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A B S T R A C T   

Eurocode 3 provides Geometrically and Materially Nonlinear Analysis with Imperfections-method (GMNIA) in 
which the entire structure can be designed in system-level. In GMNIA, reliability of structural system is verified 
by using a system safety factor which is obtained in Eurocode 3 based on numerical or experimental capacity test 
results. Unfortunately, such test results are scarcely published in the literature thus complicating the determi
nation of the factor for a design engineer. In the so-called Direct Design Method, however, system safety factors 
are provided in advance for the design engineer by system-level reliability studies. This study determines the 
Eurocode-compliant GMNIA system safety factor for Warren truss portal frames by using the approach of the 
Direct Design Method. Advanced numerical models are utilized to perform Monte Carlo-simulations for entire 
structural systems. These simulations provide statistical distributions of system resistances which are employed 
in the First-Order Reliability Method to derive the system safety factors. Studied structures are made of S700 
cold-formed hollow sections. Various system geometries, system configurations and load combinations consisting 
of snow and wind loads are investigated and a suitable system safety factor is proposed for the ultimate limit state 
design of Warren truss portal frames. The proposed system safety factor is applied in a practical comparison in 
which Warren system is designed both by the conventional Eurocode 3 method and GMNIA. This comparison 
reveals that GMNIA has a remarkable potential to offer reduced material consumption in design compared to the 
conventional method.   

1. Introduction 

Conventional design methods for steel structures utilize a two-step 
process, in which the internal forces and moments of structural mem
bers are first calculated by using e.g. linear elastic analysis. Subse
quently, these forces and moments are substituted into design equations 
from governing standards, such as from Eurocode 3 [1], to verify the 
resistance of each member separately. 

Although these methods have proven their reliability based on the 
long-term application, these methods rely on member-based design 
philosophy thus suffering from the following two deficiencies: (1) These 
methods have very limited capability to consider material plasticity and 
redistribution of forces in complex structural systems, hence the po
tential excess capacity due to force redistribution is not exploited. (2) 
Additionally, these member-level methods have limited capability to 
reveal the true failure mode of a structural system, because they neglect 
load redistribution and utilize simplifications such as assumed buckling 

lengths of members which may be inaccurate [2]. Consequently, the 
highest utilization ratio may not reveal the critical failing member of the 
system. From the viewpoint of structural safety, a comprehensive un
derstanding of the failure mode of the system is crucial because the 
structural engineer can then avoid the most fatal modes. Furthermore, 
the inaccuracies originating from simplifications must be eventually 
considered in the partial factors of the conventional method, thus 
resulting in an overconservative design for some members. 

Advanced design methods (ADM) overcome these issues by 
designing structures in a system instead of member level. ADMs are 
allowed in many design codes, such as in AISC 360-16 [3], AS/NZS 4600 
[4] and Eurocode 3 [5–7]. Eurocode 3 uses the term GMNIA for ADM, 
which stands for Geometrically and Materially Nonlinear Analysis with 
Imperfections. In ADM, the entire structural system is designed by the 
condition [8]: 
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γADM
≥
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γiQki (1)  

in which Rn is the nominal ultimate strength of the structural system 
determined by nonlinear finite element analysis (NFEA) using the 
nominal geometric and material properties including the effects of im
perfections, γADM is the system safety factor, and Qki and γi are the 
characteristic loads (gravity, wind loads) and partial factors for actions 
in load combinations, respectively, according to relevant standards (e.g. 
Eurocode 1 [9] and Eurocode 0 [10]). The Rn is determined by incre
mentally increasing the loads until the load-bearing capacity of the 
system is reached with corresponding ultimate load factor αu. The αu can 
be defined as the peak load factor from the load–displacement curve, or 
as the maximum load factor from the curve in which the largest strain in 
structural members is within allowable limits. For sway structures 
exhibiting lateral displacements, a clear peak load factor may not be 
found from the curve. For such structures, αu can be determined at the 
point in which the stiffness of the structure has been reduced e.g. to 5 % 
from the initial stiffness determined from the load–displacement curve 
[8]. The ultimate load factor represents the ratio between the nominal 
resistance and applied loads, hence Eq. (1) can be reformulated as αu ≥

γADM. 
Through NFEA, ADM is capable of considering the material plasticity 

and redistribution of forces in design and offer even 12–14 % lighter 
steel structures than the conventional member-based method [11,12,8]. 
Additionally, ADM is able to achieve more uniform system reliability 
than the conventional method [13], hence reducing un- or over
conservativeness in the design. Moreover, creating the sophisticated 
nonlinear FEM model required for ADM is not essentially more laborious 
with modern software than the effort of constructing linear elastic model 
typically used with conventional design approach. These valuable fea
tures are significant incentives for switching from member level to 
system level design approach. 

