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Abstract

This study investigates the stability behavior of laced built-up steel columns that buckle in the
plane of the lacing system, where shear deformation plays a critical role in reducing axial capacity.
The columns are composed of C-shaped chords connected by double (X) flat lacing bars, and
exhibit a complex interaction of local, global, and built-up (L/G/B) buckling modes. Three
principal instability modes are examined: (i) local buckling of cross-sections, (ii) global buckling
of individual chords between lacing points, and (iii) built-up buckling of the overall member. For
slender members, current design provisions in Eurocode 3 and AISC fail to capture these
interactions accurately, often leading to unconservative strength predictions. To address these
shortcomings, this work extends the Overall Interaction Concept (O.1.C.), previously applied to
local/global interactions, to explicitly incorporate the built-up buckling mechanism. The proposed
approach is calibrated using validated shell finite element models, and its effectiveness is
demonstrated through a comprehensive parametric study. Comparison with existing design
methods shows that the extended O.I.C. offers more accurate, consistent, and safer strength
predictions for both tip-to-tip and back-to-back configurations. Statistical verification is performed
in accordance with EN 1990, further supporting the method’s reliability for use in design.

1. Introduction

This paper focuses on the design of laced built-up columns subjected to axial compression,
specifically those that buckle within the plane of the lacing system. These types of members were
frequently used in truss bridge design during the late 19" and early 20™ centuries. Due to the
limitations of steel manufacturing and fabrication techniques at the time, engineers combined
smaller components like plates, angles, and channels to create larger, stronger structural elements.
This method was cost-effective, optimized material usage and made transportation and assembly
of large bridge components easier. While these designs provided benefits such as increased
bending stiffness, they also introduced challenges, such as shear flexibility, which compromised
buckling resistance. Today, steel built-up members like those used in early truss bridges are rarely

! PhD, Polytechnique Montréal, <oudom.chhoeng@polymtl.ca>

2 PhD, Polytechnique Montréal, <morane-chloe.mefande-wack@polymtl.ca>
3 Professor, Polytechnique Montréal, <robert.tremblay@polymtl.ca>

4 Professor, Université Laval, <nicolas.boissonnade@gci.ulaval.ca>



seen, as they have been largely replaced by heavy structural sections from rolling mills or welded
shapes produced by steel manufacturers. Despite this, many of these older bridges remain in use,
with components that often do not conform to modern design codes. This creates difficulties in
assessing the structural integrity of the built-up members in these existing truss bridges, a concern
underscored by historical failures such as the collapse of the Quebec Bridge, which tragically
highlighted the consequences of inadequate understanding of built-up member buckling.
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Figure 1: Buckling of a built-up member involving shear deformation

Following the first collapse of built-up members in the Quebec Bridge, the impact of shear
deformations on the buckling capacity of built-up sections became a significant concern (Galbraith
& Holgate Derry, 1908). This issue was investigated by numerous researchers. To clearly illustrate
the buckling behavior of built-up members, Figure 1 presents various configurations: Figure la
shows a typical built-up member under axial compression, Figure 1b depicts buckling under
flexure and Figure 1c shows buckling involving both flexure and shear deformations. As shown in
Figure 1c, when buckling occurs about the y, axis of the section (buckling in-plane of lacing
system), the members may deform due to a combination of flexural and shear effects. In this
scenario, flexural deformations arise from the overall global buckling of the built-up member
(built-up buckling), while the shear deformations result from the global flexural buckling of the
individual chords between the lacings (global buckling) around their minor-axis of bending. These
additional shear deformations lead to a reduction in the member’s buckling load. This issue was
first investigated by (Engesser, 1891) and later by Timoshenko (1930), who proposed an equation
for the elastic buckling critical load of pinned members. Timoshenko’s formulation accounted for
the combined effects of built-up flexural buckling and global buckling of individual chords
between connectors due to shear. These classical equations are documented in standard stability
textbooks (Timoshenko & Gere, 1961; Bleich, 1952). Building on this work, Aslani and Goel
(1991) extended the formulation to general boundary conditions and introduced a theory-based



modified slenderness ratio for built-up members. This approach was subsequently adopted by most
design codes, which treat Built-up (B) buckling and Global (G) buckling of chords between
connectors independently, without explicitly accounting for their interaction, commonly referred
to as Global/Built-up (G/B) interaction. The interaction between built-up buckling of the overall
member and global buckling of individual chords was examined by Svensson and Kragerup (1982),
Geng-Shu and Shao-Fan (1989), Duan et al. (2002), and more recently by Li et al. (2019). These
studies primarily focused on the combined effects of geometric imperfections in the overall
member and individual chords, rather than directly addressing the G/B interaction governing
member strength. Nevertheless, their results show that such combined imperfections can
significantly reduce the resistance of built-up members. Current design standards (AISC, 2022;
AASHTO, 2020; AS 4100:2020) incorporate G/B interaction through modified slenderness ratios;
however, the interaction between local, global and built-up buckling is not fully addressed and is
often neglected. Additional code limitations are imposed to mitigate G/B interaction, which, if not
adequately controlled, can lead to a significant reduction in member resistance (Duan et al., 2002).
Furthermore, Local (L) buckling of the cross-section is frequently insufficiently considered,
particularly regarding Local/Global/Built-up (L/G/B) interaction. In current practice, local
buckling effects are typically accounted for using the Effective Width Method (EWM) (von
Karman et al., 1932), in which an effective cross-sectional area is combined with member buckling
curves. Although widely used, the EWM has notable limitations, including its inability to capture
interactions between plate elements and the need for iterative procedures (Seif & Schafer, 2010;
Gardner et al., 2019; Boissonnade et al., 2017; L. Li & Boissonnade, 2022). It is also more suitable
for members with large width-to-thickness ratios (Usami & Fukumoto, 1984).
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Figure 2: Buckling mode shapes of tip-to-tip laced built-up columns — (a) Local — (b) Global — (c) Built-up buckling

Overall, research addressing G/B and L/G/B interaction in built-up members remains limited, and
the combined influence of local buckling, chord buckling between connectors and overall built-up
buckling has not yet been thoroughly investigated. Typical buckling modes of laced built-up
members are illustrated in Figure 2. Several modern design methods, including the Continuous



