Tensoes & deformacoes

Tutorial SectionPro — Secc¢oes hexagonal, quadrada oca & viga U sob cargas ELS e
ELU segundo trés codigos normativos (EC2, NBR-6118, BAEL 91)

BridgeKernel - 2026

| Introducao

Dados os esforcos impostos (N , M, Mz), o SectionPro resolve iterativamente o estado de deformacao
(50, Ky Iﬂ?z) e extrai tensoes, deformagoes, forgas internas e um coeficiente de seguranga (FS).

Trés secgdes sdo analisadas — hexagonal maciga (EC2), quadrada oca (NBR-6118) e viga U
(BAEL 91) — no ELS (linear) e ELU (né&o linear), com casos OK e KO.

Resultados calculados

O SectionPro reporta trés categorias de resultados para cada caso de carga:

Tensoes & deform. Forgas internas Convergéncia

o, — Tensao extr. betao N, — Resultante de compressao Nijor — Iteragoes

O mins O, max —— Lensoes do ago N, — Resultante de tragao Tol — Tolerancia de convergéncia
€, — Deform. extr. betao (z¢, yeo) — Centroéide de compres- Nipes M, ey My 1 — Forgas inter-
€5, mins €s, max — Deform. do ago S80 nas

FS — Coeficiente de seguranca (zp,yr) — Centréide de tragao €0 Ky Ky — Bstado de deformagao
Verificagao — OK / KO z — Brago de alavanca interno

Cenarios de teste
Cada secc@o é analisada no ELS (linear-elastico) e ELU (parabola-retangulo para betao, bilinear para

ago), com resisténcia a tragao nula. Incluem-se casos de flexdo uniaxial e biaxial, com verificagoes OK
e KO.

Secgao ELS (linear) ELU (nao linear) Biaxial? Norma

Hexagonal OK KO Sim (ELU) EC2



Seccao ELS (linear) ELU (nao linear) Biaxial? Norma

Quadrada oca OK OK Sim NBR-6118

Viga U KO OK Sim (ELU) BAEL 91

| Seccao hexagonal macica

Dados de entrada

Betao

= Data

« Secgio hexagonal R .
e Largura B = 2,00 m Concrete © ,

Height h1 (m) Height h2 (m) Width (m)
o Espessura minima h; = 0,60 m € ) G E
o Espessura maxima h, = 1,00 m Reinforcement @

Mode: uniformspacing
Armadura Bar spacing (mm) Bar diameter (mm) Concrete cover (mm) Layers (1or2)

. [‘SD ] ‘/25 ] [SU \‘ [| J

e Espacamento uniforme 150 mm

e 30 varodes
¢ Diametro 25 mm
¢ Recobrimento 50 mm

e 1 camada

Leis de material (EC2)
o Betao C30/37: f., = 30 MPa
¢ Ago B500B: £, =500 MPa

Figura 1: Sec¢@o hexagonal — geometria e armadura.

ELS — Flexao composta (N + M,)

Cargas impostas: N = 500 kN, M, = 1000 kN - m, M, =0

Visualization of stresses and strains Visualization of stresses and strains
Load 1 ~ @s0Q:0n & - @ Details Load1 >+ Qo@:0n Q @ [ @ Details
agc = -7.70 ec = -0.578
os,max = 210.8 5, max = 1.054
Figura 2: Distribuiciio de tensdes. Figura 3: Distribuicdo de deformagdes.
Tensoes & deformagoes Forcgas internas Convergéncia
7, ~17,70 MPa N, 1731,2 kN Niter <

Ty min —98,33 MPa N, —1231,2 kN Tol 3,91 x 107°



T max 210,77 MPa e 0,000 m Ny 500,0 kN
€, —0,578%0 Yo 0,345 m M, ine 1000,0 kN - m
- —0,492%0 ZTp 0,000 m M, ins 0,0 kN - m
€5, max 1,054%: Y —0,327 m €0 0,281 x 1073
FS 0,527 z 0,672 m Ky —1,717 x 1073
Verificacao OK Ky 0,000 x 1073

ELU — Flexao biaxial (N + M, + M)

