) ettt e nnas 117
Table 77. Shear - Bending interaction simulation (C25/30, $20 mm, mean values,
Ocp=5.0 MPA) ottt 117
Table 78. Shear - Bending interaction simulation (C25/30, $20 mm, mean values,
Op=7.5 MPQA) e nnas 117
Table 79. Shear - Bending interaction simulation (C25/30, $20 mm, mean values,
Ocp=10.0 MPA) .ottt 117
Table 80. Shear - Bending interaction simulation (C25/30, $20 mm, char. values,
Op=2.5 MPA) ettt e e nnnas 118
Table 81. Shear - Bending interaction simulation (C25/30, $20 mm, char. values,
Lo 7o eTo T OIS ) VOO 118
Table 82. Shear - Bending interaction simulation (C25/30, $20 mm, char. values,
Op=7.5 MPA) et e e nnas 118
Table 83. Shear - Bending interaction simulation (C25/30, $20 mm, char. values,
Lo 7okt 0\ 2 ) VOO 118
Table 84. Shear - Bending interaction simulation (C25/30, $20 mm, design
Values, Ocp=2.5 MPA) .ot 119
Table 85. Shear - Bending interaction simulation (C25/30, $20 mm, design
values, Ocp=5.0 MPa) ..ot 119
Table 86. Shear - Bending interaction simulation (C25/30, $20 mm, design
Values, Ocp=7.5 MPA) .ot 119
Table 87. Shear - Bending interaction simulation (C25/30, $20 mm, design
values, Ocp=10.0 MPA) ... 119



Table 88. Shear - Bending interaction simulation (C40/50, $24 mm, mean values,
Op=2.5 MPA) et a R nnnas 120
Table 89. Shear - Bending interaction simulation (C40/50, $24 mm, mean values,
Ocp=5.0 MPA) ot 120
Table 90. Shear - Bending interaction simulation (C40/50, $24 mm, mean values,
Op=7.5 MPA) et e nnnas 120
Table 91. Shear - Bending interaction simulation (C40/50, $24 mm, mean values,
Ocp=10.0 MPA) .ottt 120
Table 92. Shear - Bending interaction simulation (C40/50, $20 mm, mean values,
Op=2.5 MPA) ettt e nnas 121
Table 93. Shear - Bending interaction simulation (C40/50, $20 mm, mean values,
Ocp=5.0 MPA) ottt 121
Table 94. Shear - Bending interaction simulation (C40/50, $20 mm, mean values,
Op=7.5 MPQA) e nnas 121
Table 95. Shear - Bending interaction simulation (C40/50, $20 mm, mean values,

ch=10.0 MPa) ............................................................................................................................... 121

IX



LIST OF GRAPHS

Graph 1. Interaction domains for equal reinforcement on both directions
[ 2ET0 BN o T=) o T4 0 ) LT 5
Graph 2. Trd — 0 relation when cot(0) < L. ssssens 12
Graph 3. trd — 0 relation when cot(0) > 2.5 . 12
Graph 4. trd — B relation for 1 < cot(0) S 2.5 e 13
Graph 5. Relation between cot(0) and Wsw....crerriernrernernerssesssese e sesesens 13
Graph 6. o — € diagram of elastic — perfectly plastic behaviour (k= 1)...ccccecerrierernenene. 23
Graph 7. o — € diagram of elastic — plastic with strain hardening (k = 1.15)................. 23
Graph 8. Shear Crack Load and Shear Capacity for ¢24 vs. Prestressing Level .. 37
Graph 9. Shear Crack Load and Shear Capacity for $20 vs. Prestressing Level .. 38
Graph 10. Variation of 0lc With Ocp couererrrrercrrerecrerreesereee e 39
Graph 11. trd - ocp diagrams obtained by FEM and E2 ... 40
Graph 12. Shear Capacity vs. Prestress for 24 mm .....c.ccovrnvernennsessesesesesesessesenns 41
Graph 13. Shear Capacity vs. Prestress for @20 mMm .....ccccovernvernnennnesesesesesesessesenns 42
Graph 14. Effect of Concrete Strength on Shear Resistance ... 44
Graph 15. Evolution of ac with ocp for Different Concrete Strengths.........cccoeeeueee. 46
Graph 16. trd(e2) and trdrEM) comparison for C25/30 — mean values.......ccoueucucnene 48
Graph 17. trd(e2) and trd(rEM) comparison for C25/30 - characteristic values ...... 49
Graph 18. trd(e2) and trd(rEM) comparison for C25/30 - design values..........c........ 50
Graph 19. trd(e2) and trdrEMm) comparison for C40/50 — mean values.......ccouceucucnee 51
Graph 20. Comparison of trd values (Mean values - C25/30 - B450C - ¢24)........ 54
Graph 21. Comparison of trd values (Characteristic values - C25/30 - B450C - ¢24)
.............................................................................................................................................................. 55
Graph 22. Comparison of trd values (Design values - C25/30 - B450C - ¢24)....56
Graph 23. Comparison of trd values (Mean values - C25/30 - B450C - ¢20)........ 57
Graph 24. Comparison of trd values (Characteristic values - C25/30 - B450C - ¢20)
.............................................................................................................................................................. 58
Graph 25. Comparison of trda values (Design values - C25/30 - B450C - ¢20).....59
Graph 26. Comparison of trd values (Mean values - C40/50 - B450C - ¢24)....... 60
Graph 27. Comparison of trd values (Mean values - C40/50 - B450C - ¢20)....... 61
Graph 28. Comparison of moment resistance —Mrd(E2) - Mrd(FEM)— values.. 64

X



Graph 29. M - V interaction domain curve for prestressing level ccp=2.5MPa (mean
VAIUES = P24 ettt e s e R e R e e e e e 66
Graph 30. M - Vinteraction domain curve for prestressing level ccp=5.0MPa (mean
VAIUES = P24 ettt ettt et ae e e e e e 66
Graph 31. M - V interaction domain curve for prestressing level ocp=7.5 MPa
(MEAN VAIUES = P24) ettt e sa st nn s 67
Graph 32. M - V interaction domain curve for prestressing level ocp=10.0MPa
(Mean Values - P24) ..o 67
Graph 33. M-V interaction domain comparison for all prestressing levels. (mean
VAlUES = C25 = P24) i 68
Graph 34. M - V interaction domain curve for prestressing level occp=2.5MPa
(characteristic Values = P24 ) ... s 69
Graph 35. M - V interaction domain curve for prestressing level ocp=5.0MPa
(characteristic Values = P24 ) ... s 69
Graph 36. M - V interaction domain curve for prestressing level ocp=7.5MPa
(characteristiC Values - 24) ... sas s 70
Graph 37. M - V interaction domain curve for prestressing level op=10.0MPa
(characteristiC Values - 24) ...t 70
Graph 38. M-V interaction domain comparison for all prestressing levels.
(characteristic values - C25 - P24 ) vt 71
Graph 39. M - V interaction domain curve for prestressing level ocp=2.5MPa
(AeSIZN VAIUES = D24 ) oo 72
Graph 40 M - V interaction domain curve for prestressing level ocp=5.0MPa
(AeSIgN VAlUES = D24 ) oo 72
Graph 41. M - V interaction domain curve for prestressing level occp=7.5Mpa
(AeSIZN VAlUES — D24 ) ..o 73
Graph 42. M - V interaction domain curve for prestressing level ocp=10.0MPa
(AEeSIBN VAlUES = PZ24) et e e e e s 73
Graph 43. M-V interaction domain comparison for all prestressing levels. (design
VAlUES = C25 = P24 ) et e e e 74
Graph 44. M - Vinteraction domain curve for prestressing level ccp=2.5MPa (mean

A= LD LTI (01 0 TSP 75

XI



Graph 45. M - V interaction domain curve for prestressing level ccp=5.0MPa (mean
VAIUES = P20) it se st b e e e e e e 75
Graph 46. M -V interaction domain curve for prestressing level ccp=7.5MPa (mean
VAIUES = P20) ittt e s ne e ne e e e 76
Graph 47. M - V interaction domain curve for prestressing level ocp=10.0MPa
(MEAN VAIUES = PZ20) et e sa s s ne s nn s 76
Graph 48. M-V interaction domain comparison for all prestressing levels. (mean
VAlUES = C25 = PZ20) o 77
Graph 49. M - V interaction domain curve for prestressing level occp=2.5Mpa
(characteristic values — PZ20) ..o s 78
Graph 50. M - V interaction domain curve for prestressing level ocp=5.0MPa
(characteristic values = PZ20) ... 78
Graph 51. M - V interaction domain curve for prestressing level occp=7.5MPa
(characteristic values — @Z20) ..o 79
Graph 52. M - V interaction domain curve for prestressing level op=10.0MPa
(characteristic Values - @20) ..o sa s 79
Graph 53. M-V interaction domain comparison for all prestressing levels.
(characteristic values - C25 - P20) .ot sss e sssns 80
Graph 54. M - V interaction domain curve for prestressing level occp=2.5MPa
(design Values = PZ20) .o se e e e e 81
Graph. 55. M - V interaction domain curve for prestressing level op=5.0MPa
(design values = P20) .o 81
Graph 56. M - V interaction domain curve for prestressing level occp=7.5MPa
(design Values = P20) .o 82
Graph 57. M - V interaction domain curve for prestressing level ocp=10.0MPa
(design Values = 20) .o 82
Graph 58. M-V interaction domain comparison for all prestressing levels. (design
ValUES = C25 = P20 et e e ne s 83
Graph 59. M - Vinteraction domain curve for prestressing level ccp=2.5MPa (mean
ValUES = D24 = C40) ottt et ne e 84
Graph 60. M - Vinteraction domain curve for prestressing level ccp=5.0MPa (mean

VAlUES = D24 - C40) i 84

XII



Graph 61. M - V interaction domain curve for prestressing level ccp=7.5MPa (mean
VaAlUES = P24 - CAO) ettt se s st ne e e e e 85
Graph 62. M - V interaction domain curve for prestressing level ocp=10.0MPa
(Mean values - P24 - CA0) e ses e sas e se e ne s nsnas 85
Graph 63. M-V interaction domain comparison for all prestressing levels. (mean
VAIUES = C40 = D24 ettt et et ne s n e nn e e 86
Graph 64. M - V interaction domain curve for prestressing level ccp=2.5MPa (mean
VAlUES = P20 = C40) i 87
Graph 65. M - Vinteraction domain curve for prestressing level ccp=5.0MPa (mean
VAlUES = D20 = C40) i 87
Graph 66. M -V interaction domain curve for prestressing level ccp=7.5MPa (mean
A= LB TSR (>3 O 00 0 ) 88
Graph 67. M - V interaction domain curve for prestressing level ocp=10.0MPa
(mean values - P20 - C40) ..o 88
Graph 68. M-V interaction domain comparison for all prestressing levels. (mean
VaAlUES = C40 = D20) et ss e s s s sas s s ss e e sae s s e nss e nsnsis 89
Graph 69. M-V interaction domain for C25/30 concrete under 2.5 MPa prestress,
comparing reinforcement diameters $20 and $24 (mean values).......cccceorvererenne 91
Graph 70. M-V interaction domain for C40/50 concrete under 2.5 MPa prestress,
comparing reinforcement diameters $20 and $24 (mean values).......ccceoreereeenne 92
Graph 71. M-V interaction domain for C25/30 concrete under 10.0 MPa prestress,
comparing reinforcement diameters $20 and ¢$24 (design values).......ccceeveveunee. 93
Graph 72. M-V interaction domain for ¢$24 reinforcement under 2.5 MPa
prestress, comparing concrete strength (mean values)......cccoonvnnnnnnnnnnsnnns 95
Graph 73. M-V interaction domain for ¢24 reinforcement under 10.0 MPa
prestress, comparing concrete strength (mean values).......ccccoenrrrnnnnsnnnsnnenns 96
Graph 74. M-V interaction domain for $24 reinforcement and C25/30 concrete
under 2.5 MPa prestress, comparing safety values. .......ccinnnnnercnneereseseneenes 97

Graph 75. M-V interaction domain for $24 reinforcement and C25/30 concrete

under 7.5 MPa prestress, comparing safety values. . ......ccinnnnnercnnseneseseneenes 98
Graph 76. FEM-based interaction domain (ocp = 2.5 MPa, $24 mm, C25/30)...102
Graph 77. FEM-based interaction domain (Ocp = 2.5) .o 104

XIII



Graph 78. FEM-based interaction domain (Ocp = 5.0) coreceeereicnerrsnerereresesereseeenens 104
Graph 79. FEM-based interaction domain (Ocp = 7.5) curerrrenenerersneresesenesesesseenenens 104
Graph 80. FEM-based interaction domain (Ocp = 10.0) .ccceorrrienrrrricecrereererereeenens 104
Graph 81. Comparison of FEM-based interaction domain due to different
prestressing levels (Ocp = 2.5 - 10.0) oo 105

Graph 82. FEM-based interaction domain under design values (o = 2.5 MPa -

Graph 86. Comparison of FEM-based interaction domain under design values due
to different prestressing levels (ocp = 2.5 - 10.0 MPa - $20) c.occcerrcecerrerceerereene 108
Graph 87. Shear - Bending interaction comparison for reinforcement ratio
(C25/30, mean values, 0cp=2.5 MPQ) ..o 122
Graph 88. Shear - Bending interaction comparison for reinforcement ratio
(C25/30, mean values, 0cp=5.0 MPa) ....cccornrnnirriririrrrrrsee s 122
Graph 89. Shear - Bending interaction comparison for reinforcement ratio
(C25/30, mean values, 0cp=7.5 MPQ) ..o 123
Graph 90. Shear - Bending interaction comparison for reinforcement ratio
(C25/30, mean values, 0cp=10.0 MPa) .....ccrrrrrrrrinrirnsseee e sesesees 123
Graph 91. Shear - Bending interaction comparison for reinforcement ratio
(C25/30, char. values, 0cp=2.5 MPa) ... 124
Graph 92. Shear - Bending interaction comparison for reinforcement ratio
(C25/30, char. values, 0cp=5.0 MPa).....cccorrrrririririrerreressese s 124
Graph 93. Shear - Bending interaction comparison for reinforcement ratio
(C25/30, char. values, 0cp=7.5 MPa) ... 125
Graph 94. Shear - Bending interaction comparison for reinforcement ratio

(C25/30, char. values, 6cp=10.0 MPa) ....cccconrrrrmriririrerrrersssese e sesesesesesesees 125

XIV



Graph 95. Shear - Bending interaction comparison for reinforcement ratio
(C25/30, design values, 0cp=2.5 MPa) ... 126
Graph 96. Shear - Bending interaction comparison for reinforcement ratio
(C25/30, design values, 0cp=5.0 MPa) ....cconrrrrrnnnrnsesse s 126
Graph 97. Shear - Bending interaction comparison for reinforcement ratio
(C25/30, design values, 0cp=7.5 MPa) ... 127
Graph 98. Shear - Bending interaction comparison for reinforcement ratio
(C25/30, design values, 0cp=10 MPa) ..o s 127
Graph 99. Shear - Bending interaction comparison for reinforcement ratio
(C40/50, mean values, Ocp=2.5 MPQ) ..o 128
Graph 100. Shear - Bending interaction comparison for reinforcement ratio
(C40/50, mean values, 0cp=5.0 MPa) ..o 128
Graph 101. Shear - Bending interaction comparison for reinforcement ratio
(C40/50, mean values, 0cp=7.5 MPQ) .o 129
Graph 102. Shear - Bending interaction comparison for reinforcement ratio
(C40/50, mean values, 0cp=10 MPa) ..o sesesees 129
Graph 103. Shear - Bending interaction comparison for concrete strength (24,
mean values, Ocp=2.5 MPa) ...t 130
Graph 104. Shear - Bending interaction comparison for concrete strength (@24,
mean values, 0cp=5.0 MPa) ... 130
Graph 105. Shear - Bending interaction comparison for concrete strength (24,
mean values, Ocp=7.5 MPa) ... 131
Graph 106. Shear - Bending interaction comparison for concrete strength (@24,
mean values, Ocp=10 MPQa) ... 131
Graph 107. Shear - Bending interaction comparison for concrete strength (20,
mean values, Ocp=2.5 MPa) . 132
Graph 108. Shear - Bending interaction comparison for concrete strength (20,
mean values, 0cp=5.0 MPa) ... 132
Graph 109. Shear - Bending interaction comparison for concrete strength (20,
mean values, Ocp=7.5 MPa) . 133
Graph 110. Shear - Bending interaction comparison for concrete strength (20,

mean values, Ocp=10 MPa) ... 133



Graph 111. Shear - Bending interaction

comparison for

safety factor (C25/30,

P24, Oep=2.5 MP) erseeeeeeeeeeeeeseesesessssssssssssssssesessssesssesesesssssssssssssssssssesssssssssssesssessesssssssssssssses 134

Graph 112. Shear - Bending interaction

P24, Ocp=5.0 MPA) . 134

Graph 113. Shear - Bending interaction

Oy Ry A 122 T 135

Graph 114. Shear - Bending interaction

P24, Ocp=10 MPA) i 135

Graph 115. Shear - Bending interaction

D20, Gep=2.5 MP) ereeeeeeeeeeeeeeeeseseseesssssssssssssssssessssesssesessssessssssssssssssssesssssssssssesssessesssssssssssssses 136

Graph 116. Shear - Bending interaction

(P20, Ocp=5.0 MPA) .. 136

Graph 117. Shear - Bending interaction

D20, Oep=7.5 MPA) erseeeeeeereeeeesseseseessssssssssssssssessssesssesesssssssssssssssssssssesssssssssssesssessesssssssssssssses 137

Graph 118. Shear - Bending interaction
@20, 0cp=10.0 MPa)

XVI



Abstract

This thesis investigates the nonlinear interaction between transverse bending
moment and longitudinal shear in prestressed concrete box girder bridges, with
particular attention to the influence of axial prestress, reinforcement ratio, and
material strength assumptions. Using the ATENA finite element software, a series
of detailed simulations were performed on a web panel modeled with 2D layered

shell elements.

Key parameters were systematically varied, including prestressing level (0 to 10
MPa), reinforcement diameter (20 and $24), and concrete strength class
(C25/30 and C40/50). Additionally, mean, characteristic, and design-level
material properties were implemented to explore the impact of safety-oriented
design assumptions. For each configuration, pure shear and pure moment
capacities were first evaluated, and then combined to construct dimensionless M-

V interaction domains (u1/prd VS T/Trd).

Results showed that at low prestress and reduced reinforcement, the interaction
domains closely resembled the classical triangular or parabolic shapes proposed
by Christian Menn. However, at higher prestressing levels, especially when mean
material properties were used, the domain contours deviated significantly,
exhibiting more rounded and ductile behavior. Superposed diagrams confirmed a
transition in failure mechanisms: from brittle, shear-dominated behavior to a
prestress-enhanced flexural regime. The interaction domains generated through
nonlinear FEM were also compared with Eurocode 2 and fib Model Code
predictions. Among them, fib Level of Approximation IIb provided the closest
match to FEM results, while Eurocode often yielded overly optimistic estimates

under high prestress.

The study highlights the critical role of reinforcement detailing and material
assumptions in shaping the interaction response, and emphasizes the importance
of nonlinear verification tools in bridge design—especially where shear-moment

interaction governs capacity.



1. Introduction

The continuous evolution of bridge design has brought a demand for deeper
understanding of structural interaction effects, especially in prestressed concrete
box girder bridges. These structures, while commonly designed using simplified
interaction checks, are subject to complex combined actions such as longitudinal

shear and transverse bending moments.

The aim of this thesis is to investigate the interaction between longitudinal shear
and transverse bending moment in concrete web panels, using a non-linear finite
element analysis approach. A series of simulations were carried out using ATENA
software, where layered shell elements were used to represent the structural
behaviour of reinforced concrete walls under different loading conditions and

prestressing levels.

Figure 1. Web segment of concrete box girder

One of the most well-known approaches to address the combined effect of shear
and moment in prestressed concrete bridges was developed by Christian Menn.
In his book Prestressed Concrete Bridges, he proposed simplified interaction
domains based on theoretical assumptions and design experience. These
interaction curves provide practical guidance for engineers, but they do not fully
reflect the non-linear behaviour of concrete and reinforcement under combined

actions.



In this study, non-linear simulations were used to develop interaction domains
based on actual structural behaviour rather than simplified assumptions. Several
models were created to evaluate different prestressing levels, reinforcement
diameters, and material properties. First, the shear and moment resistance of a
reinforced concrete wall was evaluated separately. Then, combined loading was
applied to generate shear-moment interaction domains. These results were
compared with the simplified curves proposed by Christian Menn, aiming to

highlight the differences and better understand the structural response.

This thesis is structured as follows. Chapter 2 provides a brief overview of
relevant literature and theoretical background, including Eurocode 2 provisions.
Chapter 3 explains the numerical modelling process in ATENA, covering
geometry, materials, boundary conditions, and loading protocols. Chapter 4
presents the simulation results for shear, moment, and their interaction under
different conditions. In Chapter 5, the results are compared with Menn’s
simplified domains. Chapter 6 includes the extension of the study to a full-scale
box girder bridge model, where the developed interaction curves are applied and
evaluated. Finally, Chapter 7 summarizes the main findings and suggests future

directions.

2. Literature Review

In recent decades, many studies have focused on the structural behaviour of
reinforced and prestressed concrete elements under combined loading. Among
these, the interaction between shear force and bending moment has received
particular attention due to its critical role in the design and safety of concrete
bridge webs. Researchers have proposed both analytical and experimental
methods to evaluate this interaction, often aiming to develop simplified models

that are practical for design use.



An important contribution to the understanding of shear-moment interactions in
prestressed concrete structures is presented by Recupero et al. (2016). Their
study focuses on box girder bridges and emphasizes how internal force
interactions—particularly between longitudinal shear and transverse bending—
play a crucial role in determining the necessary reinforcement layouts. (Recupero,

2016)
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Figure 2. Typical stress state for Saint-Venant’s theory (Recupero, 2016)

The authors build upon earlier theories, including those developed by Kaufmann
and Menn, by proposing an analytical model rooted in stress field theory and the
static theorem of plasticity. This model allows for the development of
dimensionless interaction domains, offering a practical tool for engineers.
Notably, the study highlights how prestressing alters the inclination of the
principal stress field, affecting the interaction domain and ultimately the

reinforcement requirements.
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Figure 3. Distribution of internal forces in the sandwich layers

Shear and moment interaction is often visualized through dimensionless
interaction domains, where the normalized shear (v) and moment (u) are

calculated as:
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Graph 1. Interaction domains for equal reinforcement on both directions (Recupero, 2016)



In recent years, several researchers have employed non-linear finite element
analysis (NLFEA) to study the behaviour of concrete bridge elements under
combined loading. These methods allow for more accurate simulation of cracking,
tension stiffening, and concrete softening, which are not captured by simplified
design approaches. Unlike traditional linear models, NLFEA provides the ability
to track the redistribution of stresses and strains after cracking occurs. This
makes it especially useful in understanding interaction effects in web panels of
box girders, where both longitudinal shear and bending moment act
simultaneously. The approach used in this thesis follows a similar path, aiming to

capture these complex behaviours with a high level of detail.

Furthermore, the paper confirms its findings with experimental data and applies
the model to a case study involving a prestressed concrete box girder bridge. This
approach is closely related to the methodology employed in this thesis, which
uses nonlinear finite element analysis (FEA) to generate interaction domains

under varying prestressing levels.

2.1. Christian Menn’s Studies

Christian Menn, in his book Prestressed Concrete Bridges (pp. 259-264),
introduced one of the earliest simplified methods to evaluate the interaction
between shear and bending in box girder bridge webs. His approach assumes that
a reinforced concrete web panel subjected to longitudinal shear and transverse
bending behaves according to a linear interaction rule. Using design charts and
stress resultants, Menn defined dimensionless interaction domains that
engineers can use to quickly check whether a certain combination of shear and
moment falls within a safe region. Although practical and widely used, this
method does not fully capture the nonlinear behaviour of cracked concrete, nor

the contribution of varying prestressing levels.

Christian Menn’s conceptual framework for shear-moment interaction in

prestressed box girder webs builds upon a fundamental mechanical balance:



e When the section reaches its shear capacity, it can no longer sustain
bending, (when Vo/Vrd=1, Mo/Mrd must be null.)
e When it reaches its moment capacity, it cannot sustain the shear. (When

Mo/Mra=1, Vo/Vrda must be null.)