During recent years, an ADM called also as the “Direct Design 
Method”, has been developed for hot-rolled products [14,15], storage 
rack frames [16,17], cold-formed steel portal frames [18], and for 
stainless steel [19,20] and carbon steel [8] frames. The heart of ADM is 
the system safety factor γADM shown in Eq. (1), through which all the 
relevant uncertainties regarding the system resistance are considered. 
Hence, the γADM is a structural family-specific factor prequalifying 
certain family of systems. In this study, “Eurocode-compliant Direct 
Design Method”, hereafter GMNIA, is developed for portal frame 
structures with Warren trusses (Framed Truss). Fig. 1 presents three base 
geometries which are to be used in determining the required γADM for the 
ultimate limit state design of framed trusses under snow and wind loads. 
These base geometries have span lengths of 24 m or 32 m and column 
heights of 7 m or 10 m, and detailed information of them is presented in 
Section 3. Investigated systems are made of cold-formed rectangular 
hollow sections (CFRHS) of the steel grade S700. 

Based on the GMNIA procedure of Eurocodes [7,6], the system safety 

factor γADM is obtained by multiplying the partial factor of the relevant 
failure mode, γM, with the model factor γFE (α1 in EN 1993-1-5 [6]) such 
that γADM = γMγFE. The model factor γFE is obtained based on design 
assisted by testing procedure of EN 1990 [10] by comparing the FEM 
model results to numerical or experimental tests. Usually, such tests are 
not available for entire structural systems, thus complicating this 
approach. The design assisted by testing procedure of EN 1990 [10] also 
provides a method for directly determining the design resistances and 
system safety factors, applying fixed sensitivity factors αR and αE to 
distinguish resistance from action side such that the reliability proced
ure is simplified. Unfortunately, fixed sensitivity factors yield inaccurate 
results in some reliability levels or permanent-to-variable load ratios 
[21]. Based on these challenges, this study neglects the procedures 
presented in the Eurocode and determines the required γADM by using a 
two-step process utilized also for the Direct Design Method [14,15]: (1) 
First, statistical distribution for the resistance of a structural system is 
determined based on Monte Carlo-simulation (MCS) [22], in which a 
large number of numerical experiments, i.e. NFEA simulations, are 
carried out. (2) Subsequently, the distribution of resistance is combined 
with loads by using First-Order Reliability Method (FORM) [22] to 
derive the required γADM. 

This study determines the system safety factor for a wide variety of 
framed truss geometries and configurations which exhibit various fail
ure modes. Multiple load combinations with and without accompanying 
actions are investigated to obtain an understanding of how combina
tions of actions affect the reliability of the considered systems. EN 1990 
[10] does not yet provide the target reliability level for structural sys
tems. Therefore, a suitable target reliability index for framed trusses is 
estimated by determining the system reliability index of a convention
ally designed framed truss by using the results of Monte Carlo- 
simulations. This system reliability index is then used as a target reli
ability index for GMNIA, and corresponding GMNIA system safety factor 
is proposed. The proposed system safety factor is then applied in prac
tical comparison in which a framed truss is designed both by the con
ventional Eurocode 3 method [1] and GMNIA to compare the material 
consumption in these methods. Finally, a short discussion highlights the 
research needs that are yet to be studied such that the presented GMNIA 
method becomes widely adopted among structural engineers. 

2. Modelling of cold-formed hollow sections 

Accurate modelling of CFRHS is crucial for GMNIA such that the used 
NFEA model represents reality. This study focuses on CFRHS fabricated 
by the continuous forming method [23]. In these sections, the corner 
regions have higher material strength than the flat regions [24–26]. 
Additionally, high residual stresses exist in the longitudinal and trans
versal directions of the cross-section [27]. To incorporate the effects of 
residual stresses and corner strength enhancements to the beam 
element-based NFEA, the so-called Effective Material Model (EMM) [28] 
is utilized. The EMM simulates the stress–strain curve that would be 
obtained when carrying out a tensile test for the entire cross-section 
instead of a separate tensile coupon. Consequently, the unfavorable ef
fects of residual stresses, but additionally the beneficial effects of the 
strain-hardened corner region will be considered in the material model. 
Table 1 presents the material properties of CFRHS for the flat region. The 
origin of material properties and properties of corner region have been 
presented in studies [28,29], respectively. 

Table 2 presents the geometrical properties and residual stresses of 
CFRHS. It should be noted that geometrical imperfections are given in 
the table in dimensionless units. The actual magnitudes for width, height 
and thickness are obtained by multiplying the dimensionless magnitudes 
with the nominal dimensions of the member. Geometrical bow imper
fection, etot, is modelled in the reliability studies through three sinu
soidal modes ei (i = 1…3) shown in Table 2 by [29,30]: 

Fig. 1. Base geometries of framed trusses in scale and element meshes.  
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etot(x) =
∑3

i=1
ei • sin(iπx) =

∑3

i=1
ei • eni(x) (2) 

The normalized shapes eni are shown in Fig. 2 and it should be noted 
that the actual bow imperfection magnitude is obtained by multiplying 
the dimensionless ei-values with corresponding member span length L. 
Fig. 3(a) presents geometrical imperfections in the XZ-plane (with 200- 
fold magnification) for one sample of the investigated framed truss. 
Except for the sway imperfection, all properties between structural 
members are assumed as uncorrelated in MCS, thus each member has 
unique material and geometrical properties. Such uncorrelated proper
ties led more conservative results in weakest link truss systems than the 
correlated ones [31]. Correlations in material strength and residual 
stresses of members were considered as presented in [29]. 