Strength Method (C.S.M.) (Gardner et al., 2023), the Direct Strength Method (D.S.M.) (Schafer,
2008), and the Overall Interaction Concept (O.1.C.) (Boissonnade et al., 2017), provide
frameworks to account for interactive buckling in steel members. However, design approaches
addressing the interaction of three buckling modes remain limited and are largely focused on cold-
formed steel columns. Experimental work by (Young and Rasmussen, 1999) demonstrated a triple
Local/Distortional/Global (L/D/G) interaction in cold-formed lipped channel columns, involving
local cross-section buckling, distortional flange-lip buckling, and global member buckling.
Subsequent studies further investigated triple interaction in cold-formed columns (Young & Yan,
2002; Dinis & Camotim, 2011; Dinis et al., 2011, 2012; Santos et al., 2012, 2014; Cava et al.,
2016; Young et al., 2018; Kumar & Kalyanaraman, 2018), primarily contributing to early design
concepts (Camotim et al., 2020). A comprehensive design approach was also proposed by Dinis
et al. (2018), who extended the DSM to predict failure loads under L/D/G interaction.
Nevertheless, DSM is inherently elastic and was developed for thin-walled cold-formed sections,
limiting its applicability to stocky members governed by plastic behavior (L. Li & Boissonnade,
2022). Similarly, the CSM has mainly been applied to cold-formed stainless-steel members, where
strain hardening is significant, particularly for stocky sections. The Overall Interaction Concept
(OIC) was originally developed for hot-rolled sections, ranging from compact to slender members.
Proposed by Boissonnade et al. (2017), it is based on clear mechanical principles and a systematic
design procedure, which is briefly introduced in Section 2. Since its introduction, OIC-based
approaches have been successfully extended to a wide range of hot-rolled sections, including
square and hollow sections (Nseir, 2015; Michel, 2016), bi-symmetric I-sections (Gagné et al.,
2020; Gérard et al., 2021; L. Li & Boissonnade, 2022; L. Li et al., 2022), mono-symmetric I-
sections (L. Li et al., 2022), and T-sections (L. Li, Fafard, & Boissonnade, 2022). These studies
consistently demonstrate that OIC-based design rules provide more reliable predictions than
current design standards and effectively capture complex interaction effects, particularly
local/global buckling. More recently, the OIC has been extended to aluminum structures (Dahboul
et al., 2023; L. Li et al., 2023), where it delivers accurate, safe and economical predictions
compared to existing design methods.

This paper investigates the L/G/B interactive buckling of laced built-up members under axial
compression, with particular emphasis on column buckling occurring in the plane of the lacing
system. The laced built-up columns consist of two hot-rolled C-sections arranged either tip-to-tip
([ or back-to-back (][), with both chords interconnected by double (X) flat lacing bars.
Additionally, the lacing connectors are assumed to be riveted or bolted, and the built-up columns
are subjected to axial loads under simply supported conditions. The spacing between the two C-
sections ensures that the flexural buckling of the built-up section always occurs in the plane of the
lacing system. The application of the O.I.C. is extended to the design of laced built-up sections
that buckle in the plane of the lacing system, where a significant triple interaction mode occurs.
This includes local buckling of the cross-section, global buckling of the chords between lacing
connectors and built-up buckling of the overall member, all of which are examined through
extensive numerical analyses.

2. O.1.C.-based design rules

2.1 O.1.C.-based design rules for double interaction
The O.I.C. is based on the well-established resistance-instability interaction, utilizing a definition
of generalized relative slenderness. It eliminates the need for cross-section classification and the



E.W.M., treating all cross-section shapes uniformly at both the section and member levels. More
specifically, the O.1.C. uses the plastic capacity of the section (V) as a reference and introduces
reduction (or penalty) factors () to account for the detrimental effects of different buckling modes,
imperfections, and their interactions.
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Figure 3: O.1.C. design flow chart for L/G interaction mode

Figure 3 illustrates the O.1.C. design flow chart for double L/G interaction modes, specifically for
non-built-up members subjected to pure compression load, along with the calculation steps that
need to be followed to determine the ultimate resistance. In this case, two buckling modes, i.e.,
local and global, have a significant effect on the capacity of members. First, the full plastic capacity
(Np1) of the member with the gross cross-sectional area 4, = A4 1s calculated using Eq. 1.

N,—d-f (M

Then, the elastic local and global critical loads (Nc. and N.,c) are determined, which represent
the elastic buckling loads under local and global instability, respectively. It should be noted that
these three key factors (N, Nerr, and Ne,G) are either calculated using formulas as addressed in
(AISC, 2022), (American Association of State Highway and Transportation Officials, 2020),
(European Committee for Standardization (CEN)), (European Committee for Standardization
(CEN)) or more precisely by “advanced tools” as proposed in (Boissonnade et al., 2017). Next,
the generalized local and global relative slenderness (2. and A¢ ) are defined to balance the
influence of material plasticity and instability caused by geometric non-linearities. The expressions
of A, and A¢ are given in Eq. (2).

ZL = & and ZG = Np[ (2)
Ncr,L Ncr,G




Separate reduction coefficients, specifically for local buckling x, = /(4,) and global buckling

26 =/’ (4;), are determined to account for their respective resistance-stability interactions and

imperfections. Note that up to this point in the flowchart, L and G are fully independent, i.e., the
L/G interaction has not been addressed yet. Finally, the ultimate compression resistance (V,) is
calculated by multiplying the plastic capacity (N,;) by the reduction coefficients and a local/global
interaction factor (fi.c), which adjusts for the interaction between local and global effects.
Therefore, when considering the effect of local/global instability, the ultimate load of a member is
obtained from Eq. 3.

. 3
N6 =Xiio 'Npl where:  y,.. =2 %o fue )

In Eq. 3, y,.. is the penalty factor to account for the detrimental effects of local and global
buckling modes ( y, and y, ), and their interactions ( f,, ). The O.I.C. method offers a

comprehensive and unified approach to predict the behavior of different cross-section types and
loading conditions while accounting for the full range of structural responses, from stocky to
slender sections. Eventually, partial safety factors y,, or ¢ may be incorporated to account for the

reliability aspects of the proposed design equations, following either the European or American
format, as shown in Figure 3.

2.2 Extension of O.1.C. design rules for L/G/B interaction

Following the O.I.C. concept in Figure 3, each buckling mode is addressed individually. Laced
built-up members — the focus of this study — can exhibit multiple buckling behaviors, including
local, global and built-up buckling, as well as interactions among them (L/G/B interactions).
Accordingly, the ultimate load N, .+c+s5 1s evaluated by Eq. 4.