However, a real web panel must carry both forces simultaneously. Menn proposes

that the minimum required web width to resist a given design shear force is:

pred = YR Vs Y (Menn, 1990)

wo fered * z - (cosa+cotf-sina) - sina

If the actual web width bw exceeds this required value, the remaining portion of
the web can be utilized to resist the transverse bending moment. This leads to an
intuitive interaction between shear and moment — where the available capacity

for one reduces as the demand in the other increases.
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Figure 4. Equilibrium of a segment (Menn, 1990)

Based on this idea, Menn distinguishes two critical states:



a) Shear predominates (Menn, 1990)

In this condition, the web is fully mobilized to resist shear. The bending moment

that the remaining "residual” portion of the section can carry is calculated as:

%4
z-c:ta —B,—B,=0 (Menn, 1990)
\%4
By - bo — z-c::ta —mg=0 (Menn, 1990)

b) Transverse bending predominates (Menn, 1990)
Conversely, when the section primarily resists bending, the shear resistance is
reduced accordingly. The available shear force is calculated from the portion of

the web not engaged by bending stress:

VR
z-cota

F., —B,=0 (Menn, 1990)

VR (b‘fqul
z-cota 2

) +mg =B, (b, —b'—2)=0  (Menn, 1990)

where Vr is resisted shear, mr is resisted moment, z is internal lever arm, a is
inclination angle of the compression strut, 8 is inclination angle of the stirrups, B: is
tensile force, Br is unknown stirrup force, Fcw is concrete compressive strength, b’ is

reinforcement location, bz is unknown width and by is actual width.

These formulations, although simplified, establish the basis for Menn’s dimensionless

interaction curves. He defines:

e Vg is shear resistance under pure shear (no bending),

Vro = ferea " bw - cosa - sina [Menn, 1990]



® Mmpo is moment resistance under pure bending (no shear),

Mpo = o * (bg + b )% - f.- (1 — 0.5 wy) [Menn, 1990]

where wg is the mechanical reinforcement ratio.
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Figure 5. Shear - transverse bending interaction diagram (Menn, 1990)

Menn obtained a point in the interaction diagram by dividing the required
sectional resistance (Vz =yg - ¥s:V,mgr =VyYgr-¥s-m) by the resistances (V/
Vro » Mg /Mpgp)- Linear interpolation can be utilized between the curves plotted on

a given diagram and between any two diagrams. (Menn, 1990)

Christian Menn'’s simplified interaction method, although not based on modern
nonlinear computational mechanics, offers a remarkably intuitive and practical
design approach. Developed in an era when finite element software and advanced
numerical modeling tools were not yet available, Menn's methodology relied
heavily on engineering judgment, years of design experience, and observational
insight gained through built structures and testing. By introducing relationships

between required web width and the available stress capacity, he translated



complex structural behavior into accessible expressions and charts. These
diagrams, though approximately, proved highly valuable in the preliminary and
even detailed design stages of box girder bridges, and they continue to be
referenced in structural design literature.

In this thesis, Menn’s interaction diagrams are revisited with the help of nonlinear
finite element models. The comparison aims to assess how well his simplified
assumptions reflect actual structural behavior under combined shear and
moment, and how they hold up against more rigorous computational approaches.
This dual perspective bridges the gap between traditional design intuition and

modern simulation capabilities.
2.2. Eurocode Background: Shear Design

When designing reinforced concrete beams under shear, Eurocode 2 provides a
comprehensive framework to ensure safety by checking both concrete and shear
reinforcement contributions. The total shear capacity, Vr4, is determined as the
minimum between the concrete contribution Vred and the shear reinforcement
contribution Vgsd:

Vra = min(Vrea » Vrsa)
1. Shear Capacity of Reinforcement: Vrsd (Eurocode 2, 2004)

If transverse reinforcement is provided (such as stirrups), the following

expression is used to compute the shear resistance due to steel:

_ (Asw
Vde = T . fyd - 0.9d - COt(Q)

Asw: Area of shear reinforcement (per spacing)

e s: Spacing between stirrups

fyd: Design yield strength of steel

d: Effective depth of section

0: Inclination of the concrete struts (usually 21.8° to 45°)

10



2. Shear Capacity of Concrete: Vred (Eurocode 2, 2004)

The resistance of concrete to shear is calculated using:

cot(0)

VRea = 09 - d - by - ac - v fea- (1 i C0t2(9))

e bw: Width of the web
e oc: Coefficient accounting for prestressing (usually ac =1 if ocp = 0)
e v: Reduction factor (commonly taken as 0.5)

e fca: Design compressive strength of concrete

0: Inclination angle of concrete strut

Figure 6. Inclination angle of concrete strut

Figure 7. Cracking in a partial section
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3. Evaluation Process
Depending on the value of cot(0), one of three failure mechanisms is assumed:

e If cot(0) <1 — failure of concrete strut — use Vred with 6 = 45°

cot(0) <1

—@—trsd
10 —®—trcd

.__.__.____.——o—o

20.0 25.0 30.0 35.0 40.0 45.0 50.0
6(°)

Graph 2. tra - O relation when cot(0) < 1

e I[fcot(0) > 2.5 — failure of shear reinforcement — use Vrsa with 6 = 21.8°

cot(0) > 2.5

(o)}

—@—trsd

Tra (MPa)
w1

o~

—@— trcd

20.0 25.0 30.0 35.0 40.0 45.0 50.0
(%)

Graph 3. tra — O relation when cot(0) > 2.5
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e If1 <cot(0) < 2.5 — simultaneous failure — solve Vrsd = Vrcd to find 6

1 <cot(0) <25
12
11
10

—@—trsd

Tra (Mpa)
@

—@—1rcd

20.0 25.0 30.0 35.0 40.0 45.0 50.0
6(°)

Graph 4. tra - O relation for 1 < cot(0) < 2.5

This approach avoids the need for graphical iteration by calculating 6 using the
mechanical reinforcement ratio:

_ (Asw : fyd)
Wow = (S : bw' fcd)

- cot(0) = (Uw‘ ac) -1

SwW

These equations and procedures are illustrated in the Politecnico di Torino course
material on "Shear in RC Cross-Sections" (2023) and reflect standard Eurocode 2

practice.

cot(0) vs wsy (Eurocode 2)

v-a,

cot(B) =/ o -1

cot(8)

0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200
Mechanical Reinforcement Ratio wsy,

Graph 5. Relation between cot(0) and wsw
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2.3. fib Model Code Background: Shear Design

The Fédération Internationale du Béton (fib) is a global technical organization
based in Switzerland, formed through the merger of the CEB (Comité Euro-
International du Béton) and FIP (Fédération Internationale de la Précontrainte).
It plays a key role in advancing the knowledge and standards of structural
concrete, particularly through its Model Codes (e.g., fib Model Code 1990, 2010,
and the ongoing development of fib Model Code 2020).

fib is highly regarded in the international engineering community for proposing
scientifically grounded and experimentally verified formulations for concrete
behavior. Its provisions are often more detailed and flexible compared to
traditional codes like Eurocode 2, allowing different Levels of Approximation

(LoA) based on the desired accuracy and available data.
The design shear resistance can be determined by using:
Via = Vrae + Vias < Viamax

Design shear resistance attributed to the concrete:

e

Vrd,c =k, - Ve

.bW.Zv

where:
e k,: Empirical factor,
e f:r: Characteristic compressive strength of concrete,
e V.: Partial safety factor for concrete,
e b,: Web width,

e z,:Internal lever arm (effective depth, generally z = 0.9).

14



Design shear resistance provided by shear reinforcement:

sw
Vrd,s = S_ “Zy - fywd - cot(0)
w

where:
e A, Area of shear reinforcement within spacing s,
e s,: Spacing of shear reinforcement,
* fywa: Designyield strength of shear reinforcement,

e 0O:inclination angle of the compressive stress field which depends on the

LoA.

ks 'fcd

1 <cot(0) =
Pw * fywd

— 1 < cot(0)min

Maximum shear resistance related to crushing of concrete carrying the

compression field:

v =k£'fcd'bw'zv
rdmax T cot(6) + tan(0)

where;

e k. Reduction factor depending on strain state in longitudinal
reinforcement; accounts for ductility limitations.

e f.4: Design compressive strength of concrete

The fib Model Code 2010 proposes a multi-level design strategy for shear

verification in reinforced concrete members, classified into:

15



1) Level I approximation (fib, 2020)

Design shear resistance in LoA-I is given by:

Via = Vrd,s = Vrd,max

The minimum inclination of the compressive stress field is:

cot(0)min = 2.2 for members with subjected to axial compression,

cot(0),in = 1.7  for reinforced concrete member,

cot(0)min = 1.2 for members with subjected to axial tension.

The reduction factor should be taken as:

k. = 0.55

2) Level Ila approximation (fib, 2020)

Design shear resistance in LoA-Ila is given by:

Via = Vrd,s < Vrd,max

The minimum inclination of the compressive stress field is:

cot(0)min = cot(20° + 4000 - €,)

where &, represents the longitudinal strain at the mid-depth of the effective shear

depth as shown in figure given below:

16
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Figure 8. Relation between O,y — &, (fib 2020 Model Code pp.680)

For shear reinforcement more ductile than class A, the minimum inclination of

the compressive stress field is:

cot(0)min = cot(15°+ 3000 - €,) for ductility class B
cot(0)in = cot(13° + 2500 - €,) for ductility class C and D

The contribution of concrete to the design shear resistance is neglected.

The reduction factor can be calculated:

1
ky=— <10
€T 14110 &

where:

g1 = & + (g, + 0.001) - cot?(0)

The longitudinal strain &, at mid-depth of the effective shear depths is calculated

based on:

1 <M ed . VEa
gx

_ Yoo+ g (2=29)) 20
=2 E 4, \z, T75 cot@+Nea-\5=)]=

where, as a first approximation, cot(8) = 2.0 may be assumed.

17



e Mg, and Vg4 shall be taken as positive quantities and Ny, as positive for
tension and negative for compression.

e The strain &, can exceed half of yield strain &, /2 but must not exceed
0.003. Detailed section analysis is required if this limit is approached.

e If ¢, is negative, replace E; - Ag with (EC “Acten + Es -AS), where A¢ tep i
the tensioned concrete area due to bending.

e A includes only main tensile longitudinal bars; any web reinforcement is

ignored.
3) Level IIb approximation (fib, 2020)
Design shear resistance in LoA-IIb is given by:
Via = Vrace + Vras = Viamax
The inclination of the compressive stress field for V,.; . + V4 s can be calculated:
cot(8) = cot(29° + 7000 - &,)

while for V.4 ;max, cot(8) can be selected within the ranges used in LoA-IIa.
To determine the design shear resistance V.4 . attributed to the concrete the given

expression should be used:

B 0.4
(1 + 1500 - &)

ky

Table 1. Overview of design equations for different levels of approximation

LoA Concrete Min. compressive Strength reduction
Contribution stress field inclination factor for Vidmax
I Vekace =0 cot(0)min = fixed k. = fixed
la Vrac=0 cot(@)min = f(€x) ke = f(&x, 0)
b Vrae=f(ex)  cot(0) = f(e) ke = f(&x,6)

18



In summary, the fib Model Code's multi-level approach to shear design enables
engineers to select the appropriate level of approximation based on the
complexity of the structure, the available data, and the required level of accuracy.
While Level I provides a practical and conservative solution for standard design
cases, Levels Ila and IIb offer more refined models accounting for strain
conditions, ductility classes, and stress field optimization. These methods form
the theoretical basis for advanced FEM verification and allow consistent
comparison with simulation-based interaction domains, such as those developed

in this thesis.

3. Numerical Modelling with ATENA

ATENA is a nonlinear finite element analysis software specifically developed for
simulating the behavior of reinforced concrete structures. It allows for accurate
modeling of cracking, tension stiffening, and post-peak softening, which are
essential in evaluating the failure mechanisms in concrete elements. In this study,
ATENA 3D Engineering was used to investigate the interaction between

longitudinal shear and transverse bending in concrete web panels.

The analysis began with a simplified 2D wall model to focus on the local behavior
of the bridge web before extending the study to a full box girder model. The wall
panel, sized 3 meters by 5 meters with 0.4 meters thickness, was designed to
represent a typical web portion of a box girder bridge. Using a simplified sub-
model enables faster simulations, easier parameter control, and a clearer
understanding of the fundamental interaction mechanisms.

In the numerical model, a layered shell element was used to accurately
represent the geometry and reinforcement distribution within the wall. This type
of element allows the definition of multiple reinforcement layers at different
depths without the need for a full 3D solid mesh, which reduces computational

time while preserving the accuracy in capturing shear and bending interactions.

19



3.1. Geometry and Element Type

The numerical model is based on a reinforced concrete wall panel that represents a typical
web segment of a box girder bridge. Its geometric and layering properties are defined as

follows:

a) Panel dimensions:
e Length (X-direction): 5.0 meters
e Height (Z-direction): 3.0 meters

e Total thickness (Y-direction): 0.4 meters

ERRN

Figure 9. Panel sketch with dimensions

b) Element type:

e 2D Layered Shell Element was used in ATENA.

e This element type allows for defining reinforcement layers across the
thickness, reducing computational effort while capturing shear-bending

interaction effectively.

20



c)

Layer configuration:
The total thickness was subdivided into 4 equal concrete layers, each with
0.1 m thickness.
Layer 1 (top): Concrete cover with vertical reinforcement placed at a
depth of 37 mm from the top surface, horizontal reinforcement placed at a
depth of 61 mm from the top surface.
Layer 2: Concrete only (no reinforcement).
Layer 3: Concrete only (no reinforcement).
Layer 4 (bottom): Concrete cover with same reinforcement configuration
with Layer 1.

Assigned material €25/30 (mean) - Ot

@ Reinforcement parameters per unit length, Layers (2)

ID Active Area (m®) Distance (m) Vector Location Material
1 0.0022619 |0.037 0,10 Both v | 8450C (mean) v | X | 7|4
2 00022619 |0.061 1,0,0 Both v [ m B450C (mean) ¥ || X | |4
A
Layer 1 01 |m
Layer 2 01 |m
Height |04 &
Units m ¥
Rows |4
WS ey d 0.1 m
Layer 4 01 |m
Y

Figure 10. 2D Layered shell properties in ATENA

d) Concrete cover:

25 mm cover assumed from both outer surfaces.
The reinforcement bars are placed within the shell using ATENA’s internal

reinforcement layer system, not as separate bar elements.
Reinforcement details:

Bar diameter: 24 mm (¢$24) and 20 mm (¢20)
Spacing: 200 mm
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3.2. Material Properties

According to Eurocode 2 and commonly accepted engineering practice, the

material strength values used in design and simulation can be categorized as:

Table 2. Material properties with safety design values

Concrete: Reinforcement:

Mean Strength fem =fae +8  fim =110 fyi

Characteristic fek fyk

Design strength fea = fer/ve fyd = fyk/ys
Safety Factor Ye =15 ys = 1.15

In this study, different material strengths were defined depending on the type of
analysis. Concrete and reinforcement properties were assigned using strength
parameters consistent with Eurocode 2 terminology. Both mean, characteristic,

and design values were used based on the objective of each simulation.

3.2.1. Concrete

e Material model in ATENA: CC3DNonLinCementitious2

e Poisson’s ratio: u = 0.2

C25/30 (used in most simulations)
e Mean compressive strength:  f.,, = 33 MPa
e Characteristic strength: fex =25 MPa
e Design compressive strength: f.;, = 16.67 MPa
e Tensile strength: f, = 2.6 MPa
e Young modulus : E.=31GPa
e Fractureenergy: Gr=65N/m
e Used in: nonlinear FE simulations and Eurocode-based calculations

e Hardening parameter : k = 1 (elastic — perfectly plastic behaviour)
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C40/50 (used for comparative purposes)
e Mean compressive strength:  f,,,, = 48 MPa
e Tensile strength: f; = 3.5 MPa
e Young modulus : E.=35GPa
e Fractureenergy: Gp=875N/m
e Other parameters were not used; only mean value considered
e Used in: selected simulations to observe material influence on behavior

e Hardening parameter : k = 1.15 (elastic - plastic with strain hardening)

3.2.2. Steel Reinforcement

e Type: B450C (used in all models)

e Bar diameters: $24 mm and $20 mm used in different simulations.
e Mean strength: fym = 495 MPa

o Characteristic strength: f,,, =450 MPa

e Design strength: fya =391 MPa

e Modulus of Elasticity : E; =210 GPa

e Ultimate strain : g, = 0,075

e Density: p =7850kg/ m3

Reinforcement was defined using embedded reinforcement layers in the shell

element.
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3.3. Reinforcement Detailing

The reinforcement was symmetrically placed on both faces of the wall panel,
reflecting realistic detailing in box girder webs. Two different bar diameters were
studied: $24 mm and $20 mm, both conforming to B450C high-ductility steel. All
reinforcement was arranged with a constant spacing of 200 mm in both vertical
and horizontal directions.

The reinforcement configuration consists of both vertical and horizontal bars
placed on the inner and outer faces of the wall. Starting from the exterior toward

the interior, the layer sequence is as follows:

Concrete cover 25 mm
Layer 1 — Vertical reinforcement

Horizontal reinforcement

Layer 2 — Core concrete

Layer 3 — Core concrete

Horizontal reinforcement
Layer 4 — Vertical reinforcement

Concrete cover 25 mm

This configuration ensures symmetrical stiffness and strength, especially under
combined bending and shear effects. The vertical bars are located slightly closer
to the outer surface, while horizontal bars are placed just inside, enabling proper
anchorage and interaction. Reinforcement was implemented using layered
reinforcement definitions within the 2D shell element in ATENA, without
explicitly meshing individual bars.

In a secondary test series, both the vertical and horizontal reinforcement
diameters were reduced from $24 mm to $20 mm, while keeping the spacing
constant at 200 mm. This variation was implemented to investigate the effect of
overall reinforcement ratio on the structural capacity, especially regarding the
interaction between shear and bending. All other material and geometrical

parameters remained unchanged to isolate the influence of bar diameter.
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3.4. Boundary Conditions

The boundary conditions were defined to realistically simulate the panel
behaviour under combined axial, shear, and bending loads while maintaining
global equilibrium and avoiding rigid body motion. Four support points were

used to ensure statical determinacy and geometric stability:

L 2]

2 oy

i ]
X

Figure 11. Boundary conditions representation in ATENA model

Table 3. Boundary conditions

Point Coordinate | Ux Uy Uz
A (0,0,0) fixed fixed @ fixed fully pinned
B (5,0,0) free fixed fixed roller support
C (5,0, 3) free fixed free prevents rigid body motion
D (0,0, 3) free fixed free prevents rigid body motion

All rotations are left free to allow natural shell behaviour. This configuration

ensures stability while avoiding over constraint.
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3.5. Mesh Definition

A structured mesh consisting of 50 x 50 cm quadrilateral shell elements was used
to discretize the wall panel. This resulted in 10 elements along the horizontal (X)
direction and 6 elements along the vertical (Z) direction, totaling 60 elements.
Manual meshing was preferred to ensure uniformity and compatibility with load
application points, as nodal coordinates aligned with both edge and center
loading locations.

The mesh was fine enough to capture crack patterns and nonlinear stress
distribution accurately, while still being computationally efficient for multiple
simulations. Additionally, the element size was selected to maintain consistency
with the reinforcement spacing and to allow proper definition of reinforcement

layers within the shell structure.

3.6. Loading Scenarios

The loads in this study were not applied as distributed line loads, but rather as
concentrated nodal forces. Given the mesh size of 50 x 50 cm, the panel was
divided into 6 vertical (Z-direction) and 10 horizontal (X-direction) elements,
forming a total of 60 shell elements. The mesh node locations and element centres
were used as load application points in order to distribute the forces realistically

and maintain control over load increment behaviour.

In order to investigate the structural behaviour of the wall panel under different
loading conditions, a series of loading scenarios were designed and applied within
ATENA. These scenarios were created to individually assess the effects of axial

load (prestressing), shear, and bending moment, as well as their combinations.
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3.6.1. Axial Load - Prestressing Simulation

Axial compression was applied to represent prestressing effects and was
simulated by placing 12-point loads on each of the left and right vertical edges of
the panel. The total prestressing force was incrementally applied over 10 equal
steps, ensuring no immediate cracking while allowing the axial stress to develop

gradually.

Figure 12. Axial loading - prestressing simulation

For each level, the resulting axial stress on the panel was calculated using:
NtOt eSS 12 ‘n-m

where n is the interrupted step and m is the step multiplier

_ Niot
Ocp = "
C

where A, is the gross area of the panel. Prestressing levels were defined as:

0ep = 0,2.5,5.0,7.5,10.0 MPa
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The purpose of this stage was not to induce cracking, but to examine how varying

levels of axial compression influence shear and bending resistance.

3.6.2. Shear-Only Simulation (Determination of Vr4)

Shear forces were applied in a self-equilibrated pattern along both the top and bottom
(horizontal) and left and right (vertical) edges of the panel.

e 20-point loads were applied at the top and bottom edges

e 12-point loads were applied at the left and right edges
The directions were chosen to induce positive and negative shear components along X and
Z axes, simulating an internal shear flow consistent with panel behavior. Again, each point
load was 1 kN, and total shear was scaled using the step multiplier. The total applied shear

at top edge was calculated as:

Vg =20-n-m

where n is the interrupted step and m is the step multiplier.

Figure 13. Shear loading — pure shear simulation
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3.6.3. Moment-Only Simulation (Determination of Mrd)

To simulate bending, 20-point loads were applied on the top edge and 20 on the
bottom edge in opposite directions, forming a moment-inducing force couple.
Each point carried a wunit load, scaled wusing the multiplier.

The total applied moment at each step was calculated as:
M,; =20-n-m

where n is the interrupted step and m is the step multiplier.

—JM——»——»——»——»——»——»——»—*——&)

Figure 14. Moment force loading - pure bending simulation.
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3.6.4. M-V Interaction (Combined Loading)

After the individual capacities for pure shear and pure moment (Vrd and Mrd)
were identified under different prestressing levels, a series of combined loading
simulations were carried out to define the interaction domain between these two
actions. In each simulation, a selected level of prestress was first applied and held
constant. Then, a shear load corresponding to a defined percentage of the
previously determined Vrd value (ranging from 90% down to 20%) was imposed
on the model. Once the shear was in place, a bending moment was gradually
introduced through opposing force couples until failure occurred. The

corresponding moment at failure was recorded for each shear level.

X e
I — < —p 4 b« <
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Figure 15. Combined load configuration

To allow for dimensionless comparison and consistent plotting, the resulting

shear and moment capacities were normalized using the following expressions:

Vrd — Mrd
b1 K=o he

where b is the panel thickness, Il and h are the length and height of the wall

respectively, and f.; is the design compressive strength of concrete.
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These normalized values (t and u) were used to build the shear-moment
interaction domains, providing a clear framework for comparing numerical

results with analytical models available in the literature.

4. Post-Processing and Results Evaluation

This chapter presents the results obtained from the nonlinear finite element
analyses conducted using ATENA. The aim is to evaluate the shear and moment
resistance of the modeled wall element under various prestressing levels and
reinforcement configurations. The post-processing phase includes the extraction

of failure loads, crack development, stress distributions, and support reactions.

All numerical simulations were performed using the ATENA Engineering
environment, and results were visualized and evaluated through the ATENA
Studio Post-Processor. The failure criteria were based on the inability of the
model to converge under increasing load steps, and the corresponding step at

which the analysis was interrupted was considered the critical capacity point.

In addition to numerical outputs, the structural response of the panel during each
simulation was carefully monitored. This included observing the deformation
patterns, crack initiation and propagation, and stress redistribution throughout
the loading steps. These qualitative evaluations helped verify the realism of the

model and supported the interpretation of final resistance values.

In the following sections, results are first categorized based on individual loading
cases — pure axial, shear-only, and moment-only — followed by combined shear-
moment loading cases used to build the interaction domains. The influence of
prestressing and reinforcement diameter is also explored in detail through

normalized resistance comparisons.

31



4.1. Result Extraction and Observation in ATENA Studio

The evaluation of structural performance and failure mechanisms was conducted
through ATENA Studio’s post-processing environment. Several output windows
and visual tools were utilized to extract relevant data from each simulation and
to interpret the behaviour of the panel under different loading conditions. The

following key result types were considered:

a) Reaction Forces (Support Reactions)

This output was used to verify the accuracy of boundary conditions and the
equilibrium of the model. For example, when applying self-equilibrated axial
loads, the reactions at the supports were expected to be nearly zero. Any
unexpected values in this window indicated potential issues with constraint

definitions.

Yectors:

Reactions
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b) Crack Pattern and Width Visualization

Figure 16. Post-processor — support reactions

One of the most essential outputs in nonlinear concrete modeling, this feature
allowed the identification of crack initiation, propagation, and orientation. The
crack width and distribution were directly correlated with structural damage and
used to visually confirm the mode of failure (shear-dominant or flexural-

dominant).
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L ..

Figure 17. Post-processor — crack propagation and crack width

c) Principal Stress and Strain Fields

Contour plots showing the principal stresses (especially tensile) helped identify
stress concentrations and potential failure zones before cracking occurred. These
fields also revealed the directionality of internal forces, aiding in the

interpretation of crack directions and reinforcement effectiveness.
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Figure 18. Post-processor — Principal min. stress distribution
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d) Displacement and Deformed Shape

The deformed geometry at various steps provided insight into the overall
structural behavior, including lateral drift, panel curvature, and instability
tendencies. Especially under combined loading, these outputs helped visualize

the contribution of axial compression, shear deformation, and bending rotation.