In this Section, only a brief description is given for the presented 
modelling issues. For more details on modelling residual stresses, the 
EMM, and other features, see [27,28,29], respectively. 

3. Portal frames with Warren trusses 

Fig. 1 presents the three base geometries which are used throughout 
this study in determining the system safety factors. Dimensions of these 
geometries are shown in Table 3 and the naming convention for the truss 
geometry in Fig. 4. The considered framed trusses are labelled as FT-S 
[span]H[height], where [span] and [height] are the span of the frame 
and the height of the columns in meters, respectively. Each truss is 
designed such that the height at mid-span, Hm, is 1/10 of the span length 
as suggested in [32]. Height at supports, Hs, is determined such that the 

roof slope is 1:30 which is common in industrial buildings. 
Fig. 4 presents loads, boundary conditions, and the global coordinate 

system for the framed trusses. A fixed (rigid) joint is assumed at supports 
A and B. Additionally, the top chord is assumed to be restrained in the Y- 
axis (out-of-plane) direction with roofing such that the top chord can 
buckle only in the XZ-plane. The typical production length of CFRHS 
tubes ranges from 12 m up to 18 m, thus the top and bottom chords are 
assumed to consist of two hollow section tubes connected at the mid- 
span, see Fig. 3 (a). However, this has effect only in generating imper
fections to chords (see Section 2), and chord joints at the mid-span are 
assumed rigid such that chords are continuous members over the mid- 
span. By contrast, chord joints with braces and columns are assumed 
as pinned, because no method has yet been developed to consider semi- 
rigid joints of welded CFRHS connections in nonlinear analyses. 

Framed trusses are designed against self-weight of the CFRHS 
members, permanent load Gk, snow load Qk,Snow and wind loads Qk,Wind 
as shown in Fig. 4. It is assumed that the truss spacing is 6 m and 
building width in crosswind direction is 60 m. The investigated trusses 
are assumed to be located in the roof area G regarding the wind loads of 

Table 1 
Material properties for the flat region of the steel grade S700.  

Property Description Distribution Mean μ CoV [%] Nominal value Ref. 

fy Yield strength Normal 746.5 MPa  2.76 700.0 MPa [28,29] 
fu Ultimate strength Normal 839.5 MPa  2.47 750.0 MPa [28,29] 
σ0.05 0.05 % proof stress Normal 641.9 MPa  5.47 586.4 MPa [28,29] 
εu Strain at fu Normal 0.037  25.18 0.037 [28,29] 
E Elastic modulus Normal 210 GPa  3.00 200 GPa [5] 
ν Poisson’s ratio Deterministic 0.3  – 0.3 [5] 
ρ Density Deterministic 7850 kg/m3  – 7850 kg/m3 [9]  

Table 2 
Statistical distributions for geometrical properties, residual stresses, and modelling uncertainty.  

Property Description Distribution Parameters1 Nominal value Ref. 

W Width Normal μ = 1.00, σ = 3.17e-3 [1/WNominal] 1.0 [28,29] 
H Height Normal μ = 1.00, σ = 3.17e-3 [1/HNominal] 1.0 [28,29] 
t Thickness Generalized extreme 

value 
μ = 0.9824, σ = 1.24e-2, 
ξ = 4.60e-2 [1/tNominal] 

1.0 [28,29] 

e1 1. bow imperf. Normal μ = 0.0, σ = 2.458e-4 [1/L] LFS / 1000 [28,29] 
e2 2. bow imperf. Normal μ = 0.0, σ = 7.374e-5 [1/L] N/A [28,29] 
e3 3. bow imperf. Normal μ = 0.0, σ = 4.424e-5 [1/L] N/A [28,29] 
φ Sway imperf. angle Lognormal μ = 1.299e-3, σ = 1.136e-3 acc. 5.3.2 of [1] [8] 
σLB,Flat Longit. residual stress in flat Normal μ = 0.70•(-7.694e-7 fy2 + 6.737e-4 fy + 0.562), σ = 0.206 [1/fy] μ [27,28] 
σLB,Corner Longit. residual stress in corner Normal μ = 0.70•(-4.757e-7 fy2 + 2.161e-4 fy + 0.548), σ = 0.196 [1/fy] μ [27,28] 
σTB,Flat Trans. residual stress in flat and corner Normal μ = -2.339e-7 fy2 + 7.613e-5 fy + 0.324, σ = 0.155 [1/fy] μ [27,28] 
θM Modelling uncertainty Lognormal μ = 1.0, σ = 0.05 N/A [28,20]  

1 μ = mean and σ = standard deviation for Normal and Lognormal distributions, μ = location, σ = scale and ξ = shape for Generalized extreme value distribution. 