. 4
N, 1168 = Xisoen 'Np1 where: 7, .5 =X X6 X5 Jricis )

In Eq. 4, 7,.,., stands as an overall reduction factor accounting for the combined effects of local,
global and built-up buckling. The terms y, , ., , and y, represent the reduction factors

corresponding to the isolated (pure) local, global and built-up buckling modes, respectively,
without interaction. The interaction effects among these modes are captured through the factor
fues. As discussed in Section 1, the ultimate resistance of laced built-up members may be
significantly influenced by L/G/B interaction. Current design standards, such as Eurocode 3 and
AISC, treat these interactions differently. Eurocode 3 addresses these effects by assuming that the
strength of a built-up member is governed by the global buckling resistance of each individual
chord segment between lacing connectors, while local buckling is handled through effective
section properties based on section classification. In contrast, AISC treats built-up columns as a
unified system, incorporating both global and built-up buckling effects into a modified slenderness
ratio. Both standards handle local buckling in a similar manner through section classification and
the use of the effective width method.
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Figure 4: Proposed O.1.C. design flow chart for L/G/B interaction

Consistent with the AISC approach, this study treats the laced built-up column as a unified system
by incorporating the effects of global and built-up buckling into a combined reduction factor yc- s,
while addressing local buckling separately. Therefore, the interaction factor f1/6/5 in Eq. (4) can be
written in the form of Eq. (5), where correspondence with the general O.1.C. flow chart is reached

through f, 5 = AG+B and /5 = A1G+B

G X X Xg '

fL/G/B = fL/GB ’ fG/B (5)

In Eq. 5, fo represents the interaction between global and built-up buckling — specifically, the
influence of global buckling on built-up behavior. The term f1/6s accounts for local interaction
effects, capturing the influence of cross-sectional local buckling on the global/built-up buckling
response of the member. The proposed O.I.C. design flow chart for L/G/B interaction of laced
built-up columns under compression load is presented in Figure 4. In this figure, the expressions
of 2: and A are formulated based on the properties of an individual chord, while Az is
calculated considering the properties of the full built-up configuration.

ZL = N[,, EG = Npl and ZB = Npl (6)
Ncr,L ch cr,G ch cr,B



Here, N, at the local and global levels is determined using the gross cross-sectional area of an
individual chord (4c:), while N, at the built-up level is calculated based on the gross cross-
sectional area of the entire built-up section (4). The values of N and N, 5 are defined by Eq. 7,
where /., and [ are the second moment of area of the individual chord section and the overall built-
up section, respectively, and L and Lp represent the length of a chord segment between lacing
connectors and the total length of the built-up member, respectively.

2 2
EI EI

cr,G = z 2 = B and Ncr,B = i 2 (7)
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3. Numerical investigations

3.1 Key features and assumptions
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Figure 5: Numerical modeling — (a) Typical tip-to-tip arrangement with a double (X) lacing system — (b) Modeling
of the area between the web and flange of chord members

Numerical models of laced built-up members were developed in the non-linear finite element
software ABAQUS (Abaqus/CAE, 2022) to conduct parametric studies, with constraints applied
to isolate specific buckling modes (Section 4). The built-up sections comprise two longitudinal
chords arranged either tip-to-tip ([ ]) or back-to-back (] [), interconnected by flat X-shaped lacing
bars and end tie-plates. All components were modeled using four-node shell elements (S4R),
which have been widely validated in previous studies for their accuracy (Huang & Zhang, 2020;
Wang et al., 2020; Li et al., 2022).

A mesh sensitivity study was carried out for geometrically and materially non-linear analyses with
imperfections (GMNIA). Based on the results (Figure 5a), a mesh size equal to 1/20™ of the chord
web depth was adopted, providing an efficient compromise between accuracy and computational
cost. In addition, hollow beam sections and spring elements were introduced in the web-flange
regions to represent fillet geometry, increase torsional rigidity and prevent local buckling within
the fillet radius, following established approaches in the literature (Gagné et al., 2020; Gérard et
al., 2021; Li et al., 2022) (Figure 5b).



3.2 Material characteristics and imperfections
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Figure 6: Definition of residual stresses and geometrical imperfections

The material behavior was modeled using a quad-linear stress-strain relationship (Yun & Gardner,
2017), converted into true stress and logarithmic plastic strain and implemented in ABAQUS for
validation and parametric analyses. Residual stresses were introduced in the chords following the
model proposed by Beyer et al. (2018) for C-sections. As shown in Figure 6a, the maximum
residual stress is defined as omax = 0.15 f;, with factors x; =1+ b ¢7/ (h tw) and x> = 0.5, where b
and / are the section width and height, and #, and #r are the web and flange thicknesses. Local and
global geometric imperfections were introduced by modifying shell node coordinates using sine-
wave functions, following Eurocode recommendations (CEN, 2021; Johansson et al., 2007). As
illustrated in Figure 6b, local imperfections were applied to the web and flange plates with half-
wavelengths related to their flat widths, defined as a;w=h—2 (tr+r) and a;y=2 (b — tw—r). The
corresponding amplitudes are denoted by eo,rw and eorw. An odd number of half-waves was
adopted to ensure the weakest cross-section occurs at mid-span (Mefande Wack et al., 2025).
While Eurocode 3 typically applies global imperfections only to the overall member, this study



independently considers global imperfections for (i) the overall built-up member, (ii) individual
chords between lacing connectors, and (iii) lacing members. This approach provides a more
realistic representation and facilitates isolation of the buckling modes of each component for
integration into the OIC framework. As shown in Figures 6¢c-6e, the corresponding half-
wavelengths are defined as L, Ls and Liacing, With amplitudes eo s, eo,c, and eo iacing, respectively.
All imperfections were applied along the minor bending axis and combined with residual stresses
patterns. Further discussion is provided in Section 3.4.