Cargas impostas: N = 2000 kN, M, = 3000 kN - m, M, = 1800 kN - m

Visualization of stresses and strains Visualization of stresses and strains
Load 2 >~ @ Q:0n @ @ [ @ Details Load 2 ~ Qc®@:0n @ @ [ @ Details
oc = -22.43 cc = -3.925

esmax = 12068

as,max - 442.0

. R ~ Figura 5: Distribuicdo de deformagoes.
Figura 4: Distribuicao de tensoes. & § ¢

Tensoes & deformagoes Forcgas internas Convergéncia
o, —22,43 MPa . 5871,9 kN Niter 8
T min —435,44 MPa f —3871,9 kN Tol 6,84 x 107°
/— 441,98 MPa To —0,252 m Ny 2000,0 kN
€, —3,925%0 Yo 0,356 m M, it 3000,0 kN - m
A —3,083%0 Tp 0,083 m M, i 1800,0 kN - m
€5 max 12,068%0 Yr —0,235 m €0 4,492 x 1073
FS 1,121 z 0,679 m Ky —16,834 x 1073
Verificagao KO Ky —1,721 x 1073

Quando FS > 1, as cargas impostas excedem a capacidade da seccdo. Aqui, o betdo estd esmagado
(€. = 3,925%0 > €., = 3,5%0). Para além da rotura, um moédulo secante estende a lei de material
para atingir um equilibrio ficticio pds-rotura, quantificando a ultrapassagem (FS = 1,121).

| Sec¢ao quadrada oca

Dados de entrada



Betao

e Secgao quadrada oca

o Lado exterior a = 2,0 m

o Espessura da parede t = 0,30 m

Armadura

Espacamento uniforme 150 mm

64 varoes

Diametro 20 mm

o Recobrimento 40 mm

o 1 camada por face (interior + exterior)
Leis de material (NBR-6118)

o Betao C30: f., = 30 MPa

o Ago: f,, =500 MPa

= Data

Concrete

Side length (m) Thickness (m)
2 ) [es J

Reinforcement @

Meode: uniform spacing ~

Bar spacing (mm) Bar diameter (mm) Concrete cover (mm) Layers (10r2)

[2e0 JED | [ ) [ J
T GRS

Figura 6: Sec¢do quadrada oca — geometria e armadura.

ELS — Flexao biaxial (N + M, + M,)

Cargas impostas: N = —400 kN, M, =900 kN - m, M, =400 kN - m

Visualization of stresses and strains

Load1 hd ©U Os OI\I Q Q [« @ Details

Figura 7: Distribuicao de tensoes.

| 098
P

Visualization of stresses and strains

Load 1 - OU @s OI\I Q @ [ @ Details

d o52®

s

Figura 8: Distribui¢do de deformagoes.



Tensdes & deformagdes

s, min

Os ,max

s, min

53, max

FS

Verificagao

—2,23 MPa
—30,57 MPa
109,79 MPa
—0,160%o
—0,146%o
0,523%0
0,274

OK

Forcas internas

N,

c

o~

Lo

Yo

T

Yr

458,9 kN
—858,9 kN
~0,541 m
0,859 m
0,177 m
~0,589 m

1,616 m

ELU — Flexao biaxial (N + M, + M,)

Convergéncia

Mtel‘

Tol

N

int

z,int

y,int

Cargas impostas: N =0 kN, M, = 6000 kN - m, M, = 6000 kN - m

Visualization of stresses and strains

Load 2

@cOsONO\;

Tensoes & deformacgées

Verificagao

—21,43 MPa
—428,28 MPa
434,78 MPa
—2,220%0
—2,039%0
6,639%0
0,634

OK

-

@ Details

Figura 9: Distribui¢ao de tensoes.

Forgas internas

o~

Lo

Yo

I

Yr

Visualization of stresses and strains

Load 2 -

Oc®:0n @ @ [

4
7,72 x 10710
—400,0 kN
900,0 kN - m
400,0 kN - m
0,189 x 1073
—0,261 x 1073

—0,087 x 1073

@ Details

Figura 10: Distribuicdo de deformacoes.

5800,7 kN
—1293,2 kN
—0,751 m
0,751 m
—0,085 m
0,265 m

0,824 m

Convergéncia

]viter

Tol

N

int
z,int

y,int

9
2,35 x 1077
0,0 kN

6000,0 kN - m
6000,0 kN - m
2,300 x 1073
—2,260 x 1073

—2,260 x 1073



| Seccao personalizada — Viga U
Dados de entrada

O contorno externo é definido por pontos XY e a armadura por uma tabela (z,y, ¢).

