Second-Order Effects

SectionPro Tutorial — Buckling analysis of circular columns
with the EC2 nominal curvature method (uniaxial and biaxial)

BridgeKernel - 2026

| Introduction

A second-order analysis estimates the amplification of bending moments caused by the compression
force acting on the deformed shape of the column. The initial eccentricity e, triggers a lateral
deflection, which in turn increases the bending moment, which increases the deflection further. The
Eurocode’s nominal curvature method quantifies this effect through a second-order eccentricity e,
derived from the section curvature 1/r and the effective buckling length [,, without requiring a full
nonlinear FEM model:

1 2

€2= 73 Mgg = N - (eg + €3) + M,

SectionPro evaluates the curvature 1/r from a nonlinear analysis at each load level, then applies
the Eurocode formula above to obtain e,. The axial force N is increased, tracing a load path on
the interaction diagram until either the material capacity is reached (resistance) or the eccentricity
diverges (buckling instability). Two modes are available:

e 2D uniaxial: buckling is analysed in one bending plane (N—M, or NfMy). The other moment
component is held constant, and an optional first-order moment M; can be imposed.

e 3D biaxial: both bending planes are amplified simultaneously, each with its own buckling length
ly» and [, . The load path is traced on the full 3D interaction surface.

Computed results

SectionPro reports for each buckling analysis:

Load path

Axial compressive force N in-
creased until failure

Eccentricities e, ,, ey, at each
load level

Total moment My, including sec-

ond-order effects

Capacity reduction

Ratio of failure point to curve in-
tersection

Based on material strain limits
Status: resistance or buckling

€2 max at failure point

Exports

PDF: load path plotted on the
interaction curve/surface

XLS and TXT: full path data (IV,
sz My7 62,17 e?,y)



| Solid circular column (slender)

Input data

Concrete

e Solid circular cross-section
e Diameter D = 1.00 m

o Area A, =0.785 m?

Reinforcement

20 bars HA25 (¢, = 25 mm)
Positioned at r = 447.5 mm
e Cover 40 mm — 1 layer

o A, =20x4.91=982 cm?

Material laws (EC2)

o Concrete C30/37: f,,, = 30 MPa
+ Steel B500B: f,;, = 500 MPa

2D uniaxial buckling (N—M, plane)

= Data

& Solid Circular Section

Concrete

Diameter (m)

[ |
Reinforcement @
Mode: count -

Number of rebars Bar diameter (mm) Concrete cover (mm) Layers (10r 2)

Figure 1: Solid circular column.

The column has an effective buckling length of [, = 30.0 m with an initial eccentricity e, = 0.10 m

and no first-order moment (M; = 0).
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Figure 2: Load path on the N-Mz interaction curve

strong curvature indicates significant second-order effects.

With a slenderness ratio A =1;,/i = 120, this column is highly slender. The load path is nearly
linear up to about N = 3500 kN, where second-order effects remain small. Beyond this point, the
eccentricity e, grows rapidly and the load path curves sharply upward. The column fails by geometric

instability at:

« N, =5318 kN

cri



 Capacity reduction: 53%

o At 25% of the maximum compressive resistance (N = 5000 kN out of 20000 kN): total moment
Mpq = 928 kN - m, of which M, = 430 kN - m is second-order (46%)

For this slender column, second-order effects are already severe at a fraction of the axial capacity.

| Hollow circular column

Input data = Data
€« Hollow Circular Section

Concrete Concrete

. A Outer diameter (m) Wall thickness (m)
e Hollow circular cross-section (s | (o
o Outer diameter D, = 2.50 m Reinforcement ©
o Wall thickness t = 0.35 m Mode count E
° Inner diameter Dint — 180 m Number of rebars Bar diameter (mm) [ur(rets(uvgr(mm). Layers (10or 2)

Reinforcement P ——.
e 30 bars HA20 (¢, = 20 mm)

o Positioned at r = 1200 mm (outer layer)
e Cover 40 mm — 1 layer
e A, =30x3.14=942 cm?

Material laws (EC2)
o Concrete C30/37: f,,. = 30 MPa
e Steel B500B: fyk: = 500 MPa Figure 3: Hollow circular column.

2D uniaxial buckling (N—M, plane)
The column has an effective buckling length of [, = 30.0 m with an initial eccentricity e, = 0.10 m
and no first-order moment (M; = 0).
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Figure 4: Load path on the N-Mz interaction curve — nearly linear, second-order effects are small.



With a slenderness ratio A = [, /i = 39, this column is stocky. The load path is nearly linear for most
of the range, but the eccentricity e, starts to accelerate noticeably beyond N = 35000 kN. Unlike the
slender column where this acceleration occurs early, here it only appears when N is already close to
the maximum compressive resistance. The column fails just before reaching the interaction curve:

. = 42154 kN

o Capacity reduction: 1.3%

o At 25% of the maximum compressive resistance (N = 13000 kN out of 51000 kN): total moment
Mgy = 1560 kN - m, of which M, = 260 kN - m is second-order (17%)

cri

Second-order effects only become noticeable as N approaches the maximum compressive resistance.

| 3D biaxial buckling

In 3D mode, SectionPro amplifies the bending moments in both planes simultaneously. Each direction
has its own buckling length (I} ., l) ) and initial eccentricity (eg ., €o,), and the second-order
eccentricities e, , and e, , are computed independently at each load level.

The hollow circular column is analysed with symmetric buckling lengths: [, , =1, , = 10.0 m with

€ . = €, = 0.05 m. No first-order moments are applied.