= |

Figure 19. Deformed shape under axial compression  Figure 20. Deformed shape under shear deformation

z

A

Figure 21. Deformed shape under combination of axial compression, shear and bending

e) Load Step Information and Convergence Status

Each simulation step was incrementally loaded using predefined multipliers. The
interrupted step—at which the model failed to converge—was considered the
failure point. Recording the load multiplier and step number at this stage enabled

the calculation of Vra and Mrq values.
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These visual and numerical tools provided a comprehensive understanding of
how the panel responded throughout the loading process. By combining both
quantitative values (reactions, load steps) and qualitative observations (crack
formation, deformation modes), the results could be evaluated with greater

confidence and engineering judgment.

I Criter. 1 I Criter. 2 [ Criter. 3@ Criter. 4

Convergence criteria
o
2

Step / Iteration

Figure 22. Iteration convergence progress

4.2, Shear Resistance Results

In order to determine the shear resistance of the panel, a series of simulations
were performed using a constant prestressing level and gradually increasing
shear forces applied along the top and bottom edges. These forces were defined
as concentrated point loads distributed across nodes at element intersections,
representing a self-equilibrated shear loading condition. The analysis continued
incrementally, with the load scaled through a predefined multiplier at each step,
until the model could no longer converge due to excessive deformation or crack
development. The step at which the simulation was interrupted was considered
the failure point, and the corresponding total shear load was recorded as the

shear capacity Vrd .
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For each simulation, the total applied shear force was calculated based on the

number of nodal loads and the step multiplier:

Via=20-n-m

where n is the interrupted step and m is the step multiplier

To enable a dimensionless comparison of shear resistance across different

prestressing levels and reinforcement configurations, the shear force was

normalized using the following expression:

where b is the panel thickness and l is the length of the wall. This value, expressed
in MPa, represents the average shear stress resisted by the structure at failure.

Throughout the loading process, the panel behaviour was carefully monitored
using ATENA Studio’s post-processing tools. Prior to cracking, the structure
showed negligible support reactions, validating the effectiveness of the self-
equilibrated loading setup. However, after the onset of cracks, internal force
redistribution resulted in increased reactions at the supports, especially near the
failure step. Crack development, principal stress distribution, and displacement
contours were also observed to confirm that the failure mode was primarily

shear-driven.

4.2.1. Influence of Prestressing Level

To investigate the effect of prestressing on shear resistance, simulations were
performed for two different reinforcement configurations: $24 mm and $20 mm
bars. In both cases, only the mean material properties were used. Axial
compression (prestressing) was applied at levels from 0 MPa to 20 MPa, in 2.5

MPa increments.
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For each prestress level:
e A constant axial force was first applied.
e Then, incremental shear forces were added until the model failed to
converge.
Two values were extracted for each simulation:
1. The crack initiation load, where visible diagonal cracks developed across
the panel.
2. The shear capacity at failure, defined by the interrupted step in the analysis.

Table 4. Results for $24

Gpmpra) | CrackLoad Vi (KN/m) = Trda vra oc Failure Type

0.0 820.00 2480.00 6.20 1.000 Diagonal Shear

2.5 1200.00 2880.00 7.20 ¢ 1.076 Diagonal Shear

5.0 1380.00 3220.00 8.05 1.152  Diagonal Shear

7.5 1560.00 3460.00 8.65 1.227 Inclined + flexural
10.0 1820.00 3420.00 8.55 1.250 Inclined + ductile
12.5 2120.00 3200.00 8.00 i 1.250 Compression-driven
15.0 2300.00 3120.00 7.80 1.250 Compressive softening
17.5 2540.00 3060.00 7.65 1.174 Compressive softening
20.0 2720.00 2680.00 7.60 0.985 Post-peak failure

Shear at Conc. Crack and Failure

4000.0
3500.0
3000.0

2500.0
—@— Crack

—@— Vrd
1500.0

Shear (kN/m)
N
(=]
o
o
[e=]

......... Linear (CraCk)
1000.0

......... Linear (Vrd)
500.0

0.0
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

o, (MPa)

Graph 8. Shear Crack Load and Shear Capacity for ¢24 vs. Prestressing Level
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The crack threshold increases continuously with prestressing, while the shear
capacity rises until ~10 MPa and then declines. The peak resistance occurs near

the maximum oc value.

Table 5. Results for $20

Gpmra) ¢ CrackLoad Vi (KN/m) = Trdavra oc Failure Type

0.0 820.00 1840.00 4.60 1.000  Diagonal Shear

2.5 1200.00 2240.00 5.60 1.076 Diagonal Shear

5.0 1340.00 2560.00 6.40 | 1.152 Diagonal Shear

7.5 1540.00 2840.00 7.10 1.227 Inclined + flexural
10.0 1780.00 2940.00 7.35  1.250 Inclined + ductile
12.5 2000.00 2940.00 7.35 1.250 Compression-driven
15.0 2200.00 2820.00 7.05 1.250 Compressive softening
17.5 2480.00 2780.00 6.95 1.174 Compressive softening
20.0 2660.00 2700.00 6.75  0.985 Post-peak failure

Shear at Conc. Crack and Failure
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Graph 9. Shear Crack Load and Shear Capacity for ¢20 vs. Prestressing Level

Similar to the $24 case, the shear capacity initially improves with prestressing
but drops after 10 MPa. Lower reinforcement ratio results in reduced overall

shear resistance.

This seemingly counterintuitive behavior can be attributed to the influence of the

ac coefficient, which adjusts the contribution of concrete under sustained or high
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axial compression. According to Eurocode 2, this factor decreases as the
compressive stress ocp increases, which means that although prestressing initially
strengthens the member by delaying cracking, excessive prestress may actually

reduce the effective shear resistance due to material softening or loss of ductility.

Influence of «a,

14
1.0

0.8

[8)
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0.6
—@— acC
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0.2

0.0
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

o, (MPa)

Graph 10. Variation of ac with ocp

The theoretical ac trend from Eurocode 2 explains the non-linear shear resistance
behaviour observed in FEM results.

This trend closely mirrors the behaviour of the ac coefficient defined in Eurocode
2, which increases with moderate compressive stress and decreases beyond a
certain limit. The strong correlation between trd and ac observed in the
simulations suggests that the shear resistance of prestressed concrete is directly

governed by this coefficient.
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Comparison of E2 - FEM
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Graph 11. tra - ocp diagrams obtained by FEM and E2

As observed in both reinforcement layouts, the shear capacity initially increases
with prestressing due to the delay in crack formation. This is attributed to the
clamping effect of axial compression, which improves the tensile strength of
concrete across potential crack planes.

However, beyond a certain point (approximately 10 MPa of ocp), the capacity
plateaus and even begins to decline. This reversal is linked to the behavior of the
ac coefficient, which reflects the effective contribution of concrete under

compressive stress.

4.2.2. Effect of Reinforcement Ratio on Shear Resistance

In this comparison, the concrete strength was kept constant (C25/30), while the
reinforcement diameter was reduced from $24 mm to $20 mm, corresponding
to a decrease in reinforcement ratio. For each configuration, three material
property sets were considered: mean, characteristic, and design values. The
purpose of this comparison was to observe how shear capacity responds to
changes in reinforcement content under the same concrete behavior.

The graphs number 12 and 13 show the variation of shear resistance Vrd with

increasing prestress levels for both reinforcement configurations.
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As expected, increasing the reinforcement ratio leads to a noticeable
improvement in shear capacity. The $24 mm bars provided significantly higher
resistance at every prestress level compared to $20 mm, across all material
strength assumptions.
Moreover, all graphs show a consistent trend:
e The shear resistance increases with axial compression (oc¢p) up to a certain
level,
e Followed by a plateau or slight reduction, especially noticeable in design
values.
This decline at higher prestressing levels aligns with the earlier discussed
influence of the ac coefficient, which decreases after a threshold due to over-

compression in the concrete section.

Table 6. Shear Capacity vs. Prestress for $24 mm

Ocp | Vrdmmean) @ Trdmean) = Vrd(char) | Trd(char) | Vrd(design) @ Trd(design)
Py (kN/m) (MPa) (kN/m) (MPa) (kN/m) (MPa)
0.0 : 2480.00 6.20 2160.00 5.40 1820.00 4.55
2.5 2880.00 7.20 2560.00 6.40 2080.00 5.20
5.0 3220.00 8.05 2840.00 7.10 1920.00 4.80
7.5 3460.00 8.65 2700.00 6.75 1900.00 4.75
10.0 . 3420.00 8.55 2560.00 6.40 1860.00 4.65
Shear Capacity - @24
4500.0
4000.0
3500.0
g 3000.0

(

Z —@— Mean values
— 2500.0
= —@— Char. values

2000.0 Design values
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Graph 12. Shear Capacity vs. Prestress for $24 mm
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Comparison of mean, characteristic, and design values. Higher reinforcement
results in greater overall shear resistance. A plateau is observed around 10 MPa

of prestressing.

Table 7. Shear Capacity vs. Prestress for 20 mm

Ocp Vid(mean) Trd(mean) Vrd(char) Trd(char.) Vid(design) Trd(design)
(MPa)
(kN/m) (MPa) (kN/m) (MPa) (kN/m) (MPa)
0.0 1840.00 4.60 1600.00 4.00 1320.00 3.30
2.5 2240.00 5.60 1980.00 495 1700.00 4.25
5.0 2560.00 6.40 2280.00 5.70 1780.00 4.45
7.5 2840.00 7.10 2420.00 6.05 1720.00 4.30
10.0 2940.00 7.35 2320.00 5.80 1640.00 410

Shear Capacity - ©20
4500.0

4000.0
3500.0
3000.0

—@— Mean values
2500.0

Viq (kN/m)

Char. values

2000.0 Design Values

1500.0
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0.0 2.5 5.0 7.5 10.0
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Graph 13. Shear Capacity vs. Prestress for $20 mm

Shear resistance is significantly lower compared to ¢$24. While mean and
characteristic values rise steadily, design values peak earlier and decrease beyond

7.5 MPa.
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4.2.3. Effect of Concrete Strength on Shear Resistance

This subsection investigates the influence of concrete compressive strength on
shear resistance by comparing simulations with C25/30 and C40/50 concrete
classes. Two reinforcement configurations were analyzed for each case: $24 mm
and $20 mm, while maintaining a constant spacing and layout. All material

properties are based on mean values.

The results presented in Graph 14 show a clear and consistent trend:

e Higher concrete strength leads to higher shear capacity, regardless of
reinforcement size,

e For both $24 and $20 mm layouts, the V:d curves for C40/50 stay above
those of C25/30 across all prestress levels,

e The difference becomes more pronounced at higher prestressing levels (ocp

> 5 MPa), where cracking is delayed and concrete contribution dominates.

This outcome aligns with theoretical expectations: stronger concrete resists
diagonal cracking more effectively and contributes more significantly to the Vrcd
portion of the shear capacity. It also highlights the synergistic effect between
prestress and concrete class — higher compressive strength better sustains the

prestress-induced confinement.
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Table 8. Effect of Concrete Strength on Shear Resistance

Ocp Vrd(mean) Trd(mean) Vrd(mean) Trd(mean) Vrd(mean) Trd(mean) Vrd(mean) Trd(mean)
(MPa) (kN/m) (MPa) (kN/m) (MPa) (kN/m) (MPa) (kN/m) (MPa)
C25/30 - $p24 C40/50 - $p24 C25/30 - $20 C40/50 - $20
0.0 . 2480.00 6.20 2640.00 6.60 1840.00 4.60 1960.00 4.90
2.5 2880.00 7.20 3080.00 7.70 2240.00 5.60 2420.00 6.05
5.0 3220.00 8.05 3460.00 8.65 2560.00 6.40 2760.00 6.90
7.5 3460.00 8.65 3740.00 9.35 2840.00 7.10 3040.00 7.60
10.0 3420.00 8.55 4000.00 10.00  2940.00 7.35 3300.00 8.25
Effect of Concrete Strength on Shear Resistance
4500.0
4000.0
3500.0
§ 3000.0 —e—(25/30 - @24
-~
= 2500.0 —e—(25/30 - ¢20
= C40/50 - 24
2000.0 C40/50 - 920
1500.0
1000.0
0.0 2.5 5.0 7.5 10.0
o, (MPa)

Graph 14. Effect of Concrete Strength on Shear Resistance

Shear capacity comparison between C25/30 and C40/50 concrete for both $24
and ¢20 reinforcement. C40/50 provides consistently higher V4 values at all

prestress levels.
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4.2.4. FEM vs Eurocode Comparison
a) Methodology

To provide a consistent comparison between the Eurocode 2 design framework
and the finite element results obtained from ATENA, shear capacity was evaluated
using dimensionless shear stress, trd, rather than the total force Vra. This allows
all results to be normalized with respect to geometry and interpreted

independently of wall dimensions.

According to Eurocode 2 (EN 1992-1-1), the design shear resistance of a
reinforced concrete section is governed by the minimum of the shear contribution

of the concrete and the transverse reinforcement:
Via = min(Vrd,S! Vrd,c)

Where:
o Vigs=fya "2-09-d-cot(d)

. cot(0)
1+cot2(0)

e Vigc=a.-v-0c by -09-
The parameters in the above equations were selected in accordance with the
design assumptions and Eurocode guidelines:

e v =0.5 (coefficient for concrete strength reduction)

e oc depends on axial stress and was computed using the Eurocode

provisions

e 0O was taken between 21.8° and 45° depending on the reinforcement

layout

e Asw/s was calculated from the bar diameter and spacing (¢ = 24 mm or 20

mm, s = 200 mm)

e Trd = Vrd/ (b - d) was used to normalize the results and match FEM outputs

45



To enable comparisons across multiple concrete grades, ac was computed for
different design compressive strengths (fcd). A single table summarizing ac values
as a function of o¢p is provided, while only key graphical trends are shown in the

figures.

To capture the influence of prestressing on the ac coefficient used in the Eurocode
formulation of shear resistance, a parametric analysis was performed for
different concrete strengths. The table and graph below summarize ac values for
compressive stress levels up to 10 MPa and for four different design compressive

strengths (fcd):

Table 9. Evolution of ac with ocp for Different Concrete Strengths

Gcp o Ol Ol O

(MPa) (fc=16.67 MPa) (fc=25 MPa) (fc=33 MPa) (fc=48 MPa)
0.0 1.000 1.000 1.000 1.000
2.5 1.150 1.100 1.076 1.052
5.0 1.250 1.200 1.152 1.104
7.5 1.250 1.250 1.227 1.156

10.0 1.000 1.250 1.250 1.208

Influence of Prestressing

1.30
1.20
—@—fc =16.67 MPa
= 1.10
—@— fc = 25 MPa
1.00 fc =33 MPa
0.90 —@— fc = 48 MPa
0.0 2.5 5.0 7.5 10.0

o, (MPa)

Graph 15. Evolution of a. with o for Different Concrete Strengths

For lower strength concrete (e.g., fca= 16.7 MPa), ac reaches a peak earlier and
drops rapidly. In contrast, higher strength concrete maintains a gradual increase

or plateau, supporting more prestress before ac reduction begins.
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b) Comparison Tables and Graphs

In this section, the dimensionless shear strength values (trd) obtained through
Eurocode 2 formulations (denoted as E2) are compared against the non-linear
FEM analysis results (denoted as FEM). The comparisons cover different
configurations in terms of reinforcement diameter ($20 vs. $24), concrete
strength class (C25/30 vs. C40/50), and design assumption (mean, characteristic,
and design values). Each configuration is evaluated under varying levels of axial
precompression (ocp = 0-10 MPa), which allows a detailed investigation into how

Trd evolves under prestress and material class variation.

Using dimensionless shear strength (trd) enables a normalized comparison
between theoretical and numerical results, independent of cross-sectional
geometry. This approach eliminates the influence of width (b) and effective depth
(d), focusing the evaluation purely on material properties, reinforcement
configuration, and the effect of prestress. It ensures consistency when comparing
varying concrete strengths and reinforcement diameters across different analysis

setups.

The plotted graphs highlight both numerical agreement and discrepancy between
theoretical (E2) and numerical (FEM) models. While Eurocode estimations
mostly predict conservative values in low-prestress regions, FEM results exhibit
nonlinear growth and greater sensitivity to reinforcement ratio. These variations

will be discussed through the graphical trends below.

47



Table 10. trde2) and trdarem) values with 6 estimations for C25/30 - mean values

Cop 024 Trd(E2) | Trd(FEM) 0420 Trd(E2) = Trd(FEM)
(MPa) © (MPa) (MPa) © (MPa) (MPa)
€25/30 - $24 (mean) €25/30 - $20 (mean)
0.0 34.8 6.52 6.20 28.4 5.82 4.60
2.5 33.4 6.88 7.20 27.3 6.10 5.60
5.0 32.1 7.22 8.05 26.3 6.37 6.40
7.5 31.0 7.54 8.65 25.4 6.62 7.10
10.0 30.7 7.64 8.55 25.2 6.70 7.35
Mean values - C25/30 - B450C
10.0
§ - & - Trd(E2) @24
E - -& - trd(E2) 920
—m— trd(FEM) @24
z:g —=— trd(FEM) ¢20
1.0
0.0
0.0 2.5 5.0 7.5 10.0

o, (MPa)

Graph 16. trdqe2) and tragrem) comparison for C25/30 — mean values

In this configuration, the calculations are based on mean material properties for
both concrete and reinforcement. The updated results indicate that the FEM
predictions exceed the Eurocode (E2) estimations, particularly for the ¢$24
reinforcement. This deviation becomes more significant at higher prestressing
levels, demonstrating the sensitivity of the non-linear FEM approach to both
reinforcement amount and axial precompression. For $20, the FEM values start
below the E2 estimations but eventually surpass them as ocp increases. These
trends suggest that while the Eurocode provides conservative and stable
predictions, the FEM model captures the nonlinear gains in shear resistance due

to increased confinement and reinforcement efficiency. Moreover, the reduction
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in 0 angles reflects an evolution towards a more efficient internal truss

mechanism under increasing axial load.

Table 11. tracez) and trdrEm) values with 6 estimations for C25/30 — characteristic values

Ocp 024 Trd(E2) @ Trd(FEM) 0420 Trd(E2) @ Trd(FEM)
(MPa) © (MPa) (MPa) © (MPa) (MPa)
€25/30 - ¢p24 (char.) €25/30 - $p24 (char.)
0.0 37.9 5.30 5.40 30.8 4.81 4.00
2.5 35.8 5.71 6.40 29.2 5.12 4.95
5.0 34.1 6.09 7.10 27.8 5.42 5.70
7.5 33.3 6.27 6.75 27.2 5.56 6.05
10.0 33.3 6.27 6.40 27.2 5.56 5.80

Characteristic values - C25/30 - B450C

- - - trd(E2) @24
- -& - trd(E2) @20
—— trd(FEM) @24

2.0 —=— 1rd(FEM) ¢20
1.0
0.0
0.0 2.5 5.0 7.5 10.0
o, (MPa)

Graph 17. trdae2) and tragrem) comparison for C25/30 — characteristic values

For the characteristic material configuration, the updated results highlight a
pronounced difference between FEM and Eurocode (E2) estimations, especially
for the $24 reinforcement. Unlike the previous trend where E2 values for $24
and ¢$20 converged, the current data reveals that larger reinforcement continues
to enhance shear resistance even under characteristic assumptions. The
trd(FEM) values for both diameters consistently exceed their E2 counterparts
across all ocp levels, indicating a more realistic capture of reinforcement
contribution by the FEM analysis. This suggests that the concrete capacity alone

does not govern shear failure in this case; instead, reinforcement layout and axial
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compression remain influential. The persistence of 6 reduction further supports

the development of a more effective internal force path as prestress increases.

Table 12. trq(e2) and traremy) values with 6 estimations for C25/30 - design values

Gcp O(p24) Trd(E2) @ Trd(FEM) 0420 Trd(E2) @ Trd(FEM)
(MP2) © (MPa) (MPa) © (MPa) (MPa)
€25/30 - $p24 (design) €25/30 - $20 (design)
0.0 43.5 3.78 4.55 35.0 3.55 3.30
2.5 39.9 4.28 5.20 32.3 3.93 4.25
5.0 38.0 4.59 4.80 30.9 4.16 4.45
7.5 38.0 4.59 4.75 30.9 4.16 4.30
10.0 43.5 3.78 4.65 35.0 3.55 4.10

Design values - C25/30 - B450C

- - - trd(E2) @24
- -& - twrd(E2) @20

—#— trd(FEM) @24
—=&— 1rd(FEM) ¢20

0.0 2.5 5.0 7.5 10.0
o, (MPa)

Graph 18. trde2) and tracrEM) comparison for C25/30 — design values

In the design value configuration, the difference between FEM and Eurocode (E2)
estimations becomes more explicit. The E2 values remain nearly identical for both
reinforcement diameters, indicating that the model is governed almost entirely
by the reduced concrete design strength, disregarding the reinforcement’s
contribution. In contrast, the FEM results exhibit a notable increase in trd with
larger reinforcement (¢p24), reaffirming the importance of reinforcement even
under conservative material assumptions. As ocp increases, the FEM curves

maintain their upward trend, while the E2 predictions stay flat and conservative.
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This reflects the Eurocode’s limitation in representing reinforcement efficiency
under design-level constraints and highlights FEM’s ability to better capture

shear behaviour under realistic boundary conditions.

Table 13. tra(ez) and trarem) values with 6 estimations for C40/50 - mean values

Ocp O(p24 Trd(E2) @ Trd(FEM) 0420 Trd(E2) @ Trd(FEM)
(MP2) © (MPa) (MPa) © (MPa) (MPa)
C40/50 - $p24 (mean) C40/50 - $20 (mean)
0.0 29.4 8.06 6.60 24.1 7.03 490
2.5 28.6 8.33 7.70 23.5 7.25 6.05
5.0 27.8 8.59 8.65 22.9 7.46 6.90
7.5 27.1 8.85 9.35 22.3 7.66 7.60
10.0 26.5 9.09 10.00 21.8 7.86 8.25

Mean values - C40/50 - B450C

- -& - trd(E2) @24

Trd (MpaJ

- -& - trd(E2) @20
—&— trd(FEM) @24

—— trd(FEM) ¢20

2.0

0.0
0.0 2.5 5.0 7.5 10.0
o, (MPa)

Graph 19. trde2) and trarEM) comparison for C40/50 — mean values

When the concrete strength class is increased to C40/50, both E2 and FEM
estimations show a clear rise in trd values. However, the FEM results
demonstrate a significantly steeper increase, especially for the ¢§24
reinforcement, surpassing the Eurocode predictions across all prestress levels.
The influence of reinforcement diameter becomes markedly pronounced in the
FEM analysis, whereas the E2 model displays a more uniform growth pattern,

relatively insensitive to reinforcement variation. This behaviour highlights the
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regained efficiency of reinforcement under higher concrete strengths in nonlinear
simulations. The decreasing 6 values further confirm the enhanced internal stress
transfer mechanisms activated under increased axial compression and material
quality, reinforcing the superiority of FEM in capturing realistic shear behaviour

in high-strength concrete panels.

4.2.5. FEM vs fib model comparison

In this section, the nonlinear finite element method (FEM) predictions for shear
resistance are systematically compared with the theoretical values prescribed by
the fib Model Code 2010. The objective is to critically evaluate the accuracy,
conservatism, and consistency of fib-based analytical models—namely Level of
Approximation 1, Level 2a, and Level 2b—in predicting the longitudinal shear
behaviour of prestressed concrete web panels under combined loading. This
comparison provides a complementary perspective to the previously discussed
Eurocode 2 benchmarks and allows for a deeper validation of the FEM outcomes

using more detailed, strain-based code formulations, as introduced in Section 2.3.

The analysis covers a total of eight parametric configurations, varying in concrete
strength (C25/30 and C40/50), reinforcement diameter (¢20 and ¢24), and axial
prestress level (ocp = 0-10 MPa). For each configuration, the shear stress design

values (tra) are calculated based on:

e 1rd(FEM): Shear resistance obtained from nonlinear FEM simulation,
o Trd(loAD, fq(LoAlla) - 4(LoAllb): Shear resistance values calculated using fib
formulations at each LoA,
e trd(E2): Eurocode 2-based shear resistance (for reference).
To ensure consistency in the comparison, all design shear resistance values
obtained from analytical methods (Eurocode 2 and fib Model Code) were
converted into shear stress form (trd) using the effective web width and internal

lever arm:
Vrd




The results are presented in tabular and graphical format, and the comparison
focuses on trend alignment, absolute deviations, and the conservatism margins of
each code-based prediction with respect to the FEM baseline. Particular emphasis
is placed on the ability of LoA2b to capture nonlinear stress redistribution and
axial-prestress sensitivity, thus bridging the gap between simplified code design

and advanced numerical modelling.