Fig. 2. Normalized sinusoidal shapes en1, en2 and en3 for geometrical bow im
perfections e1, e2 and e3, respectively. 

Fig. 3. Geometrical imperfections in the XZ-plane in one of the MCS samples 
(a) and nominal models (b) of FT-S32H10-F1C1. 
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EN 1991-1-4 [33]. Assumed magnitude for the permanent load is Gk =

0.5 kN/m2, which considers non-structural members such as insulated 
roof panels. Snow load on the roof is Qk,Snow = 2 kN/m2. Wind loads for 
external zones D, E, G, H and I and the internal pressure are derived 
based on EN 1991-1-4 [33] and the Finnish National annex assuming 
terrain category 2, basic wind velocity vb,0 = 21 m/s, and flat roof with 
sharp eaves. It should be noted that the internal wind load can be 
pressure or suction. Therefore, when choosing system configurations, 
both pressure and suction are considered by internal pressure co
efficients cpi of +0.2 or − 0.3 [33]. In the reliability procedure presented 
in Sections 7-8, however, internal wind load is assumed always to be 
suction with cpi = − 0.3. This choice was made because internal suction 
resulted in lowest nominal resistances of the studied systems in the case 
of column failures. 

Fig. 4 and Table 2 present an angle φ and its magnitude for the sway 
imperfection of columns. The sway angle φ acts in the wind directions 
Qk,Wind,D and Qk,Wind,E, thus being conservative. Additionally, a full 
correlation is assumed for the sway imperfection in both columns, hence 
both columns are leaning to the same unfavorable direction with the 
same magnitude φ. 

Framed trusses can collapse in various ways, e.g. by buckling or 
tensile failure, or by extensive plasticization due to bending. All these 
possible failure modes must be considered in the system safety factor 
γADM. Therefore, when deriving the value for γADM in reliability studies, 
multiple structural configurations are needed. Table 4 presents the 
system configurations for the base geometries used in this study to 
determine the γADM and to study how different truss geometries and 
failure modes affect the reliability level of the system. System configu
rations are symmetrical in relation to the mid-span, hence only half of 

configurations are presented in the following tables. Cross-sections are 
presented as [dimension in XZ-plane]x[dimension in YZ plane]x[mate
rial thickness] in millimeters. FT-S32H10-F1 contains 2 additional 
braces B8 and B9 and additional chord spans TC5 and BC5, which have 
not been presented in Fig. 4. However, the naming convention in each 
truss is such that the brace and chord span numbering is in ascending 
order from column support to mid-span thus B9, TC5 and BC5 being in 
the mid-span. 

The presented configurations have been designed according to con
ventional Eurocode 3 method by choosing the smallest (lightest) profile 
which satisfies the conventional design rules from a catalogue provided 
for S420 and here also employed for S700 [34]. Members are limited to 
cross-section classes 1 or 2 having the maximum Eurocode 3 non- 
dimensional member slenderness λ ≤ 3.0. The non-dimensional slen
derness limit affects mostly the selection of the inner braces, in which 
the axial forces are small. Without the limit on the slenderness, these 
members would become extremely thin which would not correspond to 
the common design practice. Additionally, the minimum material 
thickness of members is 3 mm and the minimum width of chords is 
limited to the width of the largest brace such that truss joints are prac
ticable. Buckling lengths of chords are assumed to be 0.9 times the 
system lengths and buckling lengths of braces as the full system lengths 
even the reduced lengths for braces could be used with welded con
nections [1]. For columns, the commonly applied buckling length of 1.2 
times the system length is assumed in XZ-plane to represent a column 
which has rigid bottom base and rotationally fixed but translationally 
free top support [35]. In YZ-plane, buckling length of 1.0 is assumed to 
represent translationally restrained column with pinned supports [35]. 

A total of five different failure mode sets, F1-F5 shown in Table 4, are 

Table 3 
Base geometries of framed trusses.  

Truss Ls [m] Hc [m] Hs [m] Hm [m] Num. of braces TC1; TC2; TC3; TC4; (TC5) [m] BC1; BC2; BC3; BC4; (BC5) [m] 

FT-S24H07 24  7.0  2.0  2.4 14 1.6; 3.3; 3.3; 3.7 3.2; 3.3; 3.3; 2.0 
FT-S24H10 24  10.0  2.0  2.4 14 1.5; 3.3; 3.3; 3.7 3.2; 3.3; 3.3; 2.0 
FT-S32H10 32  10.0  2.7  3.2 18 1.6; 3.5; 3.5; 3.5; (3.8) 3.4; 3.5; 3.5; 3.5; (2.0) 
FT-S28H09 28  9.0  2.3  2.8 14 1.7; 3.9; 4.2; 4.1 4.0; 3.9; 3.9; 2.1  

Fig. 4. Naming convention of the truss geometry and loads and boundary conditions.  
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considered. Table 5 presents the load combinations against which these 
structural systems are studied and the governing nominal failure mode 
in the specific load combination. Leading action has been denoted with a 
subscript “50” to describe the maximum load for 50-year reference 
period, whereas subscript “01” denotes the accompanying action for 
which the maximum annual load is assumed. 