3.3 Key features and assumptions
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Figure 7: Connection modeling of — (a) lacing member to chord — (b) tie-plate to chord

In existing truss bridges with built-up members, connections between chords, lacing bars and tie-
plates are typically riveted or bolted and are modeled using connection lines (Figure 7a). The
lacing-to-chord joint is represented as a riveted connection allowing free in-plane rotation. This is
achieved by applying a kinematic constraint between a reference node and a coupling node,
enforcing identical translational and rotational degrees of freedom except for rotation about the
rivet axis (y'), which remains free. This approach permits rotation about the )’ axis while
restraining other relative movements. End tie-plates are modeled similarly, but with all
displacements and rotations fully constrained between connected nodes (Figure 7b). As shown in
Figure 8, the built-up column is modeled under simply supported conditions, with translational
constraints in the x and y directions and torsional rotation restrained at both ends (ux = u, = 6. = 0).
The axial load is applied at a reference point at one end, while axial displacement is restrained at
the opposite end. Reference points located at the cross-section centroid ensure uniform end
displacements and can be offset by distances e, and e. to replicate experimental setups for
numerical validation (Section 3.4).
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Figure 8: Boundary conditions of built-up members
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3.4 Validation of numerical models

The finite element models were validated against experimental tests by Kleiser and Uang (1999),
Lee and Bruneau (2008), Bonab et al. (2013), and Kalochairetis et al. (2014), covering 23
specimens with tip-to-tip and back-to-back built-up sections composed of C-shaped chords and
lacing members. Most specimens were tested under static loading, while a few were subjected to
cyclic loading; prior numerical studies (Chhoeng et al., 2025, 2026) showed that the difference
between cyclic and static ultimate loads is below 2%. Consequently, all specimens were modeled
under static loading. As summarized in Table 1, the columns were simply supported and subjected
to concentric or eccentric compression, with some specimens restrained against mid-span out-of-
plane displacement. Due to limited data on measured imperfections, a sensitivity study was
conducted to determine appropriate amplitudes for local and global geometric imperfections of the
cross-section, overall member, chords between connectors, and lacing members. Two imperfection
combinations were examined: (i) local and overall global imperfections, ez + eos (Case A),
following Eurocode 3, and (ii) combined local, overall, chord and lacing imperfections,
eoL + e+ eoG T eocing (Case B). Local imperfection amplitudes were defined as e, = ar / 200,
consistent with Eurocode 3 and prior studies. For global imperfections, the overall member
amplitude was set to 1 / 500 of the member length in Case A, while Case B additionally examined
amplitudes of 1 /500, 1 /1000, and 1 / 1500.
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Table 1 compares the ultimate load ratios Nyre/ Nues obtained from F.E. analyses and
experiments. For Case A, which combines local and overall global imperfections (az / 200 and
L /500), the models show good agreement with tests, with an average ratio of 0.98 and a C.0.V.
of 6.8%. As expected, reducing the global imperfection amplitude increases the predicted capacity.
In Case B, which additionally includes global imperfections of the chord and lacing members,
predictions become more conservative at the same global factor (1 / 500), with an average ratio of
0.94 and a C.o.V. of 7.0%. Conversely, using a factor of 1/ 1500 leads to unconservative
predictions, while a factor of 1/ 1000 provides the best agreement, yielding an average ratio of
about 0.99 and a C.0.V. of 6.6%.
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Figure 9: Load-displacement curves for — (a) specimens L170B8(R2) and Group 1 — (b) specimens Group 2 and
Group 5, reported in (Bonab et al., 2013) and (Kalochairetis et al., 2014)
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Figure 10: Comparison between F.E. and test failure modes for — (a) Specimen 3 — (b) Specimen 1 reported in
(Kleiser & Uang, 1999) (stress is in ksi)

Figures 9 and 10 show that the F.E. models accurately reproduce the initial stiffness, ultimate
strength, post-peak response and failure modes observed in experiments. The best correlation is
achieved using the combined imperfection set eoz = ar / 200, eo,3 = Lp / 1000, eo,c = L / 1000, and
€0,lacing = Liacing / 1000, which was therefore adopted for subsequent parametric studies. Under this
configuration, the predicted strength ratios range from 0.88 to 1.11, confirming the reliability of
the numerical models for further analyses.

12



Table 1: Summary of F.E. vs. test ultimate load of test specimens

Loading positions Ultimate loads and ratios
Nu,FE / Nu,test [']

€xl eft e, left €y, right (23 right N u, test 3 . .
[mm] [mm] [mm] [mm] [kN] Global imperfection amplitude
Case A Case B

1/500 1/500 1/1000 1/1500

References Specimens

Specimen1 381 400 0 400 92879 096 094 1.05 1.11
Kleiser & Uang (1999) Specimen2 127 400 0 400 1633.83 1.01 097 095 1.0l
Specimen3 0 400 0 400 2885.12 095 091 098  1.05
By8-120 0 0 0 0 29581 095 090 094 0.99
By16-60 0 0 0 0 52164 091 087 093 099
By16-120 0 0 0 0 44700 098 092 095 1.8
Lee & Bruneau (2008) Bx8-60 0 0 0 0 26716 105 101 L1l 117
Bx8-120 0 0 0 0 21351 111 1.04 107 LIS
Bx16-60 0 0 0 0 50687 1.09 099 101 109
Bx16-120 0 0 0 0 40950 1.02 098 1.10 1.17
LI40BS(R1) 0 140 0 140 20476 097 092 098 107
LI140BS(R2) O 140 0 140 183.86 1.01 097 101  1.09
LI40BS(R3) 0 140 0 140 159.09 1.01 096 1.02  1.08
LI140BIORI) 0 95 0 95 289.05 0.88 0.84 088  0.90
Bonabetal. (2013)  LI70B7(R1) 0 95 0 95 15195 091 085 090 091
LI70B7(R2) 0 95 0 95 13519 0.88 082 089 092
LI70B7(R3) 0 95 0 95 12432 091 086 096 097
LI70BS(R2) 0 95 0 95 16240 094 089 098  0.95
LI70BS(R3) 0 95 0 95 14629 097 091 096 098
Group 1 100 162.5 100 162.5 200.00 1.06 1.02 1.06  1.10
Kalochairetis et al.  Group 2 100 162.5 100 162.5 206.00 1.05 1.01 106  1.11
(2014) Group 4 100 1625 -80  162.5 230.00 1.07 1.04 107  1.13
Group 5 50  162.5 50  162.5 247.00 101 098 1.01  1.07

Mean 098 094 0.99 1.06
CoV. 68% 70% 6.6% 83%
Min. 0.88 0.82 0.88 0.90
Max. 1.11 1.04 1.11 1.18