Table 14. Overview recall of design equations for different levels of approximation

Concrete Min. compressive Strength reduction
LoA Contribution stress field inclination factor for Vg max
I Vgac=0 cot(0)min = fixed k. = fixed
Ma Vgqc =0 cot(O)min = f(&x) ke = f(&x,6)
b Vgace = flex)  cot(8) = f(ex) ke = f(&x, 0)

Before delving into the detailed comparison results, it is useful to revisit the
fundamental analytical distinctions between the three Levels of Approximation
(LoA) defined in the fib Model Code. The table below summarizes how each level
treats the main parameters influencing shear design, namely the concrete
contribution to shear resistance (Vgq.), the assumed inclination of the
compressive stress field (), and the strength reduction factor (k.) used in

determining the crushing limit Vrg 1nqx-
This structured distinction is particularly important in interpreting the results

that follow, as LoA2b is expected to exhibit better alignment with the FEM

outcomes due to its closer theoretical proximity to nonlinear material behaviour.
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Table 15. Comparison of tra values (Mean values - C25/30 - B450C - ¢24)

Ocp  TralloAD  Tg(loAlla) T 4(LoAl)  x 4(E2)  ,q(FEM)
(MPa)
(MPa) (MPa) (MPa) (MPa) (MPa)
0.0 7.54 7.34 9.17 6.52 6.20
2.5 7.54 7.39 9.24 6.88 7.20
5.0 7.54 7.44 9.31 7.22 8.05
7.5 7.54 7.50 9.37 7.54 8.65
10.0 7.54 7.55 9.44 7.64 8.55
Mean values - C25/30 - B450C - @24
10.0
9.0
= 80 —O—1rd(LoA-I)
% (@, 3 —O—1rd(LoA-IIa)
v 7.0 1rd(LoA-IIb)
o— —O—1rd(E2)
6.0 trd(FEM)
5.0
0.0 2.5 5.0 7.5 10.0

o, (MPa)

Graph 20. Comparison of trd values (Mean values - C25/30 - B450C - p24)

In this configuration, LoA1 predictions remain constant across the entire prestress range,
reflecting the fixed-angle assumption and lack of prestress sensitivity. LoA2a shows a
modest increase with o, while LoA2b demonstrates the highest and most consistent
correlation with the FEM results. The FEM values show a nonlinear increase, especially
after o = 5 MPa, highlighting the growing influence of axial compression on shear
resistance. Compared to Eurocode 2, both LoA2a and LoA2b provide significantly closer
estimations, confirming the added accuracy of strain-based fib formulations in capturing

stress redistribution.
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Table 16. Comparison of tra values (Characteristic values - C25/30 - B450C - ¢24)

Ocp | TraloAD T, 4(LoAlla) v, ,(LoAllb) Tra(E2) Trq(FEM)
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
0.0 5.98 6.09 7.62 5.30 5.40
2.5 5.98 6.14 7.67 5.71 6.40
5.0 5.98 6.18 7.72 6.09 7.10
7.5 5.98 6.22 7.78 6.27 6.75
10.0 5.98 6.26 7.83 6.27 6.40
Characteristic values - C25/30 - B450C - @24
9.0
8.0
= 70 —O—1trd(LoA-I)
£
= —O—1rd(LoA-Ila)
e —————————Sem — — 5 trd(LoA-IIb)
/ —O0—1rd(E2)
5.0 trd(FEM)
4.0
0.0 2.5 5.0 7.5 10.0

o, (MPa)

Graph 21. Comparison of trd values (Characteristic values - C25/30 - B450C - p24)

Compared to the mean values, the characteristic t.q results exhibit a slightly more
conservative profile across all approaches. LoA1 remains constant again, while LoA2a
and especially LoA2b follow the nonlinear growth trend observed in the FEM data. LoA2b
closely tracks the FEM curve, particularly in the o, = 5-10 MPa range, reinforcing its
validity for capturing prestress-sensitive behaviour. Eurocode 2 once again
underestimates the resistance, especially at higher prestress levels, making fib

formulations—especially LoA2b—more reliable for characteristic design evaluation.
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Table 17. Comparison of trda values (Design values - C25/30 - B450C - p24)

Ocp | TraloAD T, 4(LoAlla) v, ,(LoAllb) Tra(E2) Trq(FEM)
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
0.0 4.12 4.58 5.73 3.78 4.55
2.5 4.12 4.61 5.77 4.28 5.20
5.0 4.12 4.64 5.80 4.59 4.80
7.5 4.12 4.67 5.84 4.59 4.75
10.0 4.12 4.71 5.88 3.78 4.65
Design values - C25/30 - B450C - @24
7.0
6.0

5.0 —O—1rd(LoA-I)

<

D-‘ — )

s A /Q/;‘-" ﬁji\ —O=—1rd(LoA-IIa)
& 4.0 g/ \g trd(LoA-IIb)

—O—1rd(E2)

trd(FEM)

2.0
0.0 2.5 5.0 7.5 10.0
0., (MPa)

Graph 22. Comparison of trd values (Design values - C25/30 - B450C - p24)

At the design level, all T4 values decrease due to the application of partial safety factors,
but relative trends remain consistent. LoA2b again aligns most closely with the FEM
predictions, especially between o, = 2.5-7.5 MPa. While LoA1l remains constant and
conservative, it becomes less accurate at higher prestress levels. LoA2a moderately
improves upon LoA1l but still underestimates compared to FEM. Eurocode 2 shows
significant deviation beyond o, = 5 MPa, highlighting the limited adaptability of its fixed-
angle approach under prestress. This confirms LoA2b’s superior accuracy even under

safety-adjusted design conditions.
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Table 18. Comparison of tra values (Mean values -

€25/30 - B450C - ¢20)

Ocp | TraloAD T, 4(LoAlla) v, ,(LoAllb) Tra(E2) Trq(FEM)
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
0.0 5.95 6.02 7.11 5.82 4.60
2.5 6.70 6.06 7.31 6.10 5.60
5.0 6.70 6.11 7.52 6.37 6.40
7.5 6.70 6.16 7.70 6.62 7.10
10.0 6.70 6.20 7.76 6.70 7.35
Mean values - C25/30 - B450C - ¢20
9.0
8.0

4.0

Graph 23. Comparison of trd values (Mean values - C25/30 - B450C - ¢20)

0.0

2.5

—V/ﬁ O
e ) O= —Q
5.0 7.5 10.0
0., (MPa)

—O=—1rd(LoA-I)

—O—1rd(LoA-IIa)
1rd(LoA-IIb)

—O—1rd(E2)
1rd(FEM)

Reducing the reinforcement diameter to ¢20 leads to visibly lower shear resistance in all

approaches, especially in the FEM results, which are more sensitive to reinforcement

ratio than the analytical models. While LoA1 and LoA2a again show limited growth with

increasing o, LoA2b continues to match the nonlinear FEM trend more effectively,

particularly from 5 MPa upward. The discrepancy between Eurocode 2 and FEM becomes

more pronounced under reduced reinforcement, emphasizing the need for strain-

dependent formulations like LoA2b when assessing shear behaviour in lightly reinforced

sections.
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Table 19. Comparison of tra values (Characteristic values - C25/30 - B450C - ¢20)

Ocp | TraloAD T, 4(LoAlla) v, ,(LoAllb) Tra(E2) Trq(FEM)
(MPa)
(MPa) (MPa) (MPa) (MPa) (MPa)
0.0 5.41 5.05 6.31 481 4.00
2.5 5.41 5.08 6.36 5.12 4.95
5.0 5.41 5.12 6.40 5.42 5.70
7.5 5.41 5.16 6.45 5.56 6.05
10.0 5.41 5.20 6.50 5.56 5.80
Characteristic values - C25/30 - B450C - ¢20
7.0
6.0
—- o
- O 7—0’ ﬂQ —O—1rd(LoA-])
% 5.0 V 9 —0 h —O—trd(LoA-IIa)
& trd(LoA-IIb)
—O—1rd(E2)
4.0
trd(FEM)
3.0
0.0 2.5 5.0 7.5 10.0

o, (MPa)

Graph 24. Comparison of trd values (Characteristic values - C25/30 - B450C - ¢20)

Under characteristic loading conditions, the reduction in reinforcement continues to
influence shear capacity across all methods, with FEM showing the strongest sensitivity.
LoA1 and LoAZ2a produce relatively flat or linear trends, while LoA2b again captures the
upward curvature of the FEM results. As in previous cases, Eurocode 2 underestimates
the shear resistance, especially at higher prestress levels. This reinforces the conclusion
that only LoA2b reliably reflects the nonlinear enhancement provided by axial

compression in sections with lower reinforcement ratios.
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Table 20. Comparison of tra values (Design values - C25/30 - B450C - 20)
Ocp | TraloAD T, 4(LoAlla) v, ,(LoAllb) Tra(E2) Trq(FEM)
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
0.0 3.90 3.87 4.84 3.55 3.30
2.5 3.90 3.90 4.87 3.93 4.25
5.0 3.90 3.92 4.90 4.16 4.45
7.5 3.90 3.95 4.94 4.16 4.30
10.0 3.90 3.98 4.98 3.55 4.10
Design values - C25/30 - B450C - ¢20
6.0
5.0

3.0

2.0

Graph 25. Comparison of trda values (Design values - C25/30 - B450C - ¢20)

0.0

2.5

0., (MPa)

7.5

—O—1rd(LoA-I)

—O=—1rd(LoA-Ila)
trd(LoA-IIb)

—O—1rd(E2)
trd(FEM)

At the design level with reduced reinforcement, all trd values drop further due to

safety factors, but the influence of prestress remains evident. FEM values continue

to rise with ocp, while LoA1 and LoAZ2a either plateau or slightly increase. LoA2b

again follows the FEM trend most closely, especially between 2.5-7.5 MPa. The

divergence between Eurocode 2 and FEM becomes more critical in this case,

showing that EC2’s fixed-angle method may not provide sufficient reliability for

design in lightly reinforced, prestressed panels. LoA2b stands out as the most

consistent and accurate across the entire range.
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Table 21. Comparison of trda values (Mean values - C40/50 - B450C - ¢24)

Ocp | TraloAD T 4(loAlla) T, 4(LoAllb) 4(E2) Trq(FEM)
(MPa)
(MPa) (MPa) (MPa) (MPa) (MPa)
0.0 8.57 8.70 9.75 8.06 6.60
2.5 9.71 8.77 10.01 8.33 7.70
5.0 9.71 8.83 10.28 8.59 8.65
7.5 9.71 8.90 10.57 8.85 9.35
10.0 9.71 8.97 10.90 9.09 10.00
Mean values - C40/50 - B450C - @24
12.0
11.0
10.0
- —O O —O=—1rd(LoA-I)
W
E; 9.0 / — —O=—1rd(LoA-Ila)
e O_/_o./’e' trd(LoA-IIb)
8.0 —O—1rd(E2)
70 trd(FEM)
6.0
0.0 2.5 5.0 7.5 10.0

o, (MPa)

Graph 26. Comparison of trda values (Mean values - C40/50 - B450C - p24)

With higher concrete strength, all methods predict increased shear capacity;
however, the growth trend differs. LoA1 shows a step increase due to fixed input
parameters, while LoA2a captures modest strain effects. LoA2b continues to
exhibit the best alignment with FEM results, especially at higher ocp levels. FEM
shows a steep and nonlinear increase in trd, benefiting from both axial prestress
and improved material performance. Eurocode 2 again underpredicts the shear
strength, indicating limited sensitivity to material upgrades. This case
demonstrates how LoA2b adapts more effectively to strength-driven gains in

shear resistance.
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Table 22. Comparison of trda values (Mean values — C40/50 - B450C - ¢20)

Ocp  TraloAD | T 4(LoAlla) g, 4(LoAllb)  ,,(E2) Trqa(FEM)
(MPa)
(MPa) (MPa) (MPa) (MPa) (MPa)
0.0 5.95 7.02 7.53 7.03 490
2.5 7.70 7.08 7.76 7.25 6.05
5.0 7.70 7.13 8.01 7.46 6.90
7.5 7.70 7.19 8.28 7.66 7.60
10.0 7.70 7.25 8.59 7.86 8.25
Mean values - C40/50 - B450C - ¢20
9.0
8.0
() )
=70 —O—1rd(LoA-])
% —O—1rd(LoA-Ila)
F 6.0 trd(LoA-IIb)
—O—1rd(E2)
5.0 trd(FEM)
4.0
0.0 2.5 5.0 7.5 10.0
o, (MPa)

Graph 27. Comparison of trda values (Mean values - C40/50 - B450C - ¢20)

In this final configuration combining high concrete strength with reduced
reinforcement, the divergence between FEM and code-based predictions
becomes even more pronounced. The FEM results show a sharp nonlinear
increase in trd with rising ocp, reflecting enhanced confinement and stress transfer
capabilities in high-strength concrete. LoA1 and LoA2a show more restrained
growth, while LoA2b again provides the closest approximation—particularly
from 5 MPa onward. Eurocode 2 remains significantly below the FEM results,
especially under high prestress, underscoring its limited capacity to reflect real
material behaviour in such configurations. LoA2b emerges as the only fib model

adequately capturing both prestress and material class effects.
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The comparative analysis between FEM-based shear resistance and fib Model
Code predictions reveals a clear trend across all configurations. While LoA1 and
LoA2a offer conservative and simplified estimates, their ability to reflect
prestress effects and reinforcement variations remains limited. In contrast,
LoA2b consistently shows strong alignment with FEM results, especially under
increasing axial compression and higher concrete strength. The inclusion of
strain-dependent formulations and concrete contribution in LoA2b enables it to
replicate the nonlinear behaviour observed in simulations more accurately.
Overall, among the fib approximations, LoAZb emerges as the most reliable
approach for predicting shear resistance in prestressed concrete panels, closely

approximating the detailed insights provided by advanced nonlinear FEM.

4.3. Moment Resistance Results

In this section, the moment capacities of selected specimens are compared using
two different methods: Eurocode 2-based analytical formulation and nonlinear
finite element analysis (FEM) results obtained from ATENA. The design moment

resistance was calculated using the simplified expression:

Myqg=09-d- fq-As

where:

e d is the effective depth,

e fya is the design yield strength of reinforcement,

e A is the cross-sectional area of tensile reinforcement.
This simplified expression assumes that the bending failure is governed by
reinforcement yielding and that the internal lever arm is approximately 0.9 - d. It
is a common approximation used for singly reinforced, ductile sections,

particularly when axial effects are negligible.

A total of eight different configurations were evaluated, each differing in terms of

safety assumptions (mean, characteristic, design), reinforcement ratio (20 and
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$24), and concrete class (C25/30 and C40/50). The results are summarized in
the following table and bar chart:
e Analyses 1-3 represent the same section under varying material safety
assumptions.
e Analyses 4-6 investigate the effect of reinforcement reduction with again
under varying material safety assumptions.
e Analyses 7-8 reflect an increase in concrete strength and hardening

coefficient k=1.15

The results indicate that the simplified analytical method (Eurocode-based)
yields conservative predictions in most cases, especially under mean and
characteristic assumptions. However, in configurations with increased concrete
strength and steel hardening (Analyses 7 and 8), FEM predictions exceed the
analytical estimates, highlighting the limitations of simplified methods in
capturing material nonlinearity and redistribution effects.

Although some deviations exist—up to +12-19%—the general agreement
between the methods confirms the validity of using the simplified expression for

preliminary design and comparative evaluation.

M, ,(FEM) — M, ;(E2)
Relative Error (%) = x 100
(%) M, 4(E2)

Table 23. Comparison of moment resistance —Mra(E2) - Mra(FEM)— values.

No. | Safety fac. Concrete @ Steel (n?r)n) ?:;i(/]ﬁ; l‘g:;‘nfji“;) Erol/;or
1 mean C25/30  B450C 24 441.37 412.00 7%
2  char. C25/30  B450C 24 401.25 368.00 -8%
3 | design C25/30  B450C 24 34891 308.00  -12%
4 mean C25/30  B450C 20 306.51 308.00 0%
5 | char. C25/30  B450C 20 278.64 268.00 -4%
6 design C25/30  B450C 20 242.30 220.00 -9%
7  mean C40/50  B450C 24 441.37 496.00 12%
8 mean C40/50  B450C 20 306.51 364.00 19%
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Graph 28. Comparison of moment resistance —Mi4(E2) - Mra(FEM)— values.

In most configurations, the moment capacity calculated using Eurocode 2 slightly
overestimates the FEM-based value due to the simplifications involved in the
analytical formula. However, in Analyses 7 and 8, where the reinforcement
hardening parameter k is increased to 1.15 (reflecting the use of higher-grade
concrete C40/50), the FEM results surpass the Eurocode estimations. This
discrepancy can be attributed to the fact that Eurocode assumes an elastic-
perfectly plastic behavior for reinforcement, ignoring any strain-hardening
effects. In contrast, ATENA incorporates post-yield behaviour based on the
defined k-factor, allowing the reinforcement to carry additional stress beyond the
yield point, which results in a higher moment resistance. This highlights the
sensitivity of moment capacity to material modelling assumptions in non-linear

finite element analysis.
This confirms that simplified code-based formulas may underestimate the

capacity when advanced material models with hardening behaviour are

considered.
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4.4, Shear - Moment Interaction Curves

To examine the interaction between shear and bending moment, a total of 8
nonlinear analyses were performed using various configurations of concrete
strength, reinforcement diameter, and material safety assumptions. For each
configuration, a pair of moment and shear resistance values (Mrd and Vrda were
first calculated individually. Then, interaction domain analyses were conducted
by applying combinations of shear and moment in inverse proportional
increments—gradually reducing the shear load while increasing the applied

moment, keeping the axial prestress constant in each simulation.

In all simulations, applied loads were represented in a dimensionless form by
normalizing with respect to their respective resistance values. That is, moment

and shear values were plotted using the ratios:

M, Vo
Mrd Vrd

which are numerically equivalent to the dimensionless moment (i) and shear (t)

values, since:

M, Ho Vo To

M rd Hra Vrd Trd

As aresult, the interaction diagrams naturally take a dimensionless form, allowing
different material and reinforcement configurations to be compared on a common

basis.
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4.4.1. Domain - C25/30 - B450C - $24 - Mean Values

Table 24. M - V interaction domain curve for prestressing level o.p=2.5MPa (mean values - ¢24)

Vra M:q Vo M, Mean Values - o, = 2.5 MPa
(kN/m) (kNm/m) Vrd Mrd

2880 0 1.00 : 0.00

6,,= 2.5 MPa
2600 108 090 0.26 p

2300 172 0.80 042
2020 232070 056
1720 280 0.60  0.68
1440 324 050 0.79
1160 364 040 0.8
860 392 030 095 00 02 04 06 08 10
580 404 020 098 T/t

0 412 0.00  1.00

mU/mrd
CLLoLoooooor
OFRrNWHARUIONI 0 OO

Graph 29. M - V interaction domain curve for prestressing level o.p=2.5MPa (mean values - ¢p24)

Atlow prestress, moment capacity remains limited while shear plays a significant

role in failure.

Table 25. M - V interaction domain curve for prestressing level ocp=5.0MPa (mean values - ¢p24)

Vrd Mrd VO MO
(N/m) | (Nm/m) Yy o M,q

Mean Values - o, = 5.0 MPa

3220 0 100 0.00
2900 104 090 025
2580 164 0.80 0.40
2260 224 070 0.54
1940 284 0.60  0.69
1620 332 050 0.81
1280 368 040 0.89
960 392 030 0.95 00 02 04 06 08 10
640 408 020  0.99 To/Tra

0 412 0.00 1.00

0., =5.0MPa

m()/mrd
et et e e v
OSRLrNWHARUIOAN 0 OO

Graph 30. M - V interaction domain curve for prestressing level o.p=5.0MPa (mean values - $p24)

Prestress contributes to increased moment capacity, shifting the domain slightly

upward.



Table 26. M - V interaction domain curve for prestressing level ocp=7.5MPa (mean values - ¢p24)

Vrd \Y VO MO
(kN/m) | (KNm/m) Vg M,q

Mean Values - o, = 7.5 MPa

3460 0 1.00 0.00
3120 104 090 025
2760 180  0.80 0.44
2420 240 070 0.58
2080 288 0.60 0.70
1740 328 050 0.80
1380 368 0.40 0.89
1040 392 030 095 00 02 04 06 08 10
700 408 0.20 0.99 To/Tug

0 412 0.0 1.00

0,,=7.5MPa

m()/mrd
et et e e v
ORPrNWHRUIAANO OO

Graph 31. M - V interaction domain curve for prestressing level oc,=7.5 MPa (mean values - $24)

Interaction curve becomes noticeably more rounded as prestress enhances

overall resistance.

Table 27. M - V interaction domain curve for prestressing level ocp=10.0MPa (mean values - $p24)

Vrd Mrd VO MO
(kN/m) (Nm/m) Yy M, q

Mean Values - o, = 10.0 MPa

3420 0 1.00 0.00
3080 140 090 0.34
2740 196 080 0.48
2400 244 070 0.59
2060 288 0.60 0.70
1720 336 0.50 0.82
1360 376 0.40 0.91
1020 396 030 096 00 02 04 06 08 10
680 408 020 0.9 To/Tug

0 412 0.00 100

0., =10.0 MPa

mO/mrd
CoLoLLLoooo
ORNWARUIOANI®WOO

Graph 32. M - V interaction domain curve for prestressing level ocp=10.0MPa (mean values - ¢$24)

Highest prestress level leads to improved moment performance under low shear

conditions.
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Graph 33. M-V interaction domain comparison for all prestressing levels. (mean values - C25 - $24)

As prestressing increases from 2.5 MPa to 10 MPa, the interaction domain exhibits
a clear and progressive expansion. At low prestress (2.5 MPa), the panel displays
a relatively balanced but limited capacity, with shear effects playing a dominant
role especially at higher shear levels. When the prestress increases to 5 MPa, the
domain begins to shift upward, indicating enhanced moment capacity,
particularly in scenarios where shear demand is low. At 7.5 MPa, the effect of
prestressing becomes more visible in terms of curvature, as the domain gradually
becomes more rounded showing that the panel starts to behave more ductile
under combined actions. Finally, at 10 MPa, the interaction domain reaches its
widest form, where the moment resistance under reduced shear levels
significantly improves. This confirms that axial compression not only delays
cracking but also allows the panel to redistribute stresses more efficiently.
Overall, in this configuration (C25/30, $24, mean values), prestress clearly
contributes to improving the global performance by enhancing moment

resistance without severely compromising shear behaviour.
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4.4.2. Domain - C25/30 - B450C - ¢$24 - Characteristic Values

Table 28. M - V interaction domain curve for prestressing level op=2.5MPa (characteristic values - ¢24)

Vra M:q & Mo Characteristic Values - o, = 2.5 MPa
(N/m)  (Nm/m) Y Mg
2560 0 1.00 : 0.00
0.,= 2.5 MPa
2300 80 0.90 : 0.22 P

2040 144 0.80  0.39
1800 188 0.70 ¢ 0.51
1540 236 0.60  0.64
1280 280 0.50 | 0.76
1020 312 0.40 0.85

760 336 0.30  0.91

mO/mrd
CoooooooooR
SR NWHRUIAANOOO

00 02 04 06 08 1.0
520 352 020 0.96 To/Tug

0 368 0.00 { 1.00

Graph 34. M - V interaction domain curve for prestressing level o.p=2.5MPa (characteristic values - ¢24)

Lower material strengths result in reduced capacity in both moment and shear.

Table 29. M - V interaction domain curve for prestressing level ocp=5.0MPa (characteristic values - ¢p24)

Vra M:q Vo Mo Characteristic Values - 6., = 5.0 MPa
(kN/m) : (kNm/m) Via M,q4

2840 0 1.00 0.00

2560 88 090 0.24 0., = 5.0 MPa

2280 144 0.80 0.39

1980 204 0.70 0.55

1700 244 0.60 | 0.66

mU/mId
et et e v
ORP,NWAUIAAN0O OO

1420 284 050 0.77

1140 316  0.40 0.86

860 340 030 092 00 02 04 06 08 10
560 356  0.20 0.97 To/Tra

0 368 0.00 | 1.00

Graph 35. M - V interaction domain curve for prestressing level ocp=5.0MPa (characteristic values - ¢24)

Prestress improves moment behaviour slightly, but interaction remains limited.



Table 30. M - V interaction domain curve for prestressing level ocp=7.5MPa (characteristic values - ¢24)

Via M:q Vo Mo Characteristic Values - o, = 7.5 MPa
GN/m)  (Nm/m) Y M4

2700 0 1.00 ¢ 0.00

6,,= 7.5 MPa
2440 136  0.90 | 0.37 p

2160 184 080 050
1900 220 0.70  0.60
1620 256 0.60 0.70
1360 296 0.50  0.80
1080 332 0.40 0.90
820 348 030 095 00 02 04 06 08 10
540 356 020 097 /T

0 368 0.00 1.00

m()/mrd
Cooooooooom
OCRPNWHAUIAAI 0 OO

Graph 36. M - V interaction domain curve for prestressing level ocp=7.5MPa (characteristic values - ¢24)

Notable increase in moment resistance, though the curve still remains below

mean-value results.