In F1, configurations have been determined based on the conven
tional Eurocode 3 method by designing systems against all load com
binations such that snow or wind are leading actions one at a time and 
with and without the accompanying action. For these configurations, 
cross-sections have been chosen such that the maximum allowable uti
lization ratio for each member is 1.0 in every load combination, corre
sponding to a normal design situation. 

It was observed during reliability analyses that the governing failure 
mode for all F1 systems was brace buckling in the case of leading snow, 
and column fixed end plasticization at support A in the case of leading 
wind. Therefore, set F2 was designed only against the leading wind load 
(see Table 5) and the maximum utilization ratio of columns was limited 
to 0.5 while allowing the utilization ratio 1.0 for other members such 
that the governing failure was forced to occur in chords or braces during 
the leading wind. Sets F3-F5 are designed only against the snow load as 
shown in Table 5. In F3, the maximum utilization ratio is set to 0.5 for 
braces and chords while allowing 1.0 for columns thus forcing column 
failure under the snow load. In F4, top chords are designed to fail first, 
whereas in F5 the first member to fail is either the bottom chord or a 
tensile brace. In these cases, the maximum allowable utilization ratio is 
set to 1.0 for the members designed to fail first, and 0.5 for the other 
members. These 16 cases presented in Table 5 are used in reliability 
studies to derive the required γADM. 

4. Finite element model 

Finite element analyses were carried out by the Abaqus software 
[36]. Abaqus beam element B31 was used with “ARBITRARY” cross 
section definition which enables to model the rounded corners in 
CFRHS. Fig. 1 shows element meshes of the base geometries. According 
to mesh convergence studies the target element size of 200 mm was used 

in columns except in the vicinity of the fixed end supports and chord 
joints, for which a more dense local mesh was used. Chords and braces 
between the truss joints were modelled with 16 elements each. Joint 
eccentricities were considered by modelling the brace/chord ends to 
their actual locations on surfaces of chords/columns, and by connecting 
the brace/chord ends to chord/column centerlines by using Abaqus 
“beam” type multipoint constraint. Pinned brace-to-chord and chord-to- 
column connections were achieved by releasing rotational degrees of 
freedom (DOF) about both local bending axes from brace and chord ends 
while keeping torsional DOFs fixed. 

Bow imperfections were considered independently in both XZ- and 
YZ-planes, whereas sway imperfection was imposed only in the XZ- 
plane. In MCS, sway and bow imperfections were modelled directly to 
the FEM geometry by translating nodes according to the respective 
imperfections with a custom-made Python program. Fig. 3(a) presents 
these imperfections in XZ-plane for one sample of FT-S32H10-F1C1 with 
200-fold magnification. For nominal models, bow imperfections were 
modelled directly to the geometry, but sway imperfections were 
considered by applying equivalent horizontal loads to columns, see 
Section 6. 

The stress–strain curve of the material is the EMM [28] and material 
is modelled according to von Mises yield surface and associated plastic 
flow with isotropic hardening. Analyses were carried out in two 
consecutive analysis steps. Loads which do not appear in the limit state 
functions described in Section 7 were applied in MCS in a preliminary 
analysis step carried out by the Newton’s method. Hence, the variability 
of these loads is considered already in MCS. The actual “until failure” 
analysis was subsequently carried out in the second step by using the 
arc-length method with force-controlled loading, applying the loads that 
appear in the limit state functions. 

5. Model validation 

The authors have not found any experimental capacity tests for 
entire structural systems constructed of CFRHS of the steel grade S700. 
However, the applied software and element type have been successfully 
employed elsewhere [37] for analyzing entire truss structures fabricated 

Table 4 
Cross-sections of framed trusses.  

Framed truss Column Top chord 
Bottom chord 

Braces B1; B2; B3; B4; B5; B6; B7; (B8); (B9) 

FT-S24H07-F1 180x100x7.1 140x140x5.6 
100x100x4.0 

100x100x4.0; 50x50x3.0; 90x90x4.0; 50x50x3.0; 70x70x4.0; 50x50x3.0; 60x60x3.0 

FT-S24H10-F1 220x120x8.8 140x140x5.6 
100x100x4.0 

90x90x4.0; 50x50x3.0; 90x90x4.0; 50x50x3.0; 70x70x4.0; 50x50x3.0; 60x60x3.0 

FT-S32H10-F1 200x200x8.0 150x150x6.0 
110x110x5.0 

110x110x5.0; 60x60x3.0; 100x100x5.0; 60x60x3.0; 90x90x4.0; 60x60x3.0; 80x80x4.0; (60x60x3.0); (70x70x3.0) 