Betao

= Data

( o e )

Reinforcement @

e Viga U com almas inclinadas

o Altura total h = 1,20 m

Generate steel rebars using primitives or import directly the xy coordinates and the diameters @s

Armadura ® sepment O e O ctipee (&)
Is 2 primitive was chosen, input the following data :
. 1 (m) %2 (m) (m) (m)
e Espacamento uniforme 150 mm ! : 7 ”

\ || || ||
W steel s (mm)

e Laje inferior: 11 vardes, diametro 20 mm | | ‘

e Almas: 49 vardes, didmetro 12 mm

e 2 camadas por alma

Leis de material (BAEL 91)
« Betdo: f.,g = 30 MPa, 6 = 0,85

o Aco feb00: f, = 500 MPa

Figura 11: Viga U — geometria e armadura.
ELS — Flexao pura (M))

Cargas impostas: N = 0 kN, M, = 1500 kN - m, M, =0

Visualization of stresses and strains Visualization of stresses and strains
Load1 ~ @c0:=:0n @ @ [ @ Details Load 1 - Qc@®@:0n @ @ @ Details
oc=-13.82 ec=-1.036

@s,max = 302.2 gs,max = 1.511

Figura 12: Distribuicdo de tensoes. . o -
Figura 13: Distribuicdo de deformacoes.



Tensdes & deformagdes Forcas internas Convergéncia
o, —13,82 MPa N, 1593,2 kN Nier 4
T min —194,19 MPa f —1593,2 kN Tol 2,26 x 10713
/— 302,23 MPa o 0,000 m Nipe 0,0 kN
€, —1,036%0 Yo 0,571 m M, i 1500,0 kN - m
g~ —0,971%0 Tp 0,000 m M, it 0,0 kN - m
€5, max 1,511%0 Yo —0,371 m €0 0,543 x 1073
FS 1,209 2 0,942 m K, —2,177 x 1073
Verificagao KO Ky 0,000 x 1073

No ELS, a verificacdo é KO: o ... = 302,2 MPa excede a tensao admissivel BAEL &, = 250,0 MPa

(fendilhacao prejudicial, n = 1,60), resultando em FS = 1,209.

ELU — Flexao biaxial (M, + M,)

Cargas impostas: N = 0 kN, M, = 2000 kN - m, M, = 500 kN - m

Visualization of stresses and strains Visualization of stresses and strains

Load 2 * ®cQ:0n Q @ & @) vewis Load 2 + Qo@:On Q @ & (@) vetais

oc = -18.88 e = 1527

os,mi es,mi

- 4348
gs,max ¢s,max = 2207

Figura 14: Distribuicao de tensoes. Figura 15: Distribuigéo de deformagdes.

Tensoes & deformagoes Forcgas internas Convergéncia
o, —18,88 MPa N, 2158,2 kN Nitor 4
T min —286,01 MPa N, —2158,2 kN Tol 5,50 x 107°
G, s 434,78 MPa To —0,192 m Nipe 0,0 kN
£, —1,527%0 Yo 0,562 m 2jint 2000,0 kN - m
€5, min —1,430%0 Ty 0,039 m s 500,0 kN - m
€5 max 2,207%:0 Yr —0,365 m €o 0,772 x 1073
FS 0,436 z 0,955 m Ky —2,811 x 1073
Verificacio OK K —0,325 x 1073



| Validacao dos resultados

Verificacao do equilibrio interno

As cargas impostas (N , My,MZ) sao os dados de entrada. O SectionPro resolve iterativamente

(ao,m K ) e integra as tensdes para obter (N M M ), que devem corresponder as cargas

yr Nz int> 2y inty 4 2, int
impostas:
Ny, =~ N My,int ~ My Mz,int ~ M,

Secgdo Carga N (kN) N, (kN) M, (kN-m) M, (kN'm) A

Hexagonal ELS 500,0 500,0 1000,0 1000,0 0,00 %
ELU 2000,0 2000,0 3000,0 3000,0 0,00 %

Quadr. oca ELS —400,0 —400,0 900,0 900,0 0,00 %
ELU 0,0 0,0 6000,0 6000,0 0,00 %

Viga U ELS 0,0 0,0 1500,0 1500,0 0,00 %
ELU 0,0 0,0 2000,0 2000,0 0,00 %

O equilibrio interno é satisfeito com precisdo de maquina para os seis casos de carga.