Table 31 M - V interaction domain curve for prestressing level ocp=10.0MPa (characteristic values - ¢p24)

Via M:q & M, Characteristic Values - 6., = 10.0 MPa
(kN/m) | (kNm/m) Vg M,q

2560 0 1.00 0.00
2300 168 0.90 0.46
2040 200 0.80 0.54
1800 228 0.70  0.62
1540 272 0.60  0.74
1280 316 050  0.86
1020 340 0.40 0.92
760 352, 030 096 00 02 04 06 08 10
520 360 0.20 0.98 To/Tog

0 368 0.00 1.00

0., =10.0 MPa

mU/mId
Cooooo0o0o0o00o R
ORL,NWAUIAANNO OO

Graph 37. M - V interaction domain curve for prestressing level ocp=10.0MPa (characteristic values - ¢24)

Curve becomes more stable, indicating increased crack control with high

prestress.
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Graph 38. M-V interaction domain comparison for all prestressing levels. (characteristic values - C25 - ¢$24)

In the case of characteristic material values, the interaction domains retain the
same general shape but appear narrower and more conservative compared to the
mean value simulations. The initial case with 2.5 MPa prestress shows that the
panel performs adequately, though the capacity is reduced due to lower
characteristic strengths. With increased prestressing (5 MPa and 7.5 MPa), the
interaction domain gradually expands, but the rate of increase is slower than in
the mean scenario. At 10 MPa, the domain stabilizes at a higher level, indicating a
modest gain in moment capacity, yet it remains consistently below the mean-
value counterpart. The shear resistance seems relatively unaffected by the change
in material strength, reinforcing the idea that moment is more sensitive to
prestress and reinforcement assumptions. This set of results highlights the
conservative nature of characteristic design and emphasizes the importance of

accurate material evaluation in assessing ultimate capacity.
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4.4.3. Domain - C25/30 - B450C - $24 - Design Values

Table 32. M - V interaction domain curve for prestressing level o.p=2.5MPa (design values - $24)

Vra M:q Vo M, Design Values - o, = 2.5 MPa
(N/m) | (Nm/m) Yy M, 4
2080 0 1.00 0.00
6., = 2.5 MPa
1880 80 0.90 0.26 P

1660 128 0.80  0.42
1460 172 0.70 | 0.56
1240 204 0.60 . 0.66
1040 232 0.50 ;| 0.75
840 260 040 : 0.84
620 284 0.30 0.92

mU/mrd
Cooooooo0oor
ORPNWHAUIOAN 0 OO

00 02 04 06 08 1.0
420 300 020 097 To/Tug

0 308 0.00 { 1.00

Graph 39. M - V interaction domain curve for prestressing level o.,=2.5MPa (design values - $24)

Design strengths heavily limit capacity, with shear failure governing behaviour.

Table 33. M - V interaction domain curve for prestressing level ocp=5.0MPa (design values - $24)

Vra M:q Vo Mo Design Values - o, = 5.0 MPa
(N/m)  (RNm/m) Y M,q

1920 0 1.00 0.00
1720 144 090 0.47
1540 172 0.80 0.56
1340 200 0.70 0.65
1160 224 0.60 0.73
960 252 050  0.82
760 280 0.40 0.1
580 296 030 096 00 02 04 06 08 10
380 304 020 0.99 To/Tog

0 308 0.00 1.00

0., =5.0MPa

mU/mId
oo om
OFRLrNWHRUIAAIO OO

Graph 40 M - V interaction domain curve for prestressing level o.,=5.0MPa (design values - p24)

Moment capacity remains weak; prestress has minor impact due to material

conservatism.



Table 34. M - V interaction domain curve for prestressing level ocp=7.5MPa (design values - $24)

Vra M:a Vo Mo Design Values - o, = 7.5 MPa
(kN/m) | (kNm/m) Viq M,q4
1900 0 1.00 0.00
O, = 7.5 MPa
1720 140 0.90 0.45 P
1.0
1520 168 0.80 0.55 0.9
0.8
1340 188 0.70 0.61 0.7
= 0.6
1140 228 0.60 0.74 E 0.5
= 0.4
960 260 050  0.84 g 03
760 288 0.40 0.94 8%
0.0
580 296 0.30 0.96 00 02 04 06 08 1.0
380 304 0.20 0.99 To/Tra
0 308 0.00 1.00
Graph 41. M - V interaction domain curve for prestressing level ocp=7.5Mpa (design values - ¢24)

Slight improvement in moment, but still below characteristic domain.

Table 35. M - V interaction domain curve for prestressing level o.p=10.0MPa (design values — $24)

Vra M:q Vo M Design Values - o, = 10.0 MPa
(N/m)  (Nm/m) Yo Mg
1860 0 1.00 : 0.00
1680 120 090 0.39 O =100 MPa
1480 144 0.80 i 047 ég
1300 192 0.70 ¢ 0.62 - 8?
1120 232 060 075 Ege
940 264 050 086 = 04
740 288 0.40 . 0.94 8%
560 300 0.30 0.7 Y00 02 0s 06 on 10
380 304 0.20 ¢ 0.99 To/Tpq
0 308 0.00 : 1.00
Graph 42. M - V interaction domain curve for prestressing level ocp=10.0MPa (design values - ¢p24)

Prestress contributes minimally; overall curve is highly restricted.
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Graph 43. M-V interaction domain comparison for all prestressing levels. (design values - C25 - $24)

When design values are used, the interaction domains become the most
restrictive among all material configurations. At 2.5 MPa prestress, the panel
shows limited performance, with failure dominated by shear even at low moment
levels. As prestress increases (5-10 MPa), the domain grows slightly, but the
increase in moment resistance is marginal due to the very conservative material
parameters (fcd , fyd). Shear capacity appears to govern most of the combined
failure modes, indicating that increasing prestress alone is not sufficient to offset
the strength reduction imposed by design safety factors. This leads to an
interaction domain with sharp corners and steep edges, representing a brittle
behaviour with little room for redistribution. These simulations demonstrate how
design-level assumptions, while safe, may significantly underestimate the
available capacity—especially for members subjected to combined actions.
Nonetheless, the methodology remains consistent and provides a valuable

envelope for limit state design verifications.
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4.4.4. Domain - C25/30 - B450C - $20 - Mean Values

Table 36. M - V interaction domain curve for prestressing level ocp=2.5MPa (mean values - ¢$20)

Vra M:q Vo M, Mean Values - o, = 2.5 MPa
(kN/m) (kNm/m) Vrd Mrd
2240 0 1.00 0.00
o,,= 2.5 MPa
2020 84 0.90 0.27 P

1800 132 0.80  0.43
1560 172 0.70 | 0.56
1340 216 0.60 0.70
1120 252 0.50 | 0.82
900 276 0.40 : 0.90
680 296 0.30 . 0.96

my/m,g
coooocooooor
ORNWHRUIOANO OO

00 02 04 06 08 1.0
440 304 020 0.99 T/ T

0 308 0.00 { 1.00

Graph 44. M - V interaction domain curve for prestressing level o.p=2.5MPa (mean values - ¢$p20)

Lower reinforcement ratio limits moment capacity, mostly at higher shear levels.

Table 37. M - V interaction domain curve for prestressing level ocp=5.0MPa (mean values - $20)

Via M:q Vo Mo Mean Values - o, = 5.0 MPa
(N/m) | (Nm/m) =y o M,q
2560 0 1.00 ¢ 0.00
o.,= 5.0 MPa
2300 80 090  0.26 P

2040 | 136 | 0.80 0.44
1800 176  0.70 0.57
1540 220 060 0.71
1280 | 252 050 0.82
1020 284 040 092
760 296 030 0.96 00 02 04 06 08 10
520 | 304 020 0.99 T/ Tug

0 308 000 1.00

my/m,
coooocooooop
ORLPNWHRUIAANIO OO

Graph 45. M - V interaction domain curve for prestressing level o.p=5.0MPa (mean values - $20)

Prestress slightly improves moment resistance, but the influence is less than with

$24.



Table 38. M - V interaction domain curve for prestressing level ocp=7.5MPa (mean values — ¢$20)

Vra M:q Vo Mo Mean Values - o, = 7.5 MPa
(N/m) | (Nm/m) Y Mg

2840 0 1.00 0.00

2560 76 090 0.25 Ocp=7->MPa

2280 136 0.80  0.44 38

1980 188  0.70  0.61 B 85

1700 224  0.60 0.73 EO

£

1420 256 050 0.83
1140 280 0.40 091
860 296 030 0.96 00 02 04 06 08 10
560 304 020 0.9 /T

0 308 0.00  1.00

COLLOOO-
oRrNMwr LI

Graph 46. M - V interaction domain curve for prestressing level ocp=7.5MPa (mean values - ¢$20)

Domain curvature increases: panel begins to exhibit improved ductility.

Table 39. M - V interaction domain curve for prestressing level ocp=10.0MPa (mean values - $p20)

Vra M:q Vo Mo Mean Values - o, = 10.0 MPa
(N/m)  (RNm/m) |y M,q

2940 0 100 0.0
2640 | 104 090 0.34
2360 148 0.80 048
2060 192 070 0.62
1760 | 224 060 0.73
1480 260 050 0.84
1180 284 040 0.92
880 | 296 030 0.96 00 02 04 06 08 10
580 304 020 0.99 o/ T

0 308 000 1.00

0., =10.0 MPa

my/m,g
e i i e
ORLPNWHRUIAANI O OO

Graph 47. M - V interaction domain curve for prestressing level ocp=10.0MPa (mean values - ¢$20)

Prestressing compensates for reduced reinforcement to some extent, enhancing

moment.
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Graph 48. M-V interaction domain comparison for all prestressing levels. (mean values - C25 - ¢$20)

The results clearly reflect the influence of reinforcement ratio on interaction
behavior. Compared to ¢$24, the domain is narrower across all prestress levels.
While increasing axial compression improves moment capacity, the thinner bars
result in cracking earlier and lower overall strength. The domain expansion from
2.5 MPa to 10 MPa is consistent, though more modest than in the higher
reinforcement case. These results highlight that reinforcement ratio plays a more

dominant role than prestress when both moment and shear act together.
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4.4.5. Domain - C25/30 - B450C - ¢$20 - Characteristic Values

Table 40. M - V interaction domain curve for prestressing level ocp=2.5MPa (characteristic values - ¢$20)

Vra M:q & Mo Characteristic Values - o, = 2.5 MPa
(N/m)  (Nm/m) Y Mg
1980 0 1.00 : 0.00
0.,= 2.5 MPa
1780 64 0.90 . 0.24 p

1580 104 080 0.39
1380 144 070 0.54
1180 184 0.60 0.69
1000 212 050  0.79
800 236 0.40 0.88
600 252 030 094 00 02 04 06 08 10
400 264 020  0.99 To/Tog

0 268 0.00 1.00

mgy/m,q
SO0
ORLrNWHRUIOANO OO

Graph 49. M - V interaction domain curve for prestressing level o.p=2.5Mpa (characteristic values — $20)

Panel fails early due to low reinforcement and reduced material strengths.

Table 41. M - V interaction domain curve for prestressing level ocp=5.0MPa (characteristic values — $20)

Via M:q Vo Mo Characteristic Values - o, = 5.0 MPa
(N/m) | (Nm/m) =y o M,q
2280 0 1.00 ¢ 0.00
0.,= 5.0 MPa
2060 60 090  0.22 P

1820 108 0.80  0.40
1600 152 070 057
1360 188 0.60  0.70
1140 216 050 081
920 240 040 090
680 | 256 0.30 0.96 00 02 04 06 08 10
460 264 020 099 T/ T

0 268 000 1.00

my/m,
e
ORLrNWHRUIOAIO OO

Graph 50. M - V interaction domain curve for prestressing level o.p=5.0MPa (characteristic values - ¢$20)

Prestress effect becomes visible, but interaction remains significantly limited.



Table 42. M - V interaction domain curve for prestressing level ocp=7.5MPa (characteristic values - ¢$20)

Via M:q Vo Mo Characteristic Values - o, = 7.5 MPa
(N/m) | (Nm/m) Y M, q

2420 0 1.00 0.00

2180 84 090 031 Op=7.5MPa

1940 120 0.80 | 0.45
1700 160 0.70 . 0.60

1460 188  0.60 0.70
1220 220 050 0.82
960 244 040 091
720 256 030 0.96 02 04 06 08 10
480 264 020 0.99 To/Tug

0 268 0.00 1.00

mg/m, g
OO0 oo
ORLrNWHARUIAANN O OO

©
o

Graph 51. M - V interaction domain curve for prestressing level ocp=7.5MPa (characteristic values - ¢20)

Slight upward shift in moment capacity with increased axial compression.

Table 43. M - V interaction domain curve for prestressing level ocp=10.0MPa (characteristic values — ¢$20)

Via M:q & M, Characteristic Values - 6., = 10.0 MPa
(kN/m) | (kNm/m) Vg M,q

2320 0 1.00 0.0
2080 112 090 042
1860 140 080 0.52
1620 168 070 0.63
1400 196 060 0.73
1160 | 232 050 0.87
920 248 040 093
700 260 0.30) 097 00 02 04 06 08 10
460 | 264 020 099 T/ T

0 268 0.00 1.00

0., =10.0 MPa

m,/m,,
i i et el
OFRLRNWHARUIONTID OO

Graph 52. M - V interaction domain curve for prestressing level ocp=10.0MPa (characteristic values - ¢$20)

Shear still governs failure; moment improvement is marginal.
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Graph 53. M-V interaction domain comparison for all prestressing levels. (characteristic values - C25 - ¢$20)

Compared to the mean case, the interaction domains are compressed and flatter.
The characteristic material assumptions combined with the lower reinforcement
result in limited gains from prestressing. Moment resistance stays low, and most
curves show steep drops in capacity once shear is introduced. Nonetheless, the
trend across prestress levels is still consistent. This scenario represents a more

conservative estimate, aligning with expected characteristic-level safety margins.
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4.4.6. Domain - C25/30 - B450C - $20 - Design Values

Table 44. M - V interaction domain curve for prestressing level ocp=2.5MPa (design values — ¢20)

Vra M:q Vo M, Design Values - o, = 2.5 MPa
(N/m)  (kNm/m) V7 M, 4
1700 0 1.00 : 0.00
o.,=2.5MPa
1540 44 0.90 : 0.20 P
1.0
1360 84 0.80 . 0.38 0.9
0.8
1200 116 0.70  0.53 0.7
- 0.6
1020 152 0.60 0.69 E o5
= 0.4
860 172 050 0.78 B 03
0.2
680 192 0.40 . 0.87 0.1
0.0
520 208 0.30 0.95 00 02 04 06 08 10
340 216 0.20 . 0.98 To/Tpq
0 220 0.00 ¢ 1.00
Graph 54. M - V interaction domain curve for prestressing level o.,=2.5MPa (design values - $20)

Failure is shear-dominated with very low moment capacity.

Table 45. M - V interaction domain curve for prestressing level ocp=5.0MPa (design values - ¢20)

Vra M:a Vo Mo Design Values - o, = 5.0 MPa
(kN/m) | GNm/m) Y Mg
1780 0 1.00 0.00
1600 56 090 0.25 Op=>0MPa
1420 112 080 051 09
1240 140 070 0.64 B 07
1060 | 164 060 0.75 Eos
900 184 0.50  0.84 = 04
720 204 040 093 o1
540 212 030 0.96 P00 02 04 0 0s 10
360 216 020  0.98 To/Tr
0 220 0.00 1.00

Graph. 55. M - Vinteraction domain curve for prestressing level ocp=5.0MPa (design values - $20)

Prestress effect is almost negligible under design assumptions.




Table. 46. M - V interaction domain curve for prestressing level ocp=7.5MPa (design values - ¢$20)

Vra M:a Vo Mo Design Values - o, = 7.5 MPa
(N/m) | (Nm/m) Y Mg
1720 0 1.00 0.00
0.,= 7.5 MPa
1540 96 090 : 0.44 P
1.0
1380 116 0.80 0.53 0.9
0.8
1200 136 0.70 | 0.62 07
1040 168 0.60 : 0.76 E
£

860 1927 050 0.87
680 208 040 095
520 212 030 096 00 02 04 06 08 10
340 216 020 098 To/Tug

0 220 0.00  1.00

COLLOOO-
oRrNMwr LI

Graph 56. M - V interaction domain curve for prestressing level ocp=7.5MPa (design values - ¢20)

Slight increase in curve area, but brittle behaviour remains.

Table 47. M - V interaction domain curve for prestressing level o.p=10.0MPa (design values - ¢$20)

Via M:q Vo Mo Design Values - o, = 10.0 MPa
(N/m) | (Nm/m) =y M,q
1640 0 1.00 : 0.00
o.,=10.0 MPa
1480 92 0.90 . 0.42 p

1320 100 0.80 045
1140 132 070 0.60
980 | 164 0.60 0.75
820 192 050 087
660 | 204 040 093
5001 212} 030 096 00 02 04 06 08 10
320 216 020 0098 o/ T

0 220 000 1.00

my/m,g
e i i e
ORLPNWHRUIAANI O OO

Graph 57. M - V interaction domain curve for prestressing level ocp=10.0MPa (design values - ¢$20)

Domain reaches maximum extent, yet still significantly limited.
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Graph 58. M-V interaction domain comparison for all prestressing levels. (design values - C25 - $20)

This is the most restricted set of results among all $20 configurations.
Prestressing has very limited influence, and the combination of conservative
design values and reduced reinforcement produces sharp, brittle interaction
domains. Cracking occurs early, and redistribution is minimal. While this yields
safe design envelopes, it also shows that design-based predictions may
significantly underestimate real capacity, especially under biaxial stress

conditions.
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4.4.7. Domain - C40/50 - B450C - $24 - Mean Values

Table 48. M - V interaction domain curve for prestressing level ocp=2.5MPa (mean values - ¢24 - C40)

Vra M:q Vo M, Mean Values - o, = 2.5 MPa
(kN/m) (kNm/m) Vrd Mrd

3080 0 1.00 : 0.00

o,,= 2.5 MPa
2780 116 090 023 P

2460 192 0.80 0.39
2160 248 0.70  0.50
1840 312 0.60 0.63
1540 360 050 0.73
1240 396  0.40 0.80
920 420 0.30 | 085 00 02 04 06 08 10
620 432 020 087 /T

0 496 0.00 1.00

m,/m,y
e i et
ORNWHRUIOANIO OO

Graph 59. M - V interaction domain curve for prestressing level o.p=2.5MPa (mean values - ¢24 - C40)

Higher concrete strength slightly enhances shear performance under low

prestress.

Table 49. M - V interaction domain curve for prestressing level o.p=5.0MPa (mean values - ¢24 - C40)

Via M:q Vo Mo Mean Values - o, = 5.0 MPa
(kN/m) (kNm/m) Vl'd Ml‘d
3460 0 1.00 ¢ 0.00
0.,= 5.0 MPa
3120 104 0.90 . 0.21 p
1.0
2760 192 0.80  0.39 0.9
0.8
2420 264 0.70  0.53 07
2080 304 0.60  0.61 g
£

1740 360 050  0.73
1380 400 040 0.81
1040 424 030 085 00 02 04 06 08 10
700 444 020  0.90 To/Tra

0 496  0.00 1.00

COLOo0 o«
oRibwaLIO

Graph 60. M - V interaction domain curve for prestressing level ocp=5.0MPa (mean values - ¢24 - C40)

Moment resistance begins to improve significantly, domain area expands.



Table 50. M - V interaction domain curve for prestressing level ocp=7.5MPa (mean values - ¢24 - C40)

Vra M:q Vo Mo Mean Values - o, = 7.5 MPa
(kN/m) (kNm/m) Vrd Mrd
3740 0 1.00 0.00
6,,= 7.5 MPa
3360 124 0.90 0.25 P
1.0
3000 184 0.80 0.37 0.9
0.8
2620 252 0.70 0.51 L 0.7
2240 316 0.60 0.64 é
£

1880 372 050 0.75
1500 404 040 081
1120 424 030 085 00 02 04 06 08 10
740 468 020 0.94 To/ T

0 496  0.00 1.00

Sooo000:
ORNWHUTIOD

Graph 61. M - V interaction domain curve for prestressing level ocp=7.5MPa (mean values - $24 - C40)

Prestressing effectively increases ductility and moment-shear synergy.

Table 51. M - V interaction domain curve for prestressing level ocp=10.0MPa (mean values — $p24 — C40)

Vra M:q Vo Mo Mean Values - o, = 10.0 MPa
(N/m)  (RNm/m) |y M,q

4000 0 1.00 0.00
3600 120 090 0.24
3200 192 0.80  0.39
2800 268 0.70 0.54
2400 324 0.60 0.65
2000 376 050 0.76
1600 404 040 0.81
1200 428 0.30 0.86 0.0 0.2 0.4 0.6 0.8 1.0
800 456  0.20  0.92 To/To
0 496 0.00 1.00

0., =10.0 MPa

mg/m,y
cocococoocooor
ORLRNWHRUIAANTID VWO

Graph 62. M - V interaction domain curve for prestressing level ocp=10.0MPa (mean values - ¢$24 - C40)

Panel reaches maximum performance with enhanced interaction capacity.
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Graph 63. M-V interaction domain comparison for all prestressing levels. (mean values — C40 - $24)

In comparison to C25/30 results, this set displays superior capacity under all
prestress levels. The higher-grade concrete allows greater moment development
without early shear cracking, especially when coupled with increased prestress.
While the general shape of the interaction domain is similar to previous analyses,
its overall size is larger and more rounded. This reflects both the strength gain
from the concrete and the increased ductility enabled by prestressing. The $24
reinforcement further complements this, resulting in the most efficient

interaction among all tested configurations.
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4.4.8. Domain - C40/50 - B450C - $24 - Mean Values

Table 52. M - V interaction domain curve for prestressing level ocp=2.5MPa (mean values - ¢$20 - C40)

Vra M:q Vo M, Mean Values - o, = 2.5 MPa
(kN/m) (kNm/m) Vrd Mrd

2420 0 1.00 : 0.00

o,,= 2.5 MPa
2180 100 090 027 P

1940 152 0.80  0.42
1700 200 0.70 ¢ 0.55
1460 236 0.60 | 0.65
1220 280 0.50 ¢ 0.77
960 308 0.40 0.85
720 320 0.30  0.88

my/m,g
e i e i e
ORNWHRUIOANO OO

00 02 04 06 08 1.0
480 344 020 0.95 /Ty

0 364 0.00 { 1.00

Graph 64. M - V interaction domain curve for prestressing level o.p=2.5MPa (mean values - $20 - C40)

Due to the reduced reinforcement ratio, the interaction domain remains narrow

despite the higher concrete strength.

Table 53. M - V interaction domain curve for prestressing level ocp=5.0MPa (mean values - ¢20 - C40)

Via M:q Vo Mo Mean Values - o, = 5.0 MPa
(kN/m) (kNm/m) Vl'd Ml‘d
2760 0 1.00 ¢ 0.00
6., = 5.0 MPa
2480 96 090  0.26 P

2200 152 0.80 0.42
1940 204 070 056
1660 | 248 060  0.68
1380 | 284 050 078
1100 312 040 086
820 324 030 089 00 02 04 06 08 10
560 | 336 020 0.92 T/ Tug

0 364 000 1.00

mg/m,g
OO0
ORLRNWHRUIAATIO OO

Graph 65. M - V interaction domain curve for prestressing level ocp=5.0MPa (mean values - $20 - C40)

Prestressing begins to improve moment resistance.



Table 54. M - V interaction domain curve for prestressing level ocp=7.5MPa (mean values - ¢20 - C40)

Vra M:q Vo Mo Mean Values - o, = 7.5 MPa
(N/m) | (Nm/m) |y M4
3040 0 1.00 0.00
6,,= 7.5 MPa
2740 96 0.90 0.26 P
2440 156 0.80 0.43
2120 212 0.70 0.58

1820 256 0.60  0.70
1520 292 0.50 | 0.80

my/m,y
cocoocooocoopr
ORLRNWHRUIOANO OO

1220 312 040 086

920 324 030 089 00 02 04 06 08 10
600 340 020 0093 /T

0 364 0.00  1.00

Graph 66. M - V interaction domain curve for prestressing level ocp=7.5MPa (mean values - ¢$20 - C40)

Domain curvature improves noticeably; prestress allows a more balanced

interaction response.