FT-S24H10-F2 220x120x8.8 80x80x4.0 
60x60x3.0 

60x60x3.0; 50x50x3.0; 60x60x3.0; 50x50x3.0; 50x50x3.0; 50x50x3.0; 60x60x3.0 

FT-S24H10-F3 180x120x8.0 160x160x8.0 
120x120x6.0 

120x120x5.0; 50x50x4.0; 100x100x5.0; 50x50x3.0; 90x90x4.0; 50x50x3.0; 60x60x3.0 

FT-S24H10-F4 220x220x8.8 140x140x5.6 
120x120x6.0 

110x110x5.0; 50x50x4.0; 100x100x5.0; 50x50x3.0; 90x90x4.0; 50x50x3.0; 60x60x3.0 

FT-S24H10-F5 220x220x8.8 160x160x8.0 
80x120x5.0 

120x120x5.0; 50x50x3.0; 100x100x5.0; 50x50x3.0; 90x90x4.0; 50x50x3.0; 60x60x3.0  

Table 5 
Studied load combinations C1-C4 and governing nominal failure modes.  

Framed truss C1: QSnow,50 C2: QSnow,50 + QWind,01 C3: QWind,50 C4: QWind,50 + QSnow,01 

FT-S24H07-F1 Brace buckling Brace buckling Column support plasticization Column support plasticization 
FT-S24H10-F1 Brace buckling Brace buckling Column support plasticization Column support plasticization 
FT-S32H10-F1 Brace buckling Brace buckling Column support plasticization Column support plasticization 
FT-S24H10-F2 – – Brace buckling – 
FT-S24H10-F3 Column buckling – – – 
FT-S24H10-F4 Top chord buckling – – – 
FT-S24H10-F5 Brace tensile fracture – – –  
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from hot-finished hollow sections until failure, thus illustrating the 
sufficient accuracy of the applied procedure. 

Due to the lack of system-level experimental test results, the FEM 
model and the EMM were validated for isolated beams and columns by 
carrying out the following two-step validation procedure [28]. First, the 
shell element model, in which residual stresses and corner strength en
hancements were directly modelled into shell elements, was validated 
against 30 experimental isolated column buckling tests [28]. The ratio of 
the experimental test capacities divided by the shell model capacities 
had a conservative mean of 1.016 and coefficient of variation (CoV) of 
0.051. Subsequently, the accuracy of the beam element model with the 
EMM was validated against the experimentally validated shell element 
model by investigating over 3700 numerical buckling and bending tests 
for various cross-section sizes and loads and boundary conditions. The 
ratio of the shell model capacities divided by the corresponding beam 
model capacities had the conservative mean of 1.014 and CoV of 0.012. 
The total uncertainty from experimental to beam model can be taken as 
the product of these two uncertainties. By assuming Log-normal distri
bution for experimental-to-shell and shell-to-beam models, running a 
direct Monte Carlo-simulation yields the mean of 1.030 and CoV of 
0.052 for the total uncertainty. These statistics are in close agreement 
with models used in the literature [8,20], where the mean of 1.0 and 
CoV of 0.05 are applied. Consequently, in this research, the mean of 1.0 
and CoV of 0.05 are adopted for the total modelling uncertainty θM as 
shown in Table 2. 

The stress–strain curve of the EMM corresponds to the curve which is 
obtained by carrying out tensile test for the entire cross-section instead 
of a tensile coupon such that the enhanced corner material and effects of 
residual stresses become incorporated to the obtained curve. This yields 
realistic behavior for the corner strength enhancements in the case of 
compressive or tensile axial forces. In the case of bending, however, the 
enhanced corner material has certain lever-arm effect because the 
enhanced material is located in corner regions, i.e. in the extreme fibers 
in bending action. However, the EMM cannot consider this lever-arm 
effect for the corner material because it assumes averaged material 
properties for the entire cross-section perimeter. Due to this averaging, 
the EMM yields conservative capacities in the case of square and rect
angular cross-sections with major axis bending, because it considers 
smaller lever arms for the corner material in these cases. In the case of 
rectangular sections with minor axis bending, however, the averaged 
EMM may have slightly greater lever arm for the corner material than in 
the actual cross-section. Fortunately, it was determined in [28] that in 
the case of rectangular cross-sections assuming the maximum typical 
width-to-height ratio of 2.5 [34], this overestimation in capacities in 
minor axis bending was below 4 % at maximum and below 1 % on 
average. Similar magnitude of overestimation was observed in case of 
square and rectangular sections with major axis bending, hence the 
accuracy of the EMM was deemed acceptable. 

6. Nominal model 

The nominal model is the NFEA model which is used by the design 
engineer to determine the nominal resistance Rn of the structural system 
to be used with Eq. (1). Nominal parameters, e.g. nominal yield strength, 
fy, can be selected in various ways and this affects the system safety 
factor such that with a more conservative selection of nominal param
eters the nominal resistance is lower, thus resulting in higher mean-to- 
nominal ratio in reliability studies. Consequently, the higher mean-to- 
nominal ratio results in lower system safety factor for a fixed reli
ability level. Therefore, nominal parameters and system safety factor are 
dependent on each other, and this has to be taken into account when 
choosing which nominal values are employed. 