Benchmark de desempenho — 100.000 casos

de carga

100.000 casos de carga (ELS/ELU, uniaxial /biaxial, OK/KO) sao executados em cada sec¢do. Tempos
medidos excluem overhead de interface. Convergéncia obtida para os 300.000 casos.

Métrica Hexagonal Quadrada oca Viga U
Casos de carga 100.000 100.000 100.000
Tempo de céalculo 0,173 s 0,304 s 0,260 s
Taxa 578.000 casos/s 329.000 casos/s 385.000 casos/s

Taxas de 329.000 a 578.000 casos/s, tornando o SectionPro pratico para envolventes de carga de
elementos finitos.

| Exportacao

Resultados exportaveis em PDF, texto e Excel (.xlsx), incluindo tensoes, forgas internas, conver-
géncia e figuras.



STRESS AND STRAIN VERIFICATION RESULTS ¢ - € STRESS AND STRAIN VERIFICATION RESULTS 6 - €

GENERATED BY THE SECTIONPRO SOFTWARE ON : 2026-03-04 13:27 GENERATED BY THE SECTIONPRO SOFTWARE ON : 2026-03-04 13:27
Load case #1 is the most unfavorable Given below are figures representing graphically the previous tabular results.
Stresses and strains o - € Load case n°1 - Safety Factor = 1.209 (o, € and Nc,Nt)

0 and ¢ are the stresses and strains of concrete and steel (indices c and s). The safety factor reflects the ratio between
maximum strain and limit strain. SF>1 therefore indicates non-verification of the material.

Param Unit # #2
ac MPa -13.82 -18.88
as,min MPa -194.19 -286.01
s, max MPa 302.23 43478
e %o -1.036 -1.527
£s,min %o 0971 -1.430 Load case n°2 - Safety Factor = 0.436 (o, € and Nc,Nt)
€s,max %o 151 2.207
SF - 1.209 0.436
Check - Ko 0Ok

Internal forces
Nc and Nt are the compression and tension forces resulting from the integration of stresses over the section. The application
coordinates of these forces are given by xy. The lever arm z s the distance between these forces.

Param Unit #1 #2
Nc kN 1593.2 2158.2
Nt kN 1593.2 -2158.2
xC m 0.000 -0.192
yC m 0571 0561
xT m 0.000 0.039
yT m -0.371 -0.365
z m 0.942 0.955
Convergence

Given below are the number of iterations necessary for convergence of the solution algorithm, the tolerance achieved, the
internal forces (N,Mz,My) and the deformation state of the section (eo,kX.ky).

Param Unit #1 #2

Niiter - 4 4

Tol - 9.9%¢-9 9.9%-9

N,int kN 0.0 0.0

Mz,int kN-m 1500.0 2000.0

My, int kN-m -0.0 500.00

€ %o 0.543 0.772

KX Yo -2177 -2.811

Ky Yo -0.000 -0.325

GENERATED BY THE SECTIONPRO SOFTWARE GENERATED BY THE SECTIONPRO SOFTWARE
Figura 16: Exportacao PDF — pagina 1: tabelas de resul- Figura 17: Exportacao PDF — pégina 2: figuras.
tados.

| Conclusao

A anélise identifica corretamente os casos que excedem a capacidade, com equilibrio satisfeito com
precisao de maquina. Trés normas (EC2, NBR-6118, BAEL 91), trés geometrias, leis lineares e néo
lineares, flexdo uniaxial e biaxial.
Secgdo Caso de carga Norma Verificagio Equilibrio A
Hexagonal ELS (linear) EC2 OK 0,00 %
ELU (n#o linear) EC2 KO 0,00 %
Quadr. oca ELS (linear) NBR-6118 OK 0,00 %
ELU (n&o linear) NBR-6118 OK 0,00 %
Viga U ELS (linear) BAEL 91 KO 0,00 %
ELU (n&o linear) BAEL 91 OK 0,00 %

O benchmark mostra 329.000 a 578.000 casos/s (0,17-0,30 s por sec¢éo), com convergéncia para os
300.000 casos, adequado para verificacoes de envolventes de elementos finitos.
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