Table 55. M - V interaction domain curve for prestressing level ocp=10.0MPa (mean values - ¢$20 - C40)

Via M:q Vo M, Mean Values - o, = 10.0 MPa
(N/m) | (Nm/m) =y M,q
3300 0 1.00 ¢ 0.00
o.,=10.0 MPa
2980 100 090  0.27 P
2640 160 0.80 . 0.44
2320 208 0.70 . 0.57

1980 256 0.60 : 0.70
1660 288 0.50 ¢ 0.79

my/m,g
coooocooooop
ORLPNWHRUIAANIO OO

1320 312 040 086
1000 324 030 089 00 02 04 06 08 10
660 348 020 096 To/Tu

0 364 0.00 { 1.00

Graph 67. M - V interaction domain curve for prestressing level ocp=10.0MPa (mean values - ¢$20 - C40)

A significant increase in moment capacity is observed; prestress dominates and

enhances the system’s performance.
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Graph 68. M-V interaction domain comparison for all prestressing levels. (mean values - C40 - ¢$20)

Among all tested configurations, this setup highlights the interaction between
limited reinforcement and high-strength concrete under varying prestress levels.
Although the concrete grade is high (C40/50), the reduced reinforcement area
(¢20) leads to a narrower domain, especially at low prestress levels (2.5-5 MPa).
However, as prestressing increases, the panel exhibits a strong upward trend in
moment resistance. At ocp = 10 MPa, the domain expands considerably, indicating
that prestress has a compensating effect for the lower steel ratio. Still, the overall
domain remains smaller than that of the $24 configuration. These findings
suggest that while higher concrete strength improves the system’s resilience,
reinforcement ratio remains a dominant factor in achieving optimal moment-

shear interaction.
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4.4.9. Conclusion on Interaction Domains

The domain analyses presented in this section demonstrate the complex yet
predictable relationship between prestressing level, reinforcement ratio, and
concrete strength. While prestressing consistently enhances moment resistance,
its influence on shear capacity remains limited unless reinforcement is
adequately provided. Configurations with higher bar diameters (¢$24) and high-
strength concrete (C40/50) yield the largest and most ductile interaction
domains. Conversely, design-level assumptions or reduced reinforcement result
in narrower and more brittle behaviors. These findings validate the effectiveness
of the layered shell FEM approach in capturing combined stress responses and
provide a robust foundation for further structural evaluations and comparisons

in the following sections.

4.5. General Comparison of Interaction Domains

In this section, the interaction domains obtained from the nonlinear FEM
simulations are comparatively evaluated to highlight the individual effects of
reinforcement ratio, concrete strength, and axial prestressing on combined
shear-moment behaviours. The comparison is based on the previously defined
dimensionless format (to/trd vs. po/prd) to ensure that the observed trends are
independent of scale, units, and geometry. Each parameter is analysed in isolation
by keeping the others constant to assess its unique influence on the overall

domain shape, curvature, and strength envelope.

4.5.1. Effect of Reinforcement Ratio

To investigate the effect of reinforcement ratio on the interaction between shear
and moment, a comparative study was conducted using two reinforcement
configurations: $24 mm and $20 mm, while maintaining the same concrete class
(C25/30) and prestressing levels. The normalized interaction domains (o /ird VS.

To/trd) were plotted for each case under identical conditions.
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The following figures illustrate the interaction domains for different

reinforcement diameters and stress assumptions (mean, characteristic, design):

M -V Domain (C25/30 - 6.,=2.5 MPa - mean)

—0— 20
—0— 24

0.0 0.2 0.4 0.6 0.8 1.0

TO/Trd

Graph 69. M-V interaction domain for C25/30 concrete under 2.5 MPa prestress, comparing reinforcement

diameters ¢20 and ¢p24 (mean values).

Although a higher reinforcement ratio is expected to improve moment
redistribution capacity, this figure shows a nearly identical domain shape for both
reinforcement configurations. The $20 curve slightly exceeds $24 throughout
most of the domain, especially in the mid-to-high shear zone (to/trd = 0.4-0.8).
This counterintuitive result suggests that, under low prestress conditions (2.5
MPa), the reinforcement effect is minimal, and the concrete capacity dominates.
The closeness of the curves highlights that moment capacity is not significantly
compromised by the smaller diameter, particularly in low axial stress

environments.
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M -V Domain (C40/50 - 6.,=2.5 MPa - mean)
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Graph 70. M-V interaction domain for C40/50 concrete under 2.5 MPa prestress, comparing reinforcement

diameters ¢20 and ¢p24 (mean values).

Compared to the C25/30 case, this figure shows a more distinct separation
between the reinforcement configurations. The curve for ¢$20 consistently lies
above that of $24, indicating better moment preservation across increasing shear
demand. This result highlights that when higher concrete strength (C40/50) is
used, the reinforcement layout becomes more influential in determining the
interaction domain. The sharper drop in moment capacity for the ¢$24 case
suggests a more brittle failure trend, whereas the $20 configuration maintains a

slightly more favourable redistribution capability under combined loading.
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Graph 71. M-V interaction domain for C25/30 concrete under 10.0 MPa prestress, comparing reinforcement
diameters ¢20 and ¢24 (design values).

This chart reveals an interesting deviation in the domain curve behavior around
ashear ratio (to/trd) of approximately 0.8. While in most cases the domain follows
a smooth and convex path, here the po/prd value exhibits a slightly irregular slope,
particularly for the $20 curve. The curves remain very close to each other overall,
suggesting that under design-level material properties and high prestress levels,
the reinforcement ratio has a relatively minor influence on the interaction

domain.

However, the slight disturbance observed near to/trd ® 0.8 is consistently present
in similar cases where either the concrete strength or reinforcement capacity is
reduced. This pattern may be attributed to a transition in failure mode sensitivity,
where shear capacity becomes nearly exhausted while moment capacity has not
yet reached its limit. The steepening of the curve beyond this point suggests a
reduced ability of the cross-section to redistribute internal forces once shear

resistance is critically low, especially under conservative design parameters.
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Across the evaluated M-V interaction domains, several trends emerge regarding
the influence of reinforcement ratio under varying material assumptions. In all
configurations, the effect of changing reinforcement diameter ($20 vs. $24)
remains relatively modest. Particularly in low prestress scenarios and with higher
concrete strength (e.g.,, C40/50), the domain curves for different reinforcement
ratios are nearly overlapping, indicating that the section's ultimate behavior is

governed more by the concrete properties than by reinforcement variation.

However, as prestressing increases or as more conservative (design) material
values are adopted, subtle divergences begin to appear—especially near the
intermediate region of ty/trd ® 0.8. In some cases, a slight distortion in the curve
shape emerges, suggesting a transitional behavior between shear-dominant and
flexure-dominant failure. This effect is more evident when either concrete
strength or reinforcement strength is relatively limited, leading to sharper

reductions in moment capacity as shear demand increases.

Overall, the consistency between domain curves reinforces the idea that while
reinforcement ratio influences strength values in absolute terms (Vrd , Mrd), its
effect on normalized interaction domains remains limited, especially within the

elastic-to-failure transition region.

4.5.2. Effect of Concrete Strength

In this section, the influence of concrete compressive strength on the M-V
interaction behaviour is examined. By keeping the reinforcement layout constant
(24, mean values), two different concrete strength classes—C25/30 and
C40/50—are compared under varying levels of prestressing. This comparison
helps to understand how concrete stiffness and strength affect the balance
between moment and shear capacity, especially under combined loading

scenarios.

94



M -V Domain (@24 - 0,,=2.5 MPa - mean)
1.0
0.9
0.8
0.7
+0.6

—e—(25/30
—e—(C40/50

0.0 0.2 0.4 0.6 0.8 1.0

TO/Trd

Graph 72. M-V interaction domain for ¢24 reinforcement under 2.5 MPa prestress, comparing concrete strength

(mean values).

The graph illustrates the moment-shear interaction domains for two concrete
classes—C25/30 and C40/50—under the same reinforcement layout (¢$24, mean
values) and axial prestress of 2.5 MPa. Although C40/50 has a higher compressive
strength, the dimensionless moment capacity (po/purd) appears consistently lower
than that of C25/30 for any given shear ratio (to/trd). This implies that the higher
concrete strength leads to a more shear-dominant failure behaviour, possibly due
to a stiffer response and reduced deformability. Additionally, the reduced
influence of reinforcement on higher-strength concrete may contribute to earlier

moment capacity reduction under increasing shear demand.
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Graph 73. M-V interaction domain for ¢24 reinforcement under 10.0 MPa prestress, comparing concrete

strength (mean values).

This comparison highlights how the increase in prestress level (op = 10 MPa)
affects the interaction behaviour between C25/30 and C40/50 concretes. The
trend observed in the earlier case (at 2.5 MPa) becomes more pronounced here:
the C40/50 curve consistently falls below that of C25/30, indicating lower
dimensionless moment capacity under the same shear ratio. The prestressing
increases the shear capacity (trd) in both cases, but its influence on moment
behaviour appears more limited in higher-strength concrete. This suggests that
in stiffer, stronger concrete such as C40/50, the system becomes less ductile, and
the capacity trade-off between shear and moment becomes sharper under high
prestress. Additionally, the separation between the two curves widens as to/trd
increases, emphasizing that concrete strength has a growing influence on failure

mode at higher shear demand.
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4.5.3. Effect of Safety Factor

This section investigates how the use of different safety factors—mean,
characteristic, and design values—affects the moment-shear interaction response
of reinforced concrete elements. These safety assumptions, defined by Eurocode,
directly influence the material strengths used in design, and thus alter both the
ultimate shear (Vrd) and moment (Mrd) capacities. By keeping the reinforcement
and concrete class constant, the impact of safety factor variation on the M-V
domain is visualized. This allows assessment of how conservative assumptions

modify the interaction behaviour and load-sharing capacity.

M -V Domain (C25/30 - ¢24 - 0,,=2.5 MPa)
1.0 0—
0.9 \\\
0.8
0.7
5 0.6
o5
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0.0

—&— mean
—@— char.

design

0.0 0.2 0.4 0.6 0.8 1.0

TO/Trd

Graph 74. M-V interaction domain for ¢24 reinforcement and C25/30 concrete under 2.5 MPa prestress,

comparing safety values.

In the low-prestressing case, the M-V domain curves derived from mean,
characteristic, and design values display similar overall shapes. The three curves
remain close to each other throughout the range of to/trd, with the mean curve
positioned slightly above the characteristic and design ones. The differences
between them are mostly limited to vertical shifts, reflecting the varying capacity

limits (Mra and Vrd) imposed by each safety level.
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There is no notable change in the interaction trend, and all curves show a
relatively smooth and gradual transition from moment-dominated to shear-

dominated behaviour.

M -V Domain (C25/30 - ¢24 - 6,,=7.5 MPa)

1.0 —_—
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0.0 0.2 0.4 0.6 0.8 1.0
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Graph 75. M-V interaction domain for ¢24 reinforcement and C25/30 concrete under 7.5 MPa prestress,

comparing safety values.

When the prestressing level increases, the separation between the curves
becomes more visible. The mean value curve exhibits a more pronounced
curvature, particularly in the high-shear region (to/tra > 0.7), while the
characteristic and design curves follow a comparatively flatter trajectory.
This distinction indicates that higher prestress tends to enhance the effect of
safety assumptions on the overall domain shape. The design value curve in
particular maintains a more linear decline in po/urd, suggesting a more

conservative response under combined loading.
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5. Comparison with Cristian Menn’s Studies

In this chapter, the numerical results obtained through non-linear finite element
analyses are compared with the classical interaction domains proposed by
Christian Menn, as introduced in Chapter 2.1. Menn’s method, developed in an era
preceding modern numerical simulation tools, relies on simplified yet insightful
design principles and interaction diagrams that represent the balance between

transverse bending and longitudinal shear in box girder webs.

In his book Prestressed Concrete Bridges, Christian Menn proposed an interaction
domain concept that correlates transverse bending and longitudinal shear within
web elements of box girders. His formulation relies on the estimation of ultimate
moment and shear capacities, denoted as mgy and Vg, which represent the
maximum resistance of a panel under pure bending and pure shear, respectively.
These capacities are determined using simplified assumptions, including the
reduced compressive strength of concrete fc,red = 2/3 - fc,and a constantlever

arm z = 0.9 - d The nominal shear strength is expressed as:

Vro = ferea " bw * cOSa - sina

and the flexural strength as:

Mpo = Wo * (bg +b)? - fo - (1 — 0.5 wy)

Menn then uses these to construct dimensionless interaction domains, plotting

. . v . .
—— on the horizontal axis and V—R on the vertical, under various
RO RO

the ratio

reinforcement ratios p,/p;. It is important to note that prestressing is not
explicitly modeled in his diagrams, nor is nonlinear material behavior considered.
Instead, the diagrams serve as practical tools derived from engineering intuition,
structural experience, and conservative assumptions, reflecting the design

philosophy of that period.
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In contrast to Menn’s simplified design-oriented framework, the present study
utilizes detailed non-linear finite element analyses (FEM) to evaluate the
interaction between shear and bending. Rather than relying on reduced material
strengths and fixed geometric assumptions, the capacity limits—namely the
ultimate shear resistance V,.; and moment resistance M,.;—are directly extracted
from load steps at which failure occurs in the numerical simulations. Once these
capacities are obtained, the dimensionless interaction domain is constructed by
normalizing each applied load pair (V,, , M) with respect to V,.; and M,.4, yielding

points in the form:

where:

VO T =Vrd
bz 4T p.g

de=b.Zz

in line with Eurocode formulations.

The resulting domains are mirrored across the vertical axis to produce symmetric

diagrams comparable to Menn's original format.

While Menn varies reinforcement ratios independently in each direction to assess
their influence, the FEM models here maintain a constant and equal
reinforcement in both longitudinal and transverse directions. This allows for a
focused investigation of other parameters such as concrete strength class
(C25/30 vs. C40/50), bar diameter (20 vs. $24 mm), safety level (mean,
characteristic, and design values), and axial precompression o, . Additionally, the
effect of prestressing—absent in Menn’s method—is incorporated by applying
different o, levels in the model, enabling a more realistic representation of

modern post-tensioned systems.
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In summary, Christian Menn’s analytical approach serves as a pragmatic, design-
oriented tool rooted in simplified mechanics, while the method adopted in this
study leverages detailed material modelling and failure-based extraction of
capacity from non-linear finite element analyses. By converting both approaches
into dimensionless interaction domains, a direct visual and numerical comparison
becomes possible. This comparison not only validates the consistency of FEM
results within the safety envelope proposed by Menn but also reveals nuanced
behaviours such as the influence of prestressing and reinforcement symmetry,
which Menn’s method does not explicitly address. The following sections present

this comparison in greater detail, beginning with the base case configuration.

5.1. Comparison of the Interaction Domains

The interaction domain derived from the non-Linear FEM analysis for the
configuration o., = 2.5 MPa, C25/30 concrete, and $24 mm reinforcement
(mean values) exhibits a remarkable similarity in shape and symmetry to the
central curve of Christian Menn’s classical domain diagram, specifically the one
associated with p,./p; = 1. This agreement is significant, as it confirms that even
under modern nonlinear modeling, the web behavior remains consistent with
Menn’s fundamental assumption: a parabolic or near-bilinear domain that
symmetrically distributes moment capacity across the full range of shear

utilization.

The FEM-based curve was mirrored across the vertical axis to align with Menn’s
bidirectional representation of moment capacity. Unlike Menn, who
parametrically varies the reinforcement ratio and captures its effect on the
domain width, the present FEM model uses equal reinforcement in both
directions. Despite this constraint, the curve comfortably resides within Menn’s

safety envelope, reinforcing the conservative nature of his approach.
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Another key difference lies in how capacities are derived. Menn uses design-level
simplifications based on effective web width and ultimate shear/moment
equilibrium, while this study obtains V,; and M,; directly from failure-based
outputs of non-linear FEM simulations. Nonetheless, once normalized, the
resultant dimensionless domain confirms that Menn’s charts remain valid for
preliminary design checks — although they lack the resolution to capture effects

such as prestress-induced asymmetry or cracking behavior.
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Graph 76. FEM-based interaction domain (ocp = 2.5 MPa, p24 mm, C25/30)
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Figure 23. Shear - transverse bending interaction diagram (Menn, 1990, p. 263)
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The comparison between the FEM-based interaction domain and Christian
Menn's classical chart (as shown in Graph 76 and Figure 23) reveals a notable
degree of consistency in terms of domain shape and boundary trends. Despite
differences in methodology—Menn’s chart being derived from semi-empirical
estimations and simplified assumptions, and the current domain based on
detailed nonlinear FEM simulations—both approaches produce an approximately
parabolic curve symmetric about the bending axis. Particularly, the FEM results
obtained for the configuration with @24 reinforcement, C25/30 concrete, and
Ocp = 2.5 MPa align closely with Menn's p,./p; = 1 curve, supporting the validity
of his design envelope under moderate prestressing and uniform reinforcement

conditions.

5.2. Prestressing Level Effects on the Interaction Domains

To investigate how axial prestressing affects the shape and extent of shear-
moment interaction domains, additional normalized t,/t,4 vs. my/m,4 plots
were generated for four levels of compressive stress: 2.5, 5.0, 7.5, and 10.0 MPa.
These graphs allow a direct evaluation of prestressing influence on the ultimate
load-carrying behaviour under combined shear and bending. While Christian
Menn’s original diagrams do not explicitly incorporate axial prestressing as a
variable, the current FEM-based analysis isolates its effect while maintaining

symmetric reinforcement ratios and fixed material parameters.
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Graph 77. FEM-based interaction domain (o = 2.5)  Graph 78. FEM-based interaction domain (ocp = 5.0)
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Graph 79. FEM-based interaction domain (ocp = 7.5)  Graph 80. FEM-based interaction domain (ocp=10.0)

The plotted diagrams reveal a consistent widening of the upper region of the
interaction domains as o, increases. This trend suggests that axial compression
significantly enhances the web’s resistance to shear-bending interaction,
especially when shear demand is dominant (7,4, > 0.6). From a mechanical
perspective, the confinement effect of prestressing delays cracking and increases
the overall stiffness of the web, leading to a higher residual moment capacity even
under substantial shear. Notably, while the lower boundary remains nearly
vertical due to the symmetric reinforcement layout and fixed geometric
conditions, the arch-like domain peak shifts outward, indicating a more forgiving

failure envelope. This finding contrasts with Menn’s more conservative domains,
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which do not reflect such prestress-induced benefits. Thus, prestressing is shown
to be a critical factor in optimizing interaction performance—an insight not

captured in the original theoretical simplifications.
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Graph 81. Comparison of FEM-based interaction domain due to different prestressing levels (o =2.5-10.0)

To illustrate the effect of increasing axial prestress on the shear-moment
interaction domain, Graph 81 compares the normalized failure envelopes for
Ocp = 2.5 MPa and o, = 10.0 MPa. The superposition of these two curves
makes it evident that higher compressive stress causes a lateral expansion in the
upper portion of the domain, particularly near the peak region (7,/7,4 = 0.8 —
1.0) . This widening indicates that the section can sustain greater bending under

high shear demand when sufficient axial compression is applied.
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Mechanically, this can be attributed to a prestressing role in enhancing the web’s
crack resistance and delaying tensile failure. As a result, the structure retains
more flexural capacity under high shear levels. It is also worth noting that the
lower limbs of the domain (near my/m,4 = 1.0) remain nearly vertical and

unaffected, since the interaction is dominated by pure bending in those zones.

In contrast to Christian Menn’s original diagrams, which assume no prestress
effect and thus predict a more conservative interaction shape, the FEM-based
domains capture these prestress-induced benefits. This emphasizes the
importance of integrating modern material behavior and precompression effects

when assessing structural interaction capacity.

5.3. Interaction Domain Behaviour under Reduced Reinforcement

and Design Safety Factors

To complete and compare the findings presented in Section 5.2, an additional set
of simulations was conducted to assess the interaction domains under reduced
reinforcement and conservative material assumptions. In other words, less shear
resistance capacity in term of reinforcement and concrete. In this parametric
study, the reinforcement diameter was reduced from $24 mm to $20 mm, while
both concrete and steel strengths were assigned using design values (fc, fyd), as
defined in Eurocode 2. This configuration aims to investigate how safety-factor
driven material reduction and lower reinforcement area affect the overall shear-

moment interaction behaviour across varying prestressing levels.
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Graph 82. FEM-based interaction domain under Graph 83. FEM-based interaction domain under
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Graph 84. FEM-based interaction domain under Graph 85. FEM-based interaction domain under
design values (ocp = 7.5 MPa - $20) design values (ocp = 10.0 MPa - $20)

As observed in the domain curves, the results for ccp = 2.5 MPa and 5.0 MPa show
strong similarity to Christian Menn’s original interaction shapes, indicating that
when both material strength and reinforcement ratio are limited, the panel
behaviour tends to follow a near-linear or bilinear interaction envelope. However,
at higher prestressing levels (ocp = 7.5 MPa and 10.0 MPa), the interaction curves
begin to flatten and round at the peak, diverging from the classical shape. This
reflects an increasing capacity for moment redistribution under reduced shear

demand, likely enabled by prestress-induced confinement. The transformation
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from sharp to smooth curvature suggests a shift from brittle to more ductile

failure modes as axial compression increases.
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Graph 86. Comparison of FEM-based interaction domain under design values due to different prestressing levels

(6ep = 2.5 - 10.0 MPa - p20)

The superposed interaction domains further emphasize the transition in
behaviour. While all curves start from a similar base shape, their divergence
becomes evident as prestressing increases. The domain corresponding to ccp =
10.0 MPa exhibits the widest spread, especially in the moment-dominant region,
indicating a pronounced increase in flexural contribution despite limited
reinforcement. In contrast, the domain for ocp = 2.5 MPa remains compact and
shear-dominant, closely matching the interaction form proposed by Menn. This
variation demonstrates that prestressing effects become more pronounced under
conservative material and reinforcement assumptions, ultimately shifting the

structural response toward a prestress-governed regime.
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Compared to the results in Section 5.2, where higher reinforcement ($24 mm)
and mean material strengths were used, the current configuration displays
narrower and more brittle interaction domains, especially at low prestress. While
the increase in axial compression still enhances moment resistance, the overall
capacity is reduced due to the lower steel and concrete strength assumptions. The
contrast between the two sets highlights the combined role of reinforcement ratio
and safety-factor-driven material properties in shaping the interaction behaviour.
Ultimately, the comparison illustrates that both reinforcement detailing and
material quality must be jointly considered when evaluating shear-moment

interactions in prestressed concrete elements.

5.4. Limitations and Underlying Assumptions

While both the simplified design domains proposed by Christian Menn and the
non-linear FEM-based interaction curves serve as valuable tools for evaluating
shear-moment interaction, they rest on fundamentally different assumptions.
Menn’s method, rooted in practical engineering intuition and simplified
mechanics, assumes linear interaction and uniform material behaviour,
neglecting the influence of crack progression, tension stiffening, and axial
precompression. His charts are parameterized primarily by reinforcement ratio
and transverse-to-longitudinal reinforcement distribution, making them suitable

for rapid design checks under idealized conditions.

Conversely, the FEM-based domains presented in this study incorporate material
nonlinearity, tension softening, and the contribution of prestressing, allowing for
a more refined representation of concrete behaviour under combined actions.
However, this approach is inherently more computationally intensive and
sensitive to modelling choices such as mesh quality, boundary conditions, and
failure criteria. Additionally, all analyses assumed a symmetric and equal
reinforcement layout in both directions, whereas Menn’s charts allow for

reinforcement anisotropy.
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It should also be emphasized that the present study idealizes the cross-section
geometry and boundary effects to isolate the behaviour of the web panel. Real-life
bridge webs may involve complex interaction with flanges, diaphragms, or
prestress eccentricities, which are not captured here. Therefore, while the FEM
results offer enhanced accuracy in isolated conditions, Menn’s method retains
significant pedagogical and practical relevance for preliminary design and quick

safety assessments.

6. Conclusion

This thesis investigated the nonlinear interaction between longitudinal shear and
transverse bending in the web panels of prestressed concrete box girder bridges.
While traditional design approaches often treat these actions separately or
assume simplified linear interaction models, this study aimed to explore their
combined effects using advanced finite element modelling. By employing layered
shell elements within the ATENA simulation environment, a series of parametric
analyses were conducted to quantify the influence of prestressing level,
reinforcement ratio, and material strength assumptions on the shear-moment

interaction domains.

The results clearly demonstrated that the shape and curvature of the interaction
domains are significantly affected by both mechanical and material parameters.
Specifically, increasing prestressing levels generally enhanced the flexural
capacity under low shear conditions, while reduced reinforcement diameter and
conservative design values narrowed the interaction domain and led to more
brittle failure responses. The normalized domain diagrams revealed a distinct
transformation from Menn-like linear behavior at low prestress to more rounded,
ductile domains at higher prestress levels—particularly when mean material

properties and higher reinforcement were used.

Comparative assessments with Eurocode 2 and fib Model Code formulations

confirmed that while code-based predictions are often conservative, they may
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overlook the nonlinear interaction effects captured by FEM. Among the fib
approaches, Level of Approximation IIb showed the closest agreement with FEM

results, especially in configurations involving moderate to high axial compression.

From a structural design perspective, the findings suggest that prestress level
alone is not sufficient to ensure ductile interaction behavior; appropriate
reinforcement detailing and accurate material modeling are also essential. The
study reinforces the importance of adopting nonlinear verification tools in cases
where combined shear and moment actions govern the capacity of web elements,

particularly in prestressed box girder systems.