Because the system safety factor considers various failure modes by a 
single factor, it is important that a uniform reliability level is achieved 
between these modes such that no significant over- or unconservative 
situations occur in design. Tables 1 and 2 present the nominal values 

selected for this study, and it was observed in [29] that these values 
provide rather low variation in reliability level between the failure 
modes of truss structures. Nominal values of fy and fu are selected ac
cording to the minimum guaranteed values presented in [38]. These 
values correspond to the nominal values of EN 1993-1-12 [39] except for 
cross-sections with the thickness of 8 mm or over, for which EN 1993-1- 
12 uses the reduced fy = 680 MPa. Nominal values for σ0.05 and E have 
been chosen as characteristic 5 % fractile values and geometrical prop
erties of cross-sections as nominal values from product standards 
[1,5,10]. Strain εu and residual stresses are according to the mean values 
[6]. 

Nominal sway imperfections were modelled according to 5.3.2 of 
Eurocode 3 [1], by using the equivalent horizontal forces at the top of 
the columns. In the case of leading wind, however, horizontal loads 
exceeded 15 % of the vertical loads in some framed trusses such that 
nominal sway imperfections in these structures were neglected as 
guided in Eurocode 3 [1]. 

The widely applied procedure in introducing geometrical bow im
perfections to the nominal model is to superimpose the scaled elastic 
buckling modes [30]. According to Arrayago and Rasmussen [40], the 
lowest ultimate resistance of the steel frame is found accurately enough 
by combining the 6 lowest buckling modes with positive amplitudes. In 
the case of trusses, however, the lowest buckling modes may not cause 
imperfections for every brace, or the magnitude may become less than L 
/ 1000 because the scaled magnitude is related to the most imperfect 
member in the mode. Unfortunately, the elastic buckling mode may not 
reveal the governing failure member in nonlinear analysis in which 
loads are redistributed, hence geometrical imperfections should be 
applied in all members. 

Because of the challenges regarding the buckling modes in truss 
structures, this study neglects buckling modes and models bow imper
fections by applying a sinusoidal mode e1 (see Fig. 2) with a magnitude 
of LFS / 1000 for every free span LFS by offsetting nodes by a computer 
program written in Python. Free spans are the spans limited by any brace 
or column joint such that a column or chord consists of multiple free 
spans along the entire member length L. The nominal magnitude of LFS / 
1000 [7] covers, to some extent, both bow imperfection and load ec
centricities [41]. Fig. 3(b) presents an example for one of the nominal 
bow imperfection patterns for the case FT-S32H10-F1C1 with a 50-fold 
magnification. 

Nominal bow directions are randomly sampled and uncorrelated 
between all members. A recent study [29] showed that in the case of top 
chord failure, the nominal resistance can be sensitive to bow directions 
in chords. For other failure modes, varying bow direction patterns led to 
rather uniform resistances despite the bow directions in chords or in any 
other member. Because of this sensitivity, in this study, the same bow 
direction is assumed for every free span along the entire chord or column 
as shown in Fig. 3(b) being conscious that the lowest resistance occur
ring in some rare combination of bow directions in chords may not be 
found. This may result in higher Rn, thus in lower mean-to-nominal 
ratio, and ultimately to higher γADM hence being a conservative 
choice. Consequently, it is not crucial in the practical use of the method 
to find such specific combination of imperfection direction in the top 
chord. However, in this study, this has noticeable effect on only FT- 
S24H10-F4 in which the top chord fails. In nominal models, the free 
span in the middle of the bottom chord is assumed to belong to the left 
chord although in MCS the discontinuity in slope exists in bow imper
fections as shown in Fig. 3(a). 

Usually, multiple nominal models with varying bow directions must 
be analyzed such that the governing imperfection direction and the 
lowest nominal resistance is found [7]. In this study, it is assumed that 
the nominal resistance Rn, i.e. the lowest possible resistance, is found by 
analyzing a total of 50 nominal models for which randomly generated 
bow directions are applied. For half of these 50 analyses, randomly 
generated bow imperfections are modelled in the direction of XZ-plane 
and for the other half in YZ-plane such that both directions are 
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investigated separately. In MCS however, bow imperfections are 
generated simultaneously (but independently) in XZ- and YZ-planes as 
they would appear in real structures. 

7. Reliability procedure 

The system safety factor γADM is determined by reliability analysis 
[22]. The probability of failure can be determined by Pf = P{g(X) ≤ 0}, 
in which g(X) is the limit state function and X represents the vector of 
random variables. EN 1990 [10] determines the required reliability of 
the structure with a target reliability index βT, which relates to the 
failure probability by Pf = Φ(-βT), in which Φ() denotes the cumulative 
distribution function of the standardized normal distribution. Unfortu
nately, EN 1990 [10] provides the target reliability index for structural 
members only, requiring βT = 3.8 for 50 years reference period and 
reliability class 2 structures. System-level reliability requirements are 
not yet given in Eurocodes, and the target reliability index may differ 
from member-level βT depending on whether “series” or “parallel” sys
tems are studied [22]. It is stated in prEN 1990 [42] that “if the partial 
factor design format that is being calibrated can be related to an existing 
partial factor design format for which the safety level is considered satis
factory, the corresponding average reliability level should be used as a target 
value for calibration”. This may be interpreted such that βT for GMNIA 
can be obtained by determining the system-level reliability index of 
conventionally designed structures. Therefore, this study estimates the 
reliability index of conventionally designed framed trusses and de
termines the system safety factor for this index by using the reference 
period of 50 years. Additionally, γADM-values are given for varying 
reliability levels such that the proper γADM-value can be chosen if the 
conventional reliability index is changed based on further studies. 