3.5 Parametric studies

Using the validated F.E. models, parametric studies were conducted to investigate the effects of
chord arrangements, section dimensions, and member slenderness on the resistance of laced built-
up columns. Each built-up section consisted of two hot-rolled C-shaped sections connected by
double X-shaped lacing bars and end tie plates, arranged tip-to-tip or back-to-back, with rivet
connections. All components were assumed to have steel grade CSA G40.4 (f, =230 MPa),
representative of Canadian structural steel from the 1950s, with minimal influence on buckling
curve selection (Li et al., 2022). A total of 300 standard and invented C-shaped sections were
studied to examine local, global and built-up behaviors, including L/G/B interaction. Invented
sections were based on angle-connected C-shapes (Figure 1d), serving as equivalent references.
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Section heights ranged from 152.5 mm to 1021 mm and widths from 30.5 mm to 152.4 mm,
covering both non-slender and slender elements (web slenderness 4 /%, =6 to 96.95, flange
slenderness b / tr=4 to 10.7. Lacing members were designed to remain elastic before the built-up
member fails, with a minimum inclination of 25°. Overall, approximately 5 000 G.M.N.LA.
simulations were performed to determine ultimate loads and buckling reduction coefficients y, ,

ZG) ZB and ZL+G+B *
4. Proposed O.1.C. design rules

4.1 Local, global, and built-up member buckling curves

Using the numerical results obtained from the parametric studies discussed in Section 3, the
proposed design buckling curves for cross-section local behavior, global behavior of the chord
between the connectors and built-up behavior of the overall member are presented in Figure 11
and Figure 12. Both figures plot the obtained results in “O.1.C. format”, where the horizontal axis
corresponds to the cross-section and members relative slenderness (4., A¢, and Az) associated
with the corresponding reduction factors y, , x,,and y,.

Local buckling:

1.2 U, flange nodes coupled
Resistance \
@ to indicate reference node
1.0 o x *
A Flange reference node
0.8
i
a,
}Q‘ Web reference node —™@® ®
0.6 1
U, flange nodes coupled
0.4 to indicate reference node
" ~ Flange reference node
@ Local behavior (L) So f
0.1.C. local buckling curve Stability S~ 1 ®
022 """
0.0 0.5 1.0 1.5 2.0 x

71 | | ®

Figure 11: (a) O.1.C. buckling curve for cross-section resistance — (b) Plate buckling restraint

Figure 11a illustrates the local buckling behavior of the cross-section obtained from F.E. results
in a y, —A: format, along with two specific lines: (i) a horizontal solid line ( y, =1), which

indicates the plastic resistance, and (i1) a parabolic dashed line ( y, =1/ 2 ), which represents the
limit elastic plate buckling where the design assumes an ideal plate free of imperfections. As can
be seen, across all range of Az, values of the penalty factor y, differ by less than 5%, indicating
that a single local buckling curve is sufficiently accurate and appropriate for use. Additionally, as
indicated in the orange ellipse in Figure 11a, most slender C-shaped cross-sections experience
post-buckling effects, resulting in a y, value exceeding the stability limit. Furthermore, most

compact sections slightly exceed their plastic capacity due to the benefit of strain-hardening effects
(see green ellipse).
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Global buckling:

To isolate the pure global buckling behavior of a chord between connectors, a corresponding F.E.
model was developed for a single chord with a total length of Lg, where L¢ is the distance between
lacing connections. To prevent local buckling in the cross-section and isolate global buckling, the
vertical displacement (U,) of each node along the flange plates was constrained to match the
displacement of the reference node located at the corner of the section, while the horizontal
displacement (U,) of each node along the web plate was constrained to match the value of the
reference node at the midpoint. Figure 11b illustrates the plate buckling constraint for a laced built-
up member composed of two main chords. Note that in Figure 11b, a similar constraint is applied
to isolate the global buckling of the chord between connectors, but only one chord is considered.

1.2 - 1.2 -
Resistance Resistance | e Tip-to-tip [ ]
’ 1 © Back-to-back ][
1.0 1.0 T=Chenmss O.I.C. built-up buckling curve
=—(.1.C. built-up buckling curve
0.8 1 08 1 -
o 06 o 06 Egl Stability
. 7 o R . | |‘
W
0.4 0441, o
&4
e
0.2 A 0.2 A of
’ © Global behavior (G) ve,~ _ | ' gﬁ
| 0.1.C. global buckling curve | 0
0.0 /m—m—ommm™mm—————————————— | 0.0+t
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 25 3.0
A [] Ag [-]

Figure 12: O.1.C. buckling curves for — (a) global buckling of chords between the connectors — (b) built-up buckling
of the overall member

The proposed O.1.C. buckling curve for global buckling of the chord between the connectors is
presented in Figure 12a. The F.E. data exhibits a slight dispersion, particularly for members with
Ac varying from 0.5 to 1.0, where the effects of geometrical imperfections and residual stresses
are more pronounced. This is clearly illustrated by the red ellipse in Figure 12a, where the
deviation, approximately 8%, arises from the varying section dimensions of the C-shaped profiles
considered in this study. As expected, the resistance of long columns, specifically for 1¢ >1.5 is
primarily governed by global instability, with minimal influence from geometrical imperfections.
This is evidenced by the fact that the results closely align with the “stability” limit line.

Built-up buckling:

Further, to ensure that only the built-up buckling of the overall member governs the behavior, the
F.E. models were complemented with 2 additional constraints to prevent (i) local buckling of the
cross-section, as indicated in Figure 11b, and (ii) global buckling of the chord between the
connectors (i.e., not within the cross-section). This was achieved by limiting the spacing of the

lacing connectors, Lg, so that the global slenderness A remains close to the ideal slenderness

A6.0 , ensuring that y, ~1. This implies that the chord retains its full axial capacity, with no
significant loss of strength due to buckling between connectors. The F.E. results for the built-up
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buckling of the overall member are depicted in Figure 12b. Similarly, for built-up member
resistance, the effects of residual stresses and imperfections are negligible in long members. Yet,
clear trends can be observed for short and intermediate column lengths (45 <1.5) owing to different
chord arrangements (tip-to-tip vs back-to-back). As illustrated in Figure 12b, the adoption of two
separate buckling curves is therefore deemed fully appropriate, with an excellent level of
consistency achieved, as indicated by the very limited scatter with respect to each curve.