While this study focused on isolated wall panel behavior under idealized
boundary conditions, several possible extensions can be identified for future
research. One potential direction is to extend the developed interaction domains
to full-scale bridge simulations, incorporating additional effects such as web-
flange interaction or construction-stage prestress loss. Another valuable step
would be the experimental validation of selected FEM configurations, particularly
for confirming the ductility and cracking mechanisms observed in the nonlinear

simulations.

Furthermore, while this thesis assumed equal reinforcement in both vertical and
horizontal directions, Christian Menn’s work explored asymmetric reinforcement
ratios and their influence on the interaction domain shape. A future study may
investigate these effects by conducting nonlinear simulations with varying
transverse and longitudinal reinforcement ratios, offering a deeper

understanding of reinforcement asymmetry in prestressed box girder webs.
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7. Appendix

Table 56. Shear and Bending capacity simulation steps and analysis progress (C25/30, 24 mm, mean values)

Load Step Load Step Load Step Crack Final
No Stepl | Mult. | Step2 @ Mult. | Step3 = Mult. LSP  pitiate Step Ocp Vid M
Axial force - N Shear force - V Moment - M Analysis steps MPa kN/m kNm/m
1 0 0 200 5 0 0 200 41 124 0.0 2480 0
2 10 25 200 5 0 0 210 70 154 2.5 2880 0
3 10 50 200 5 0 0 210 79 171 5.0 3220 0
4 10 75 200 5 0 0 210 88 183 7.5 3460 0
5 10 100 200 5 0 0 210 101 181 10.0 3420 0
6 0 0 0 0 150 1 150 - 103 0.0 0 412
7 10 25 0 0 150 1 160 - 113 2.5 0 412
8 10 50 0 0 150 1 160 - 113 5.0 0 412
9 10 75 0 0 150 1 160 - 113 7.5 0 412
10 10 100 0 0 150 1 160 - 113 10.0 0 412

Table 57. Shear and Bending capacity simulation steps and analysis progress (C25/30, $24 mm, char. values)

Load Step Load Step Load Step Crack Final
No giep1  Mult.  Step2 Mult.  Step3  Mult. =P Initiate @ Step | O Vd Mra
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m
1 0 0 200 5 0 0 200 29 108 0.0 2160 0
2 10 25 200 5 0 0 210 55 138 2.5 2560 0
3 10 50 200 5 0 0 210 64 152 5.0 2840 0
4 10 75 200 5 0 0 210 77 145 7.5 2700 0
5 10 100 200 5 0 0 210 88 138 10.0 2560 0
6 0 0 0 0 150 1 150 - 92 0.0 0 368
7 10 25 0 0 150 1 160 - 102 2.5 0 368
8 10 50 0 0 150 1 160 - 102 5.0 0 368
9 10 75 0 0 150 1 160 - 102 7.5 0 368
10 10 100 0 0 150 1 160 - 102 10.0 0 368

Table 58. Shear and Bending capacity simulation steps and analysis progress (C25/30, $24 mm, design values)

Load Ste Load Ste Load Ste Crack Final
No ' gtep1 Mufi. Step 2 Mufi. Step 3 Mufi. SP | pritiate | Step | 0@ | Vi Mra

Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m | kNm/m
1 0 0 200 5 0 0 200 19 91 0.0 1820 0
2 10 25 200 5 0 0 210 43 114 2.5 2080 0
3 10 50 200 5 0 0 210 55 106 5.0 1920 0
4 10 75 200 5 0 0 210 67 105 7.5 1900 0
5 10 100 200 5 0 0 210 82 103 | 10.0 1860 0
6 0 0 0 0 150 1 150 - 77 0.0 0 308
7 10 25 0 0 150 1 160 - 87 2.5 0 308
8 10 50 0 0 150 1 160 - 87 5.0 0 308
9 10 75 0 0 150 1 160 - 87 7.5 0 308
10 10 100 0 0 150 1 160 - 87 | 10.0 0 308

Table 59. Shear and Bending capacity simulation steps and analysis progress (C25/30, $20 mm, mean values)

Load Ste Load Ste Load Ste Crack Final
No ' step1 Muﬁ. Step 2 Muﬁ. Step 3 Muﬁ. XS€P | iitiate | Step | O® |V Mra

Axial force - N Shear force - V Moment - M Analysis steps MPa : kN/m | kNm/m
1 0 0 200 5 0 0 200 41 92 0.0 1840 0
2 10 25 200 5 0 0 210 70 122 2.5 2240 0
3 10 50 200 5 0 0 210 77 138 5.0 2560 0
4 10 75 200 5 0 0 210 87 152 7.5 2840 0
5 10 100 200 5 0 0 210 99 157 © 10.0 2940 0
6 0 0 0 0 150 1 150 - 77 0.0 0 308
7 10 25 0 0 150 1 160 - 87 2.5 0 308
8 10 50 0 0 150 1 160 - 87 5.0 0 308
9 10 75 0 0 150 1 160 - 87 7.5 0 308
10 10 100 0 0 150 1 160 - 87 | 10.0 0 308
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Table 60. Shear and Bending capacity simulation steps and analysis progress (C25/30, $20 mm, char. values)

Load Step Load Step Load Step Crack Final
No Step 1 Mult. Step 2 Mult. Step 3 Mult. 2 step Initiate Step Ocp Vrd M
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m
1 0 0 200 5 0 0 200 28 80 0.0 1600 0
2 10 25 200 5 0 0 210 55 109 2.5 1980 0
3 10 50 200 5 0 0 210 62 124 5.0 2280 0
4 10 75 200 5 0 0 210 75 131 7.5 2420 0
5 10 100 200 5 0 0 210 86 126 10.0 2320 0
6 0 0 0 0 150 1 150 - 67 0.0 0 268
7 10 25 0 0 150 1 160 - 77 2.5 0 268
8 10 50 0 0 150 1 160 - 77 5.0 0 268
9 10 75 0 0 150 1 160 - 77 7.5 0 268
10 10 100 0 0 150 1 160 - 77 10.0 0 268

Table 61. Shear and Bending capacity simulation steps and analysis progress (C25/30, $20 mm, design values)

Load Step Load Step Load Step Crack Final
NO' Gep1  Mult. | Step2  Mult. | Step3 | Mult | 2P nitiate  Step | O Vea Mra
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m
1 0 0 200 5 0 0 200 19 66 0.0 1320 0
2 10 25 200 5 0 0 210 42 95 2.5 1700 0
3 10 50 200 5 0 0 210 53 99 5.0 1780 0
4 10 75 200 5 0 0 210 66 96 7.5 1720 0
5 10 100 200 5 0 0 210 79 92 10.0 1640 0
6 0 0 0 0 150 1 150 - 55 0.0 0 220
7 10 25 0 0 150 1 160 - 65 2.5 0 220
8 10 50 0 0 150 1 160 - 65 5.0 0 220
9 10 75 0 0 150 1 160 - 65 7.5 0 220
10 10 100 0 0 150 1 160 - 65 10.0 0 220

Table 62. Shear and Bending capacity simulation steps and analysis progress (C40/50, 24 mm, mean values)

Load Step Load Step Load Step Crack Final
No Step 1 Mult. Step 2 Mult. Step 3 Mult, | 2P pniate Step Ocp Vra M
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m | kNm/m
1 0 0 200 5 0 0 200 55 132 0.0 2640 0
2 10 25 200 5 0 0 210 85 164 2.5 3080 0
3 10 50 200 5 0 0 210 97 183 5.0 3460 0
4 10 75 200 5 0 0 210 105 197 7.5 3740 0
5 10 100 200 5 0 0 210 115 210 10.0 4000 0
6 0 0 0 0 150 1 150 - 124 0.0 0 496
7 10 25 0 0 150 1 160 - 134 2.5 0 496
8 10 50 0 0 150 1 160 - 134 5.0 0 496
9 10 75 0 0 150 1 160 - 134 7.5 0 496
10 10 100 0 0 150 1 160 - 134 10.0 0 496

Table 63. Shear and Bending capacity simulation steps and analysis progress (C40/50, 20 mm, mean values)

Load Step Load Step Load Step Crack Final
No Step 1 Mult. Step 2 Mult. Step 3 Mult, | 2P pnitate Step Ocp Vra M
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m | kNm/m
1 0 0 200 5 0 0 200 55 98 0.0 1960 0
2 10 25 200 5 0 0 210 85 131 2.5 2420 0
3 10 50 200 5 0 0 210 98 148 5.0 2760 0
4 10 75 200 5 0 0 210 104 162 7.5 3040 0
5 10 100 200 5 0 0 210 114 175 10.0 3300 0
6 0 0 0 0 150 1 150 - 91 0.0 0 364
7 10 25 0 0 150 1 160 - 101 2.5 0 364
8 10 50 0 0 150 1 160 - 101 5.0 0 364
9 10 75 0 0 150 1 160 - 101 7.5 0 364
10 10 100 0 0 150 1 160 - 101 10.0 0 364

113




Table 64. Shear - Bending interaction simulation (C25/30, $24 mm, mean values, ocp=2.5 MPa)

Load Step Load Step Load Step » Final
No o V M
Stepl | Mult. | Step2 | Mult. | Step3 | Mult. | step Step ° " i M Vo
. . M, |74
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m rd rd
1 10 25 144 5 0 1 154 154 2.5 2880 0 0.00 1.00
2 10 25 130 5 150 1 290 167 2.5 2600 108 0.26 0.90
3 10 25 115 5 150 1 275 168 2.5 2300 172 0.42 0.80
4 10 25 101 5 150 1 261 169 2.5 2020 232 0.56 0.70
5 10 25 86 5 150 1 246 166 2.5 1720 280 0.68 0.60
6 10 25 72 5 150 1 232 163 2.5 1440 324 0.79 0.50
7 10 25 58 5 150 1 218 159 2.5 1160 364 0.88 0.40
8 10 25 43 5 150 1 203 151 2.5 860 392 0.95 0.30
9 10 25 29 5 150 1 189 140 2.5 580 404 0.98 0.20
10 10 25 0 5 150 1 160 113 2.5 0 412 1.00 0.00
Table 65. Shear - Bending interaction simulation (C25/30, $24 mm, mean values, ocp=5.0 MPa)
Load Step Load Step Load Step > Final
No o M
Stepl | Mult. | Step2 | Mult. | Step3 | Mult. | step Step ° Via i M, Vo
. . M,
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m rd Vra
1 10 50 161 5 0 1 171 171 5.0 3220 0 0.00 1.00
2 10 50 145 5 150 1 305 181 5.0 2900 104 0.25 0.90
3 10 50 129 5 150 1 289 180 5.0 2580 164 0.40 0.80
4 10 50 113 5 150 1 273 179 5.0 2260 224 0.54 0.70
5 10 50 97 5 150 1 257 178 5.0 1940 284 0.69 0.60
6 10 50 81 5 150 1 241 174 5.0 1620 332 0.81 0.50
7 10 50 64 5 150 1 224 166 5.0 1280 368 0.89 0.40
8 10 50 48 5 150 1 208 156 5.0 960 392 0.95 0.30
9 10 50 32 5 150 1 192 144 5.0 640 408 0.99 0.20
10 10 50 0 5 150 1 160 113 5.0 0 412 1.00 0.00
Table 66. Shear — Bending interaction simulation (C25/30, $24 mm, mean values, ocp=7.5 MPa)
Load Step Load Step Load Step » Final
No o M
Stepl | Mult. | Step2 | Mult. | Step3 | Mult. | step Step ° Via i Mo Yo
. - M, v,
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m rd rd
1 10 75 173 5 0 1 183 183 7.5 3460 0 0.00 1.00
2 10 75 156 5 150 1 316 192 7.5 3120 104 0.25 0.90
3 10 75 138 5 150 1 298 193 7.5 2760 180 0.44 0.80
4 10 75 121 5 150 1 281 191 7.5 2420 240 0.58 0.70
5 10 75 104 5 150 1 264 186 7.5 2080 288 0.70 0.60
6 10 75 87 5 150 1 247 179 7.5 1740 328 0.80 0.50
7 10 75 69 5 150 1 229 171 7.5 1380 368 0.89 0.40
8 10 75 52 5 150 1 212 160 7.5 1040 392 0.95 0.30
9 10 75 35 5 150 1 195 147 7.5 700 408 0.99 0.20
10 10 75 0 5 150 1 160 113 7.5 0 412 1.00 0.00
Table 67. Shear - Bending interaction simulation (C25/30, $24 mm, mean values, ocp=10.0 MPa)
Load Step Load Step Load Step » Final
N M
© Stepl  Mult. Step2  Mult. @ Step3 | Mult. . step Step i Via - Mo Yo
. - M, v,
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m rd rd
1 10 100 171 5 0 1 181 181 10.0 3420 0 0.00 1.00
2 10 100 154 5 150 1 314 199 10.0 3080 140 0.34 0.90
3 10 100 137 5 150 1 297 196 10.0 2740 196 0.48 0.80
4 10 100 120 5 150 1 280 191 10.0 2400 244 0.59 0.70
5 10 100 103 5 150 1 263 185 10.0 2060 288 0.70 0.60
6 10 100 86 5 150 1 246 180 10.0 1720 336 0.82 0.50
7 10 100 68 5 150 1 228 172 10.0 1360 376 091 0.40
8 10 100 51 5 150 1 211 160 10.0 1020 396 0.96 0.30
9 10 100 34 5 150 1 194 146 10.0 680 408 0.99 0.20
10 10 100 0 5 150 1 160 113 10.0 0 412 1.00 0.00
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Table 68. Shear - Bending interaction simulation (C25/30, $24 mm, char. values, ocp=2.5 MPa)

Load Step Load Step Load Step > Final
No [of V M
Stepl | Mult. | Step2 | Mult. | Step3 | Mult. | step Step ° " i M Vo
. . M, |74
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m rd rd
1 10 25 128 5 0 1 138 138 2.5 2560 0 0.00 1.00
2 10 25 115 5 150 1 275 145 2.5 2300 80 0.22 0.90
3 10 25 102 5 150 1 262 148 2.5 2040 144 0.39 0.80
4 10 25 90 5 150 1 250 147 2.5 1800 188 0.51 0.70
5 10 25 77 5 150 1 237 146 2.5 1540 236 0.64 0.60
6 10 25 64 5 150 1 224 144 2.5 1280 280 0.76 0.50
7 10 25 51 5 150 1 211 139 2.5 1020 312 0.85 0.40
8 10 25 38 5 150 1 198 132 2.5 760 336 091 0.30
9 10 25 26 5 150 1 186 124 2.5 520 352 0.96 0.20
10 10 25 0 5 150 1 160 102 2.5 0 368 1.00 0.00
Table 69. Shear - Bending interaction simulation (C25/30, $24 mm, char. values, ocp=5.0 MPa)
Load Step Load Step Load Step » Final
No [of M
Stepl | Mult. | Step2 | Mult. | Step3 | Mult. | step Step ° Via i Mo Yo
. . M, |74
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m rd rd
1 10 50 142 5 0 1 152 152 5.0 2840 0 0.00 1.00
2 10 50 128 5 150 1 288 160 5.0 2560 88 0.24 0.90
3 10 50 114 5 150 1 274 160 5.0 2280 144 0.39 0.80
4 10 50 99 5 150 1 259 160 5.0 1980 204 0.55 0.70
5 10 50 85 5 150 1 245 156 5.0 1700 244 0.66 0.60
6 10 50 71 5 150 1 231 152 5.0 1420 284 0.77 0.50
7 10 50 57 5 150 1 217 146 5.0 1140 316 0.86 0.40
8 10 50 43 5 150 1 203 138 5.0 860 340 0.92 0.30
9 10 50 28 5 150 1 188 127 5.0 560 356 0.97 0.20
10 10 50 0 5 150 1 160 102 5.0 0 368 1.00 0.00
Table 70. Shear - Bending interaction simulation (C25/30, $24 mm, char. values, ocp=7.5 MPa)
Load Step Load Step Load Step » Final
No [of M
Stepl | Mult. | Step2 | Mult. | Step3 | Mult. | step Step ° Via i Mo Yo
. . M, |74
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m rd rd
1 10 75 135 5 0 1 145 145 7.5 2700 0 0.00 1.00
2 10 75 122 5 150 1 282 166 7.5 2440 136 0.37 0.90
3 10 75 108 5 150 1 268 164 7.5 2160 184 0.50 0.80
4 10 75 95 5 150 1 255 160 7.5 1900 220 0.60 0.70
5 10 75 81 5 150 1 241 155 7.5 1620 256 0.70 0.60
6 10 75 68 5 150 1 228 152 7.5 1360 296 0.80 0.50
7 10 75 54 5 150 1 214 147 7.5 1080 332 0.90 0.40
8 10 75 41 5 150 1 201 138 7.5 820 348 0.95 0.30
9 10 75 27 5 150 1 187 126 7.5 540 356 0.97 0.20
10 10 75 0 5 150 1 160 102 7.5 0 368 1.00 0.00

Table 71. Shear - Bending interaction simulation (C25/30, $24 mm, char. values, o;p=10.0 MPa)

Load Step Load Step Load Step » Final
No Stepl | Mult. | Step2 | Mult. | Step3 | Mult. | step Step i Via Mra Mo Yo
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m Mra Vra
1 10 100 128 5 0 1 138 138 10.0 2560 0 0.00 1.00
2 10 100 115 5 150 1 275 167 10.0 2300 168 0.46 0.90
3 10 100 102 5 150 1 262 162 10.0 2040 200 0.54 0.80
4 10 100 90 5 150 1 250 157 10.0 1800 228 0.62 0.70
5 10 100 77 5 150 1 237 155 10.0 1540 272 0.74 0.60
6 10 100 64 5 150 1 224 153 10.0 1280 316 0.82 0.50
7 10 100 51 5 150 1 211 146 10.0 1020 340 091 0.40
8 10 100 38 5 150 1 198 136 10.0 760 352 0.96 0.30
9 10 100 26 5 150 1 186 126 10.0 520 360 0.99 0.20
10 10 100 0 5 150 1 160 102 10.0 0 368 1.00 0.00

115



Table 72. Shear - Bending interaction simulation (C25/30, $24 mm, design values, ocp=2.5 MPa)

Load Step Load Step Load Step » Final
No Stepl | Mult. | Step2 | Mult. | Step3 | Mult. | step Step Oep Via Mra M Vo
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m Mra Vra
1 10 25 104 5 0 1 114 114 2.5 2080 0 0.00 1.00
2 10 25 94 5 150 1 254 124 2.5 1880 80 0.26 0.90
3 10 25 83 5 150 1 243 125 2.5 1660 128 0.42 0.80
4 10 25 73 5 150 1 233 126 2.5 1460 172 0.56 0.70
5 10 25 62 5 150 1 222 123 2.5 1240 204 0.66 0.60
6 10 25 52 5 150 1 212 120 2.5 1040 232 0.75 0.50
7 10 25 42 5 150 1 202 117 2.5 840 260 0.84 0.40
8 10 25 31 5 150 1 191 112 2.5 620 284 0.92 0.30
9 10 25 21 5 150 1 181 106 2.5 420 300 0.97 0.20
10 10 25 0 5 150 1 160 87 2.5 0 308 1.00 0.00

Table 73. Shear - Bending interaction simulation (C25/30, $24 mm, design values, ocp=5.0 MPa)

Load Step Load Step Load Step » Final
No Stepl | Mult. | Step2 | Mult. | Step3 | Mult. | step Step Oer Via Mra Mo Yo
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m Mra Vra
1 10 50 96 5 0 1 106 106 5.0 1920 0 0.00 1.00
2 10 50 86 5 150 1 246 132 5.0 1720 144 0.47 0.90
3 10 50 77 5 150 1 237 130 5.0 1540 172 0.56 0.80
4 10 50 67 5 150 1 227 127 5.0 1340 200 0.65 0.70
5 10 50 58 5 150 1 218 124 5.0 1160 224 0.73 0.60
6 10 50 48 5 150 1 208 121 5.0 960 252 0.82 0.50
7 10 50 38 5 150 1 198 118 5.0 760 280 091 0.40
8 10 50 29 5 150 1 189 113 5.0 580 296 0.96 0.30
9 10 50 19 5 150 1 179 105 5.0 380 304 0.99 0.20
10 10 50 0 5 150 1 160 87 5.0 0 308 1.00 0.00

Table 74. Shear - Bending interaction simulation (C25/30, $24 mm, design values, ocp=7.5 MPa)

Load Step Load Step Load Step » Final
No Stepl | Mult. | Step2 | Mult. | Step3 | Mult. | step Step Oer Via Mra Mo Yo
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m Mra Vra
1 10 75 95 5 0 1 105 105 7.5 1900 0 0.00 1.00
2 10 75 86 5 150 1 246 131 7.5 1720 140 0.45 0.90
3 10 75 76 5 150 1 236 128 7.5 1520 168 0.55 0.80
4 10 75 67 5 150 1 227 124 7.5 1340 188 0.61 0.70
5 10 75 57 5 150 1 217 124 7.5 1140 228 0.74 0.60
6 10 75 48 5 150 1 208 123 7.5 960 260 0.84 0.50
7 10 75 38 5 150 1 198 120 7.5 760 288 0.94 0.40
8 10 75 29 5 150 1 189 113 7.5 580 296 0.96 0.30
9 10 75 19 5 150 1 179 105 7.5 380 304 0.99 0.20
10 10 75 0 5 150 1 160 87 7.5 0 308 1.00 0.00

Table 75 Shear — Bending interaction simulation (C25/30, $24 mm, design values, ocp=10.0 MPa)

Load Step Load Step Load Step » Final
No Stepl | Mult. | Step2 | Mult. | Step3 | Mult. | step Step i Via Mra Mo Yo
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m Mra Vra
1 10 100 93 5 0 1 103 103 10.0 1860 0 0.00 1.00
2 10 100 84 5 150 1 244 124 10.0 1680 120 0.39 0.90
3 10 100 74 5 150 1 234 120 10.0 1480 144 0.47 0.80
4 10 100 65 5 150 1 225 123 10.0 1300 192 0.62 0.70
5 10 100 56 5 150 1 216 124 10.0 1120 232 0.75 0.60
6 10 100 47 5 150 1 207 123 10.0 940 264 0.86 0.50
7 10 100 37 5 150 1 197 119 10.0 740 288 0.94 0.40
8 10 100 28 5 150 1 188 113 10.0 560 300 0.97 0.30
9 10 100 19 5 150 1 179 105 10.0 380 304 0.99 0.20
10 10 100 0 5 150 1 160 87 10.0 0 308 1.00 0.00
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Table 76. Shear - Bending interaction simulation (C25/30, $20 mm, mean values, ocp=2.5 MPa)

Load Step Load Step Load Step » Final
No Stepl | Mult. | Step2 | Mult. | Step3 | Mult. | step Step Oep Via Mra M Vo
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m Mra Vra
1 10 25 112 5 0 1 122 122 2.5 2240 0 0.00 1.00
2 10 25 101 5 150 1 261 132 2.5 2020 84 0.27 0.90
3 10 25 90 5 150 1 250 133 2.5 1800 132 0.43 0.80
4 10 25 78 5 150 1 238 131 2.5 1560 172 0.56 0.70
5 10 25 67 5 150 1 227 131 2.5 1340 216 0.70 0.60
6 10 25 56 5 150 1 216 129 2.5 1120 252 0.82 0.50
7 10 25 45 5 150 1 205 124 2.5 900 276 0.90 0.40
8 10 25 34 5 150 1 194 118 2.5 680 296 0.96 0.30
9 10 25 22 5 150 1 182 108 2.5 440 304 0.99 0.20
10 10 25 0 5 150 1 160 87 2.5 0 308 1.00 0.00

Table 77. Shear - Bending interaction simulation (C25/30, $20 mm, mean values, ocp=5.0 MPa)

Load Step Load Step Load Step » Final
No Stepl | Mult. | Step2 | Mult. | Step3 | Mult. | step Step Oer Via Mra Mo Yo
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m Mra Vra
1 10 50 128 5 0 1 138 138 5.0 2560 0 0.00 1.00
2 10 50 115 5 150 1 275 145 5.0 2300 80 0.26 0.90
3 10 50 102 5 150 1 262 146 5.0 2040 136 0.44 0.80
4 10 50 90 5 150 1 250 144 5.0 1800 176 0.57 0.70
5 10 50 77 5 150 1 237 142 5.0 1540 220 0.71 0.60
6 10 50 64 5 150 1 224 137 5.0 1280 252 0.82 0.50
7 10 50 51 5 150 1 211 132 5.0 1020 284 0.92 0.40
8 10 50 38 5 150 1 198 122 5.0 760 296 0.96 0.30
9 10 50 26 5 150 1 186 112 5.0 520 304 0.99 0.20
10 10 50 0 5 150 1 160 87 5.0 0 308 1.00 0.00