N max: 55416

Figure 5: 3D load path on the interaction surface.

With a short buckling length of 10 m, second-order effects are negligible throughout the load path.
The eccentricity e, remains below 1 mm for most of the range and only reaches e, = 7.8 mm at the
very last point. The load path is essentially linear and reaches the interaction surface at:

. i = 50903 kN
crit
o At 25% of the maximum compressive resistance (N = 12500 kN out of 51000 kN): total moment
Mp4 = 626 kN - m per axis, of which M, = 3 kN - m is second-order (0.5%)

The column reaches its full material resistance with virtually no capacity reduction from geometric
effects, mainly due to the reduced buckling lengths and smaller initial eccentricities compared to the

2D examples.



| Performance benchmark

The second-order analysis consists of two phases: building the interaction curve (or surface), then
tracing the load path by incrementally computing e, at each load level. Each step evaluates the
section curvature through an iterative algorithm. The table below shows the total computation time
for 500 load path points.

Solid circular (2D) Hollow circular (2D) Hollow circular (3D)

91 ms 252 ms 282 ms

The dominant cost is building the interaction surface. The load path tracing itself adds only a few
milliseconds, keeping the total analysis well under 300 ms in all cases.

| Export

SectionPro exports the buckling analysis in three formats: PDF, text, and Excel (.xlsx). The exported
data includes the full load path (N, M,, M,, ey ., €5
factor, and the buckling status.

., at each load level), the capacity reduction

Résultats de second ordre Résultats de second ordre

GENERE PAR LE LOGICIEL SECTIONPRO LE : 2026-05-19 22:26 GENERE PAR LE LOGICIEL SECTIONPRO LE : 2026-05-19 22:26

Le flambement est supposé uniaxial selon I'axe y. L'excentricité initiale e0 est prise égale a 0.100 m et la longueur 1 0.0 0.0 0.0 0.00000 0.00000
de flambement a Ik=30.00 m. L'état de flexion initial est My = 0.0 kN-m et Mz = 0.0 kN-m. 2 547 55 0.0 0.00042 0.00000
Statut 3 109.4 1.0 0.0 0.00085 0.00000
Les effets du second ordre sont notables pour les charges axiales élevées, et deviennent incontrolables pour les 4 1641 166 00 0.00128 0.00000
charges axiales supérieures a 5414 kN. 5 218.7 223 0.0 0.00172 0.00000
; ) B o X v o 6 2734 279 00 0.00216 0.00000
h:r;e‘::r(:‘r;:test pas capable d'atteindre sa résistance mécanique compléte en raison de cette instabilité de 7 328.1 337 0.0 0.00261 0.00000
Ratio de capacité: 56.1% 8 3828 395 00 0.00306 0.00000
9 4375 453 0.0 0.00352 0.00000
Visualisation 10 4922 512 00 0.00398 0.00000
M2z (e 1 5469 571 0.0 0.00445 0.00000
000 12 601.6 63.1 0.0 0.00492 0.00000
13 656.2 69.2 0.0 0.00540 0.00000
14 710.9 75.3 0.0 0.00588 0.00000
2000 15 765.6 81.4 0.0 0.00637 0.00000
16 820.3 87.7 0.0 0.00687 0.00000
17 875.0 94.0 0.0 0.00737 0.00000
18 929.7 1003 00 0.00788 0.00000
10 19 984.4 106.7 0.0 0.00839 0.00000
20 1039.1 113.2 0.0 0.00892 0.00000
21 1093.7 119.7 0.0 0.00944 0.00000
5000 22 1148.4 126.3 0.0 0.00997 0.00000
23 1203.1 133.0 00 0.01051 0.00000
2 1257.8 1397 0.0 001106 0.00000
1000 25 13125 146.5 0.0 0.01163 0.00000
26 1367.2 153.4 0.0 0.01219 0.00000
27 1421.9 160.3 0.0 0.01276 0.00000
oo 28 1476.6 1673 00 001333 0.00000
29 1531.2 174.4 0.0 0.01392 0.00000
30 1585.9 181.6 0.0 0.01451 0.00000
31 16406 188.8 00 001511 0.00000
o 32 16953 1962 0.0 001572 0.00000
33 1750.0 203.6 0.0 0.01633 0.00000
TRAJECTOIRE DE RUPTURE 34 1804.7 2111 0.0 0.01695 0.00000
s weome w o om
donné. 36 1914.1 2263 0.0 001823 0.00000
37 1968.7 2340 0.0 0.01888 0.00000

T T T T ST
38 2023.4 241.9 0.0 0.01954 0.00000

GENERE PAR LE LOGICIEL SECTIONPRO GENERE PAR LE LOGICIEL SECTIONPRO
Figure 6: PDF export — page 1: load path on interaction Figure 7: PDF export — page 2: detailed results table.

curve.



| Conclusion

The nominal curvature method allows engineers to evaluate second-order effects at the section level
without the cost and complexity of a full nonlinear FEM model. The load path visualisation on
the interaction curve (or surface) provides an immediate assessment of how significant second-order
effects are for a given column.

The comparison between the solid @1m column and the hollow ¥2.5m column demonstrates that
geometric properties, not just the buckling length, govern the outcome. The slender solid column
exhibits a strongly curved load path and fails by instability, while the hollow column reaches its
material capacity with small second-order amplification.

The 3D biaxial mode extends this analysis to columns with different buckling lengths in each direction,
amplifying moments independently in both planes.
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