The proposed O.1.C. design equations for local, global and built-up member buckling are presented
in Table 2, in extension to the Ayrton-Perry format (Ayrton & Perry, 1886). Each equation
addresses a distinct buckling mode (local, global or built-up), in order to evaluate their
contributions separately, i.e., at this point, no coupling is accounted for. In accordance with this
format, the proposed buckling curves for local buckling of the cross-section, global buckling of
the chord between connectors and built-up buckling of the overall member are illustrated in
Figure 11a, 12a, and 12b, respectively. These curves were precisely optimized by defining a set of

key parameters: Ao, & and «; Ao relates to the length of the “plateau” where y =1.0, §
considers any post-buckling strength and « is the generalized imperfection factor. For each
buckling mode, « and Ao are successively denoted as ¢, , o, and «,, and ZO,L, Aoc and ZO,B;
they lead to reduction factors y,, y, and y, relative to each buckling mode. As a particular point

regarding built-up buckling in the plane of the lacing systems, the imperfection factor for the back-
to-back section is greater than that of the tip-to-tip section, indicating that the proposed buckling
curve for the back-to-back section is lower than that for the tip-to-tip section.

Table 2: Design procedure and key parameters for local, global, and built-up member buckling curves

Buckling . . . .
resistance Local buckling (L) Global buckling (G) Built-up buckling (B)
T —os T —od Aos =0.15
Key i ; 1'25 e _0 2'5 0.14 for tip-to-tip sections
a, =0. a, =0. a, =
parameters - ¢ ®10.22 for back-to-back sections
0,=0.7 0,=2.0
0,=2.0
Reduction _ s - — — - —
factor ¢L=o.5-[1+aL(/1L—/10,L)+/1LJ ¢G=0.5-|:1+ac(ﬁ,c—/10,c)+/10:| ¢B=0.5-[1+a3(,13—zo,3)+15}
based on | | |
Ayrton- }(L=—_6S1 }(62—_231 ;{’B=—_2Sl
fgfgzt b +\B — A ¢ +\ ¢ — Ao By @5 — s

4.2 Interaction factor fi1/6/8

In Section 4.1, the cross-section reduction factor ( , ) and the member buckling reduction factors
(xs and y,) were derived independently, without considering possible interactions between local,
global and built-up buckling. According to Eq. 5 and Figure 4, once local, global and built-up
buckling have been characterized separately, their potential interactions are incorporated through
a coupling factor f1G/5. In this respect, a stepwise approach was adopted. First, the interaction

between global and built-up buckling modes was characterized by coupling factor fG5. Once this
interaction is determined, the local buckling interaction with global-built-up response can be
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incorporated by introducing an additional coupling factor f168. Values of fgs and fi/63 can be
obtained from the F.E. results of the parametric studies using Eq. 5, where y,., is determined by

applying constraints to prevent local buckling, while y, ..., is obtained by relaxing all constraints.

Their relationships with 1, are depicted in Figure 13.

2.0 1.8
o %g=[065,080) — f5p(1g=0.65) 1| o x.=[0.55,0.85)  — fi,65 (2, =0.55)
18 1 o 15=10.80,0.95) Jes (X6 =0.80) 1.6 11 o 1, =1[0.85,0.95) Jues (= 0.85)
6 ® 1=[0951.00] — fo5(xg=095) 1| o 2=10951.00] — fp(x =095
% 1.4 4
W
1.2 A
1.0 1
0.8
2.0 2.5 3.0
A [-]
Figure 13: Interaction factors when considering — (a) Global/built-up interaction f¢s — (b) Local and global-built-up

interaction f7/o5

Overall, Figure 13 shows that f and fiGs vary with the overall slenderness of the built-up
member As . Figure 13a illustrates the interaction results when considering global/built-up
interaction. The scatter plot illustrates the relationship [, =%s.5 /(s %5), assuming local
buckling is ignored. Here, fc/s represents the influence of global buckling on built-up buckling
(G/B interaction), where ., is the reduction factor accounting for the combined global and built-
up buckling effects. The terms y, and y, denote the individual reduction factors from pure
global buckling of chord between connectors and from built-up buckling, respectively. If fo5 < 1,
the interaction is adverse, meaning the combined effect reduces the strength more than expected.
When fo =~ 1, the two buckling mode act independently, so y.., = x; ;- If foz>1, the
interaction is favorable, often occurring when global buckling of the chord between connectors
has a minimal or negligible effect — leading to f,,, =1/ y, . From these cases, the interaction factor
satisfies the condition 1< f , <1/ y,, defining the range where the interaction is favorable but less

than the limiting case dominated solely by global buckling. Trilinear, conservative design
equations for f,,, are given in Eq. 10, and their bounds are validated against numerical results in

Figure 13a.
1 A5 <0.55
A5 —0.55 = (10)
L2 (1 y,-1)+1 0.55<A<1.5/
Jars 1.5/;56—0.55( 7o 1) ’ %o
1/ y. 25 >1.5/ y,
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After defining the global/built-up interaction, the effect of local buckling can be considered by
introducing an additional coupling factor, f1/Gs, which accounts for the influence of local buckling
on the built-up behavior, the latter encompassing global buckling. The corresponding numerical
results are presented in Figure 13b along with the proposed design equation for the f1/6 factor in
Eq. 11.

k, =0.22- 5, +0.75 A5 <0.95
A5 —0.95 - 11
ﬁ/GBz m(l/zL—kL)‘f—kL 095<ﬂ»8 SQ’S/;(L ( )
1/ y, ZB>2.5/ZL

The function f7/63 is defined as a piecewise tri-linear interpolation with respect to the normalized

relative slenderness Az. For 15 <0.95, fi/Gp remains constant at kz, a factor that quantifies the
adverse influence of local buckling on built-up behavior. In slender sections, where this effect is
significant, k; typically drops to around 0.75 and increases up to 0.97 as the section becomes

stockier. Within the interval 0.95< 15 <25/ y,, the fiGs transitions linearly from kz to 1/, ,
ensuring continuity and smoothness, and remains constant at 1/y, for iz > 2.5/y, . In
Figure 13b, it is revealed that for short columns (45 <0.55), fi/G remains below unity due to a
significant impact of local buckling on the interactions. Similarly, for intermediate length columns