Table 78. Shear — Bending interaction simulation (C25/30, $20 mm, mean values, ocp=7.5 MPa)

Load Step Load Step Load Step » Final
No Stepl | Mult. | Step2 | Mult. | Step3 | Mult. | step Step Oer Via Mra Mo Yo
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m Mra Vra
1 10 75 142 5 0 1 152 152 7.5 2840 0 0.00 1.00
2 10 75 128 5 150 1 288 157 7.5 2560 76 0.25 0.90
3 10 75 114 5 150 1 274 158 7.5 2280 136 0.44 0.80
4 10 75 99 5 150 1 259 156 7.5 1980 188 0.61 0.70
5 10 75 85 5 150 1 245 151 7.5 1700 224 0.73 0.60
6 10 75 71 5 150 1 231 145 7.5 1420 256 0.83 0.50
7 10 75 57 5 150 1 217 137 7.5 1140 280 091 0.40
8 10 75 43 5 150 1 203 127 7.5 860 296 0.96 0.30
9 10 75 28 5 150 1 188 114 7.5 560 304 0.99 0.20
10 10 75 0 5 150 1 160 87 7.5 0 308 1.00 0.00

Table 79. Shear - Bending interaction simulation (C25/30, $20 mm, mean values, ocp=10.0 MPa)

Load Step Load Step Load Step » Final
No Stepl | Mult. | Step2 | Mult. | Step3 | Mult. | step Step i Via Mra Mo Yo
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m Mra Vra
1 10 100 147 5 0 1 157 157 10.0 2940 0 0.00 1.00
2 10 100 132 5 150 1 292 168 10.0 2640 104 0.34 0.90
3 10 100 118 5 150 1 278 165 10.0 2360 148 0.48 0.80
4 10 100 103 5 150 1 263 161 10.0 2060 192 0.62 0.70
5 10 100 88 5 150 1 248 154 10.0 1760 224 0.73 0.60
6 10 100 74 5 150 1 234 149 10.0 1480 260 0.84 0.50
7 10 100 59 5 150 1 219 140 10.0 1180 284 0.92 0.40
8 10 100 44 5 150 1 204 128 10.0 880 296 0.96 0.30
9 10 100 29 5 150 1 189 115 10.0 580 304 0.99 0.20
10 10 100 0 5 150 1 160 87 10.0 0 308 1.00 0.00
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Table 80. Shear - Bending interaction simulation (C25/30, $20 mm, char. values, ocp=2.5 MPa)

Load Step Load Step Load Step > Final
No [of V M
Stepl | Mult. | Step2 | Mult. | Step3 | Mult. | step Step ° " i M Vo
. . M, |74
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m rd rd
1 10 25 99 5 0 1 109 109 2.5 1980 0 0.00 1.00
2 10 25 89 5 150 1 249 115 2.5 1780 64 0.24 0.90
3 10 25 79 5 150 1 239 115 2.5 1580 104 0.39 0.80
4 10 25 69 5 150 1 229 115 2.5 1380 144 0.54 0.70
5 10 25 59 5 150 1 219 115 2.5 1180 184 0.69 0.60
6 10 25 50 5 150 1 210 113 2.5 1000 212 0.79 0.50
7 10 25 40 5 150 1 200 109 2.5 800 236 0.88 0.40
8 10 25 30 5 150 1 190 103 2.5 600 252 0.94 0.30
9 10 25 20 5 150 1 180 96 2.5 400 264 0.99 0.20
10 10 25 0 5 150 1 160 77 2.5 0 268 1.00 0.00
Table 81. Shear - Bending interaction simulation (C25/30, $20 mm, char. values, ocp=5.0 MPa)
Load Step Load Step Load Step » Final
No [of M
Stepl | Mult. | Step2 | Mult. | Step3 | Mult. | step Step ° Via i Mo Yo
. . M, |74
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m rd rd
1 10 50 114 5 0 1 124 124 5.0 2280 0 0.00 1.00
2 10 50 103 5 150 1 263 128 5.0 2060 60 0.22 0.90
3 10 50 91 5 150 1 251 128 5.0 1820 108 0.40 0.80
4 10 50 80 5 150 1 240 128 5.0 1600 152 0.57 0.70
5 10 50 68 5 150 1 228 125 5.0 1360 188 0.70 0.60
6 10 50 57 5 150 1 217 121 5.0 1140 216 0.81 0.50
7 10 50 46 5 150 1 206 116 5.0 920 240 0.90 0.40
8 10 50 34 5 150 1 194 108 5.0 680 256 0.96 0.30
9 10 50 23 5 150 1 183 99 5.0 460 264 0.99 0.20
10 10 50 0 5 150 1 160 77 5.0 0 268 1.00 0.00
Table 82. Shear - Bending interaction simulation (C25/30, $20 mm, char. values, ocp=7.5 MPa)
Load Step Load Step Load Step » Final
No [of M
Stepl | Mult. | Step2 | Mult. | Step3 | Mult. | step Step ° Via i Mo Yo
. . M, |74
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m rd rd
1 10 75 121 5 0 1 131 131 7.5 2420 0 0.00 1.00
2 10 75 109 5 150 1 269 140 7.5 2180 84 0.31 0.90
3 10 75 97 5 150 1 257 137 7.5 1940 120 0.45 0.80
4 10 75 85 5 150 1 245 135 7.5 1700 160 0.60 0.70
5 10 75 73 5 150 1 233 130 7.5 1460 188 0.70 0.60
6 10 75 61 5 150 1 221 126 7.5 1220 220 0.82 0.50
7 10 75 48 5 150 1 208 119 7.5 960 244 091 0.40
8 10 75 36 5 150 1 196 110 7.5 720 256 0.96 0.30
9 10 75 24 5 150 1 184 100 7.5 480 264 0.99 0.20
10 10 75 0 5 150 1 160 77 7.5 0 268 1.00 0.00

Table 83. Shear - Bending interaction simulation (C25/30, $20 mm, char. values, o,p=10.0 MPa)

Load Step Load Step Load Step » Final
No Stepl | Mult. | Step2 | Mult. | Step3 | Mult. | step Step i Via Mra Mo Yo
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m Mra Vra
1 10 100 116 5 0 1 126 126 10.0 2320 0 0.00 1.00
2 10 100 104 5 150 1 264 142 10.0 2080 112 0.42 0.90
3 10 100 93 5 150 1 253 138 10.0 1860 140 0.52 0.80
4 10 100 81 5 150 1 241 133 10.0 1620 168 0.63 0.70
5 10 100 70 5 150 1 230 129 10.0 1400 196 0.73 0.60
6 10 100 58 5 150 1 218 126 10.0 1160 232 0.87 0.50
7 10 100 46 5 150 1 206 118 10.0 920 248 0.93 0.40
8 10 100 35 5 150 1 195 110 10.0 700 260 0.97 0.30
9 10 100 23 5 150 1 183 99 10.0 460 264 0.99 0.20
10 10 100 0 5 150 1 160 77 10.0 0 268 1.00 0.00

118



Table 84. Shear - Bending interaction simulation (C25/30, $20 mm, design values, ocp=2.5 MPa)

Load Step Load Step Load Step > Final
No [of V M
Stepl | Mult. | Step2 | Mult. | Step3 | Mult. | step Step ° " i M Vo
. . M, |74
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m rd rd
1 10 25 85 5 0 1 95 95 2.5 1700 0 0.00 1.00
2 10 25 77 5 150 1 237 98 2.5 1540 44 0.20 0.90
3 10 25 68 5 150 1 228 99 2.5 1360 84 0.38 0.80
4 10 25 60 5 150 1 220 99 2.5 1200 116 0.53 0.70
5 10 25 51 5 150 1 211 99 2.5 1020 152 0.69 0.60
6 10 25 43 5 150 1 203 96 2.5 860 172 0.78 0.50
7 10 25 34 5 150 1 194 92 2.5 680 192 0.87 0.40
8 10 25 26 5 150 1 186 88 2.5 520 208 0.95 0.30
9 10 25 17 5 150 1 177 81 2.5 340 216 0.98 0.20
10 10 25 0 5 150 1 160 65 2.5 0 220 1.00 0.00
Table 85. Shear — Bending interaction simulation (C25/30, $20 mm, design values, ocp=5.0 MPa)
Load Step Load Step Load Step > Final
No [of M
Stepl | Mult. | Step2 | Mult. | Step3 | Mult. | step Step ° Via i Mo Yo
. . M, v,
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m rd rd
1 10 50 89 5 0 1 99 99 5.0 1780 0 0.00 1.00
2 10 50 80 5 150 1 240 104 5.0 1600 56 0.25 0.90
3 10 50 71 5 150 1 231 109 5.0 1420 112 0.51 0.80
4 10 50 62 5 150 1 222 107 5.0 1240 140 0.64 0.70
5 10 50 53 5 150 1 213 104 5.0 1060 164 0.75 0.60
6 10 50 45 5 150 1 205 101 5.0 900 184 0.84 0.50
7 10 50 36 5 150 1 196 97 5.0 720 204 0.93 0.40
8 10 50 27 5 150 1 187 90 5.0 540 212 0.96 0.30
9 10 50 18 5 150 1 178 82 5.0 360 216 0.98 0.20
10 10 50 0 5 150 1 160 65 5.0 0 220 1.00 0.00
Table 86. Shear - Bending interaction simulation (C25/30, $20 mm, design values, ocp=7.5 MPa)
Load Step Load Step Load Step » Final
No [of M
Stepl | Mult. | Step2 | Mult. | Step3 | Mult. | step Step ° Via i Mo Yo
. . M, v,
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m rd rd
1 10 75 86 5 0 1 96 96 7.5 1720 0 0.00 1.00
2 10 75 77 5 150 1 237 111 7.5 1540 96 0.44 0.90
3 10 75 69 5 150 1 229 108 7.5 1380 116 0.53 0.80
4 10 75 60 5 150 1 220 104 7.5 1200 136 0.62 0.70
5 10 75 52 5 150 1 212 104 7.5 1040 168 0.76 0.60
6 10 75 43 5 150 1 203 101 7.5 860 192 0.87 0.50
7 10 75 34 5 150 1 194 96 7.5 680 208 0.95 0.40
8 10 75 26 5 150 1 186 89 7.5 520 212 0.96 0.30
9 10 75 17 5 150 1 177 81 7.5 340 216 0.98 0.20
10 10 75 0 5 150 1 160 65 7.5 0 220 1.00 0.00
Table 87. Shear — Bending interaction simulation (C25/30, $20 mm, design values, ocp=10.0 MPa)
Load Step Load Step Load Step » Final
N M
© Stepl  Mult. Step2  Mult. | Step3 | Mult. . step Step i Via - Mo Yo
. . M, v,
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m rd rd
1 10 100 82 5 0 1 92 92 10.0 1640 0 0.00 1.00
2 10 100 74 5 150 1 234 107 10.0 1480 92 0.42 0.90
3 10 100 66 5 150 1 226 101 10.0 1320 100 0.45 0.80
4 10 100 57 5 150 1 217 100 10.0 1140 132 0.60 0.70
5 10 100 49 5 150 1 209 100 10.0 980 164 0.75 0.60
6 10 100 41 5 150 1 201 99 10.0 820 192 0.87 0.50
7 10 100 33 5 150 1 193 94 10.0 660 204 0.93 0.40
8 10 100 25 5 150 1 185 88 10.0 500 212 0.96 0.30
9 10 100 16 5 150 1 176 80 10.0 320 216 0.98 0.20
10 10 100 0 5 150 1 160 65 10.0 0 220 1.00 0.00
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Table 88. Shear - Bending interaction simulation (C40/50, $24 mm, mean values, ocp=2.5 MPa)

Load Step Load Step Load Step » Final
No Stepl | Mult. | Step2 | Mult. | Step3 | Mult. | step Step Oep Via Mra M Vo
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m Mra Vra
1 10 25 154 5 0 1 164 164 2.5 3080 0 0.00 1.00
2 10 25 139 5 150 1 299 178 2.5 2780 116 0.23 0.90
3 10 25 123 5 150 1 283 181 2.5 2460 192 0.39 0.80
4 10 25 108 5 150 1 268 180 2.5 2160 248 0.50 0.70
5 10 25 92 5 150 1 252 180 2.5 1840 312 0.63 0.60
6 10 25 77 5 150 1 237 177 2.5 1540 360 0.73 0.50
7 10 25 62 5 150 1 222 171 2.5 1240 396 0.80 0.40
8 10 25 46 5 150 1 206 161 2.5 920 420 0.85 0.30
9 10 25 31 5 150 1 191 149 2.5 620 432 0.87 0.20
10 10 25 0 5 150 1 160 134 2.5 0 496 1.00 0.00

Table 89. Shear - Bending interaction simulation (C40/50, $24 mm, mean values, ocp=5.0 MPa)

Load Step Load Step Load Step » Final
No Stepl | Mult. | Step2 | Mult. | Step3 | Mult. | step Step Oer Via Mra Mo Yo
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m Mra Vra
1 10 50 173 5 0 1 183 183 5.0 3460 0 0.00 1.00
2 10 50 156 5 150 1 316 192 5.0 3120 104 0.21 0.90
3 10 50 138 5 150 1 298 196 5.0 2760 192 0.39 0.80
4 10 50 121 5 150 1 281 197 5.0 2420 264 0.53 0.70
5 10 50 104 5 150 1 264 190 5.0 2080 304 0.61 0.60
6 10 50 87 5 150 1 247 187 5.0 1740 360 0.73 0.50
7 10 50 69 5 150 1 229 179 5.0 1380 400 0.81 0.40
8 10 50 52 5 150 1 212 168 5.0 1040 424 0.85 0.30
9 10 50 35 5 150 1 195 156 5.0 700 444 0.90 0.20
10 10 50 0 5 150 1 160 134 5.0 0 496 1.00 0.00

Table 90. Shear - Bending interaction simulation (C40/50, $24 mm, mean values, ocp=7.5 MPa)

Load Step Load Step Load Step » Final
No Stepl | Mult. | Step2 | Mult. | Step3 | Mult. | step Step Oer Via Mra Mo Yo
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m Mra Vra
1 10 75 187 5 0 1 197 197 7.5 3740 0 0.00 1.00
2 10 75 168 5 150 1 328 209 7.5 3360 124 0.25 0.90
3 10 75 150 5 150 1 310 206 7.5 3000 184 0.37 0.80
4 10 75 131 5 150 1 291 204 7.5 2620 252 0.51 0.70
5 10 75 112 5 150 1 272 201 7.5 2240 316 0.64 0.60
6 10 75 94 5 150 1 254 197 7.5 1880 372 0.75 0.50
7 10 75 75 5 150 1 235 186 7.5 1500 404 0.81 0.40
8 10 75 56 5 150 1 216 172 7.5 1120 424 0.85 0.30
9 10 75 37 5 150 1 197 164 7.5 740 468 0.94 0.20
10 10 75 0 5 150 1 160 134 7.5 0 496 1.00 0.00

Table 91. Shear - Bending interaction simulation (C40/50, $24 mm, mean values, ocp=10.0 MPa)

Load Step Load Step Load Step » Final
No Stepl | Mult. | Step2 | Mult. | Step3 | Mult. | step Step i Via Mra Mo Yo
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m Mra Vra
1 10 100 200 5 0 1 210 210 10.0 4000 0 0.00 1.00
2 10 100 180 5 150 1 340 220 10.0 3600 120 0.24 0.90
3 10 100 160 5 150 1 320 218 10.0 3200 192 0.39 0.80
4 10 100 140 5 150 1 300 217 10.0 2800 268 0.54 0.70
5 10 100 120 5 150 1 280 211 10.0 2400 324 0.65 0.60
6 10 100 100 5 150 1 260 204 10.0 2000 376 0.76 0.50
7 10 100 80 5 150 1 240 191 10.0 1600 404 0.81 0.40
8 10 100 60 5 150 1 220 177 10.0 1200 428 0.86 0.30
9 10 100 40 5 150 1 200 164 10.0 800 456 0.92 0.20
10 10 100 0 5 150 1 160 134 10.0 0 496 1.00 0.00
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Table 92. Shear - Bending interaction simulation (C40/50, $20 mm, mean values, ocp=2.5 MPa)

Load Step Load Step Load Step > Final
No [of V M
Stepl | Mult. | Step2 | Mult. | Step3 | Mult. ;| step Step ° " i M, Vo
. K M, |74
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m rd rd
1 10 25 121 5 0 1 131 131 2.5 2420 0 0.00 1.00
2 10 25 109 5 150 1 269 144 2.5 2180 100 0.27 0.90
3 10 25 97 5 150 1 257 145 2.5 1940 152 0.42 0.80
4 10 25 85 5 150 1 245 145 2.5 1700 200 0.55 0.70
5 10 25 73 5 150 1 233 142 2.5 1460 236 0.65 0.60
6 10 25 61 5 150 1 221 141 2.5 1220 280 0.77 0.50
7 10 25 48 5 150 1 208 135 2.5 960 308 0.85 0.40
8 10 25 36 5 150 1 196 126 2.5 720 320 0.88 0.30
9 10 25 24 5 150 1 184 120 2.5 480 344 0.95 0.20
10 10 25 0 5 150 1 160 101 2.5 0 364 1.00 0.00
Table 93. Shear - Bending interaction simulation (C40/50, $20 mm, mean values, ocp=5.0 MPa)
Load Step Load Step Load Step » Final
No [of M
Stepl | Mult. | Step2 | Mult. | Step3 | Mult. | step Step ° Via i Mo Yo
. . M, v,
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m rd rd
1 10 50 138 5 0 1 148 148 5.0 2760 0 0.00 1.00
2 10 50 124 5 150 1 284 158 5.0 2480 96 0.26 0.90
3 10 50 110 5 150 1 270 158 5.0 2200 152 0.42 0.80
4 10 50 97 5 150 1 257 158 5.0 1940 204 0.56 0.70
5 10 50 83 5 150 1 243 155 5.0 1660 248 0.68 0.60
6 10 50 69 5 150 1 229 150 5.0 1380 284 0.78 0.50
7 10 50 55 5 150 1 215 143 5.0 1100 312 0.86 0.40
8 10 50 41 5 150 1 201 132 5.0 820 324 0.89 0.30
9 10 50 28 5 150 1 188 122 5.0 560 336 0.92 0.20
10 10 50 0 5 150 1 160 101 5.0 0 364 1.00 0.00
Table 94. Shear - Bending interaction simulation (C40/50, $20 mm, mean values, ocp=7.5 MPa)
Load Step Load Step Load Step » Final
No [of M
Stepl | Mult. | Step2 | Mult. | Step3 | Mult. | step Step ° Via i Mo Yo
. . M, v,
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m rd rd
1 10 75 152 5 0 1 162 162 7.5 3040 0 0.00 1.00
2 10 75 137 5 150 1 297 171 7.5 2740 96 0.26 0.90
3 10 75 122 5 150 1 282 171 7.5 2440 156 0.43 0.80
4 10 75 106 5 150 1 266 169 7.5 2120 212 0.58 0.70
5 10 75 91 5 150 1 251 165 7.5 1820 256 0.70 0.60
6 10 75 76 5 150 1 236 159 7.5 1520 292 0.80 0.50
7 10 75 61 5 150 1 221 149 7.5 1220 312 0.86 0.40
8 10 75 46 5 150 1 206 137 7.5 920 324 0.89 0.30
9 10 75 30 5 150 1 190 125 7.5 600 340 0.93 0.20
10 10 75 0 5 150 1 160 101 7.5 0 364 1.00 0.00
Table 95. Shear — Bending interaction simulation (C40/50, $20 mm, mean values, ocp=10.0 MPa)
Load Step Load Step Load Step > Final
N M
© Stepl  Mult. Step2  Mult. | Step3 | Mult. . step Step i Via - Mo Yo
. . M, v,
Axial force - N Shear force - V Moment - M Analysis steps MPa | kN/m kNm/m rd rd
1 10 100 165 5 0 1 175 175 10.0 3300 0 0.00 1.00
2 10 100 149 5 150 1 309 184 10.0 2980 100 0.27 0.90
3 10 100 132 5 150 1 292 182 10.0 2640 160 0.44 0.80
4 10 100 116 5 150 1 276 178 10.0 2320 208 0.57 0.70
5 10 100 99 5 150 1 259 173 10.0 1980 256 0.70 0.60
6 10 100 83 5 150 1 243 165 10.0 1660 288 0.79 0.50
7 10 100 66 5 150 1 226 154 10.0 1320 312 0.86 0.40
8 10 100 50 5 150 1 210 141 10.0 1000 324 0.89 0.30
9 10 100 33 5 150 1 193 130 10.0 660 348 0.96 0.20
10 10 100 0 5 150 1 160 101 10.0 0 364 1.00 0.00

121



Graph 87. Shear - Bending interaction comparison for reinforcement ratio (C25/30, mean values, ocp=2.5 MPa)
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Graph 88. Shear - Bending interaction comparison for reinforcement ratio (C25/30, mean values, ocp=5.0 MPa)
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Graph 89. Shear - Bending interaction comparison for reinforcement ratio (C25/30, mean values, ocp=7.5 MPa)
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Graph 90. Shear - Bending interaction comparison for reinforcement ratio (C25/30, mean values, ocp=10.0 MPa)
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Graph 91. Shear — Bending interaction comparison for reinforcement ratio (C25/30, char. values, ocp=2.5 MPa)
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Graph 92. Shear — Bending interaction comparison for reinforcement ratio (C25/30, char. values, ocp=5.0 MPa)
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Graph 93. Shear — Bending interaction comparison for reinforcement ratio (C25/30, char. values, ocp=7.5 MPa)
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Graph 94. Shear — Bending interaction comparison for reinforcement ratio (C25/30, char. values, ocp=10.0 MPa)
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Graph 95. Shear — Bending interaction comparison for reinforcement ratio (C25/30, design values, ocp=2.5 MPa)

M - V Domain C25/30 design values

1.0
0.9
0.8
0.7
0.6
< 0.5
& 0.4
0.3
0.2
0.1
0.0

—— 20
—— 24

Graph 96. Shear — Bending interaction comparison for reinforcement ratio (C25/30, design values, ocp=5.0 MPa)
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Graph 97. Shear — Bending interaction comparison for reinforcement ratio (C25/30, design values, ocp=7.5 MPa)
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Graph 98. Shear — Bending interaction comparison for reinforcement ratio (C25/30, design values, ocp=10 MPa)
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Graph 99. Shear - Bending interaction comparison for reinforcement ratio (C40/50, mean values, ocp=2.5 MPa)
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Graph 100. Shear - Bending interaction comparison for reinforcement ratio (C40/50, mean values, ocp=5.0 MPa)

M -V Domain C40/50 mean values

—— 20
—— 24

128



Graph 101. Shear - Bending interaction comparison for reinforcement ratio (C40/50, mean values, ocp=7.5 MPa)
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Graph 102. Shear — Bending interaction comparison for reinforcement ratio (C40/50, mean values, oc,=10 MPa)
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Graph 103. Shear — Bending interaction comparison for concrete strength (@24, mean values, ocp=2.5 MPa)
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Graph 104. Shear — Bending interaction comparison for concrete strength (@24, mean values, ocp=5.0 MPa)
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Graph 105. Shear — Bending interaction comparison for concrete strength (@24, mean values, ocp=7.5 MPa)
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Graph 106. Shear — Bending interaction comparison for concrete strength (@24, mean values, ocp=10 MPa)
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Graph 107. Shear — Bending interaction comparison for concrete strength (@20, mean values, ocp=2.5 MPa)
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Graph 108. Shear — Bending interaction comparison for concrete strength (@20, mean values, ocp=5.0 MPa)
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Graph 109. Shear — Bending interaction comparison for concrete strength (@20, mean values, ocp=7.5 MPa)
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Graph 110. Shear — Bending interaction comparison for concrete strength (@20, mean values, ocp=10 MPa)
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Graph 111. Shear — Bending interaction comparison for safety factor (C25/30, 24, ocp=2.5 MPa)
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Graph 112. Shear — Bending interaction comparison for safety factor (C25/30, ¢24, ocp=5.0 MPa)
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Graph 113. Shear — Bending interaction comparison for safety factor (C25/30, 24, ocp=7.5 MPa)
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Graph 114. Shear — Bending interaction comparison for safety factor (C25/30, 24, ocp=10 MPa)
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Graph 115. Shear — Bending interaction comparison for safety factor (C25/30, 920, ocp=2.5 MPa)

M -V Domain (C25/30 - ¢20 - 6,,=2.5 MPa)
1.0
0.9
0.8
0.7
< 0.6
= 0.5 —&— mean
& 0.4 —@— char.
0.3 —0—design
0.2
0.1
0.0

Graph 116. Shear — Bending interaction comparison for safety factor (C25/30, 20, ocp=5.0 MPa)
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Graph 117. Shear — Bending interaction comparison for safety factor (C25/30, ¢20, ocp=7.5 MPa)
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Graph 118. Shear — Bending interaction comparison for safety factor (C25/30, 20, ocp=10.0 MPa)
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