(A5 <0.95), the built-up column is also affected by strong local interactions. This effect is more
pronounced for built-up members with slender sections, i.e., sections with small y, values, where

the interaction of local buckling results in relatively lower load-carrying capacities. Although 11,6/
continues to decrease as y, decreases, yet, in some cases, it tends to approach unity, particularly

for compact sections where y, ~1. This effect is accounted for by the coefficient &;, as proposed
in Eq. 11. Besides, it is noticed that the interaction effect of local buckling is less pronounced for

built-up members with high relative slenderness ratios As. Therefore, for very long members,
f16s 18 set to tend to 1/ y, in order to disregard the impact of local buckling. Additionally, the

local interaction behavior should be accounted for intermediate length columns to fulfil the
condition: &, < f;,;; <1/ x, . As illustrated in Figure 13b, the proposed f,,, expressions are

compared to the F.E. results. It should be noted that each data point corresponds to their own f, .,
value. Here, only three upper bounds (safe) for f,,, are presented. Once the £, and f, .,
factors are defined, the local/global/built-up interaction factor f,,;,, can be determined through
Eq. 5,where f, ., = fo5 - f16s - It1s Observed that the proposed f;,.,, values are conservative and

suitable for built-up members with various lacing spacings where the shear deformation is
adequately accounted for. Besides, the suggested equations are safe and suitable for members with
various slender sections and can be considered for short, intermediate and long columns. A more
detailed discussion of the overall performance of the proposed design equations is presented in the
next paragraph.

4.3 Assessment of design proposal

A comparison of numerical results, current design codes (AISC, AASHTO, Eurocode 3), and the
proposed O.1.C. approach for laced built-up columns with double X-lacing is presented. Figure 14
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shows performance for columns with two C-shaped sections in tip-to-tip ([ ]) and back-to-back
(][) arrangements, where each scatter point represents the capacity ratio for a specific member
slenderness relative to a reference standard. Table 3 summarizes statistical measures (mean,
C.0.V., min/max) and percentages of unconservative predictions exceeding 5%, 10%, and 15%,
highlighting which design rules may underestimate member capacity. Significant overestimation
(up to 10%) could compromise safety, with further reliability analysis discussed in Section 5.
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Figure 14: Analytical resistance predictions vs. numerical results

Overall, the main observation from Figure 14 and Table 3 indicate that the O.1.C.-based design
rules can capture accurate resistance predictions, with an excellent mean %,z et / X1 .5 Value

of 0.99 and a very low C.0.V. of 3.9%, while the worse result remains within 7% on the unsafe
side. In turn, Eurocode 3 provides less accurate results compared to the proposed O.I.C. design
equations, with a mean value of 1.05 and a C.0.V. of 7.5%. It is found that Eurocode 3
overestimates the average strength prediction by approximately 6% compared to the O.1.C. A more
detailed analysis of the results highlights two key factors affecting its accuracy:

(1)  The capacity of built-up members primarily relies on the resistance of the chord between
the connectors, while only local buckling and global buckling are considered by
Eurocode 3. However, even when the interaction between global and built-up buckling
modes is minimal and local buckling governs the response (s ~ Ao ~0.14), the maximum
of the %,.¢.sret / Xiic+sre Tatio still remains approximately 20% on the unsafe side (see
green ellipse in Figure 14a). This suggests that the combined use of the effective area Ay
along with multiple global buckling curves, as currently prescribed in the code, may lead
to inaccurate predictions;

(i1)) Additionally, the code enforces a reduction in load due to the overall bending of built-up
members but overlooks the interaction between local and global buckling coupled with
built-up buckling behavior. This limitation is particularly evident in members with
intermediate lengths ( 4z ~1.25), where the worst case results in an overestimation of up
to 31% on the unsafe side. Despite this, Eurocode 3 appears to be the safest standard,

especially for intermediate ( Az from 0.8 to 1.6) and long columns ( Az > 1.6), where
about 11% and 18% of results fall below 0.9.
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Table 3: Statistical results of Xr+G+arer / X z+G+8,rE ratio for all columns in this study

Relative C.o.V. . <090 >1.05 >1.10 >1.15
slenderness n References Mean [%] Max. Min. [%] [%] [%] [%]
AISC & AASHTO (L /r<120) 1.08 5.6 1.25 092 0.0 704 36.1 11.0
15 <0.8 455 Eurocode 3 1.03 53 1.16 0.86 1.1 434 101 0.2
O.1C. 098 4.1 1.07 0.89 5.6 2.7 0.0 0.0
AISC & AASHTO (L /r<120) 1.10 8.5 1.31 091 0.0 70.3 488 29.7
0.8<1s<1.6 399 Eurocode 3 1.03 106 1.31 0.80 11.0 43.1 185 6.5
O.1C. 0.99 3.6 1.07 0.89 1.3 1.8 0.0 0.0
AISC & AASHTO (L /r>120) 1.04 9.7 1.29 0.85 5.6 222 120 5.6
A5 >1.6 108 Eurocode 3 1.13 185 126 0.82 17.6 31.5 213 185
O.1.C. 098 4.0 1.06 0.89 3.7 2.8 0.0 0.0
AISC & AASHTO 1.09 7.5 1.31 0.85 0.6 65.6 40.7 19.7
All Asvalues 952 Eurocode 3 1.05 7.5 1.31 0.80 7.1 419 149 49
O.1C. 099 3.9 1.07 0.89 3.6 2.3 0.0 0.0

Further, AISC and AASHTO provisions exhibit quite worse results compared to Eurocode 3. Since
AASHTO follows AISC recommendations for resistance predictions but imposes an additional
constraint by limiting the slenderness ratio L /  to 120 for primary truss members, whereas AISC
allows up to 200 for compression members, this restriction categorizes results into two sets:
members that comply with the limit (L /7 < 120) and those that exceed it (L /» > 120), which may
not be acceptable under AASHTO provisions. It is observed that the overall results obtained from
the American Standards are overly unconservative, with a mean %, ¢, spet / X145 ratio of 1.09

and a C.0.V. of 7.5% while the worse result reaching up to 31% on the unsafe side for members
with L /r <120. Yet, as reported in Table 3, approximately 66% of the results obtained from the
American Standards, compared to the F.E. results, lie more than 5% on the unsafe side, whereas
around 41% and 20% deviate up to 10% and 15% on the unsafe side, respectively. Furthermore,
for members with L /> 120, the American Standards also demonstrate a lack of consistency, with

a mean %, c.pre/ Xigespe ratio of 1.04 and a C.0.V. of 9.7%. Overall, in terms of lack of

conservatism, the worst-case scenario reaches up to 31% on the unsafe side, with approximately
66%, 41%, and 20% of the data points remaining on the unsafe side at 5%, 10%, and 15%,
respectively. In comparison, the O.I.C. approach provides excellent accuracy and better

consistency, with a mean %, ;.50 / X1.c.5pc Tatio approximately equal to unity and a very low

C.0.V. of around 4%. Besides, only 2.3% of the results exceed the 5% threshold on the unsafe side.
Given the diverse member and section geometries considered, along with the complexity of
local/global/built-up coupled instabilities analyzed in built-up members, the O.I.C. proposal
proves to be a reliable design approach, ensuring accuracy, consistency, and safety.

5. Reliability analyses

Reliability analyses were carried out based on the recommendations of the First Order Reliability
Method. Table 4 reports the results of the reliability analyses and the key statistical parameters
considered, where » is the number of numerical and experimental results in each subset, k4, is the
design fractile factor, b is the mean value of the correction factor, £, mean / fynom 1s the material
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overstrength factor and V, is the combined coefficient of variation, which accounts for
uncertainties from both the design model and the basic variables. The value of V. was calculated
using the following expression:

Va=V3+V}? (12)
In Eq. 12, Vsrepresents the C.o0.V. of the uncertainties in the numerical and experimental resistance
associated with the design models and V., is the C.0.V. of the uncertainties related to the & basic
variables, where V,.; can be determined through Eq. 13 for each F.E. result, considering how the
resistance depends on the variability of the two basic variables, i.e., geometry (Veeom) and material
properties (Viar).

Vieva +v (13)

geom mat

In this study, statical data of material overstrength factor £}, mean / f;,nom and the associated Viuar, along
with Veeom, were adopted as recommended in Annex E of EN 1993-1-1. Finally, the mean partial
safety factor required for the different cases considered was derived based on Eq. 14.

1 - rnom,i (14)
Yu = " ; ,
In Eq. 14, 7uom,i is the nominal resistance calculated from F.E. models using the nominal values of
material properties and 7,4, is the design resistance determined as a function of the mean correction

factor b and of the predicted resistance taken from the current standards and the O.1.C. proposal.
More details about the calculation procedure can be found in (SAFEBRICTILE, 2016).

Table 4: Summary of reliability analysis results based on the Eurocode approach

Study cases  Proposals n kan b Sromean / fynom Vaeom  Vimar Vs V. Y
AISC & AASHTO 952 3.1 0912 1.25 0.025 0.055 0.075 0.096 1.18
Without T.A. Eurocode 3 952 3.1 0.953 1.25 0.025 0.055 0.075 0.097 1.13
O.IC. 952 3.1 0.986 1.25 0.025 0.055 0.040 0.072 1.01
AISC & AASHTO 701  3.104 0.888 1.25 0.025 0.055 0.052 0.080 1.15
With T.A. Eurocode 3 732 3.103 0932 1.25 0.025 0.055 0.050 0.078 1.09
O.I.C. 701  3.144 0975 1.25 0.025 0.055 0.023 0.065 1.00

The Tail Approximation (T.A.) approach helps correct the excessive conservatism that results from
incorrectly assuming normality for the full dataset, thereby improving the accuracy of safety and
resistance factor calibration. As reported in Table 4, without adopting the T.A. technique, the y,,
value for the O.I.C. proposal was found to be an excellent 1.01, due to lower overall
uncertainty — particularly attributed to the variability in geometry and material properties. In
contrast, y,, values associated with the American Standards and Eurocode 3 are 1.18 and 1.13,
respectively. These values exceed the typical recommended limit — Eurocode 3 specifies a partial
safety factor of ys = 1.00, which implies no safety margin for the cross-section and member. The
Eurocode 3 value found here (jas = 1.13) reflects the need for a safety margin above 10%; AISC
and AASHTO adopt a resistance factor ¢ = 0.90, corresponding to y = 1/ ¢ = 1.11. A careful
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analysis of these results indicates that these higher y,, values primarily result from significant

uncertainties in the design models, as reflected by a correction factor b lower than 1.0 and a higher
Vs. By applying the T.A. technique, y,, factors for the American Standards and Eurocode 3 reduce

to 1.16 and 1.10, respectively. This decrease is due to a drop in Vs by disregarding the model
uncertainty in the upper tail, thereby improving on previously conservative estimates of y,, with

more representative data. The O.1.C. method achieved a minimum y,, of about 1.00, closely

matching the actual resistance distribution. In conclusion, the O.I.C proposal shows more
appropriate y,, values compared to the other two proposals, suggesting it provides a more reliable

design approach alongside superior accuracy, as discussed in previous paragraphs.

6. Conclusions

This paper investigated the buckling behavior of laced built-up columns subjected to pure
compression loads, where buckling occurs within the plane of the lacing system. The built-up
sections consisted of two main C-shaped sections interconnected by double (X) flat lacing bars.
Results from extensive numerical analyses addressing local, global, and built-up buckling modes
were presented. Non-linear shell F.E. models were carefully developed and validated against
existing experimental results and subsequently used to conduct both preliminary and parametric
studies. It was observed that laced built-up columns with slender elements are significantly
influenced by cross-sectional local interactions and by complex local/global/built-up interaction
modes. The original O.I.C.-based design approach was extended to address triple L/G/B
interaction modes in laced built-up columns. This approach accounts for (i) local buckling of the
cross-section of the chord, (i1) global buckling of the chord between lacing connectors, (iii) built-
up buckling of the overall member and (iv) a local/global/built-up interaction factor f7/6,5 to capture
the interactions among the corresponding buckling modes. The performance and accuracy of the
O.I.C. proposal, along with those of current design provisions, were evaluated against reference
F.E. results. It was found that the American Standards and Eurocode 3 fail to adequately capture
local/global/built-up interaction effects, leading to unconservative and scattered resistance
predictions. In contrast, the O.I.C.-based design approach showed improved accuracy and
consistency to the other design recommendations. Furthermore, reliability analyses incorporating
the T.A. technique, conducted in accordance with EN 1990 framework, confirmed that the
proposed O.1.C. design rules offer a safe and reliable method for designing laced built-up columns.
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