7.1. Load combinations and limit state functions 

In this study, the load combination of Eq. (6.10) of EN 1990 [10] is 
considered for two variable loads. Based on Eq. (1), the expression 
(6.10) of EN 1990 yields: 

Rn

γADM
≥ γG • Gk + γQ,L • Qk,L + γQ,A • ψ0,A • Qk,A (3)  

in which Gk and Qk are the characteristic values of the permanent and 
variable loads, respectively, and γG = 1.35 and γQ = 1.5 are the corre
sponding partial factor for variable actions. Moreover, ψ0 = 0.6 is the 
combination value for wind and ψ0 = 0.7 for snow, and subscript “L” 
denotes the leading and “A” the accompanying variable action. Based on 
Eq. (3), the following two limit state functions are considered depending 
on the leading variable load: In the case of leading snow, the vertical 
capacity against gravity loads is of interest and the limit state function is 

gV(X) = R − G − QSnow,50 ≤ 0 (4)  

whereas in the case of leading wind the lateral capacity is of interest and 
the limit state function is 

gL(X) = R − QWind,50 ≤ 0 (5) 

These limit state functions account for a random vertical or lateral 
resistance R, random permanent load G, and random snow load QSnow,50 

or random wind load QWind,50. It should be noted that the density of steel 
and the self-weight of the steel frame is considered to be deterministic in 
reliability analyses, and the random permanent load G considers the 
weight of non-structural members, see Section 3. 

7.2. Monte Carlo-simulations and First-Order Reliability Method 

This study adopts a two-step procedure in determining the γADM- 
values [19,20]. First, statistical distributions of resistances R are deter
mined by MCS. Subsequently, these distributions are applied in the First- 
Order Reliability Method (FORM) to solve the reliability indices and 
corresponding system safety factors for the considered limit state func
tions. Latin hypercube sampling is employed to reduce the required 
number of samples in MCS. A sample size of 500 was estimated sufficient 
by a preliminary test in which a truss structure was analyzed having 60, 
125, 250, 500 and 1000 samples [29]. 

In MCS, loads which are acting on the structure but do not appear in 
the limit state function, are randomly sampled and applied in MCS by a 
preliminary analysis step, see Section 4. For example, randomly sampled 
QWind,01 is applied in the case of leading snow, whereas randomly 
sampled G and QSnow,01 are applied in the case of leading wind, requiring 
that these actions are present in the specific load case. Authors are aware 
that this loading sequence does not represent reality in the case of 
leading snow with accompanying wind, because the annual wind load is 
applied to the model before permanent or snow loads, whereas in a real 
structure some portion of gravity loads is present already when the wind 
begins to act. However, this procedure was chosen for practical reasons, 
and it was observed that the studied structures were not sensitive to the 
loading sequence, see Section 8.2. Table 6 presents the probabilistic 
models of loads for MCS and FORM. 

In FORM, only the relative magnitudes of nominal and characteristic 
values are important, not the actual magnitudes. The relative magni
tudes are obtained by assuming that structures are designed economi
cally at their limits, i.e. assuming that the design resistance equals the 
design loads in Eq. (1). By introducing the term αQ = Qk,Snow / Gk, which 
is the ratio of characteristic snow to permanent load, the characteristic 
values in the case of leading snow load can be obtained by [19]: 

Gk =
Rn/γADM

γG + γQαQ

Qk,Snow =
αQRn/γADM

γG + γQαQ

Qk,Wind according to Section 3

(6)  

and in the case of leading wind: 

Gk = 0.5
kN
m2 , i.e. according to Section 3

Qk,Snow = 2
kN
m2 , i.e. according to Section 3

Qk,Wind =
Rn

γQγADM

(7) 

Table 6 
Probabilistic models of the resistance and loads.  

Property Description Distribution Mean and CoV Char. val. Ref. 

R Resistance Log-normal / Normal μ = RMean, CoV of RMean, see Table 7. Rn MCS 
G Permanent load Normal μ = 1.00Gk, CoV = 0.10 Eq. (6) or (7) [45] 
QWind,01 Wind load, 1 year Gumbel μ = 0.44Qk,Wind, CoV = 0.56 Eq.(6) See Section 7 
QWind,50 Wind load, 50 years Gumbel μ = 0.70Qk,Wind, CoV = 0.35 Eq.(7) [45] 
QSnow,01 Snow load, 1 year Gumbel μ = 0.50Qk,Snow, CoV = 0.44 Eq.(7) See Section 7 
QSnow,50 Snow load, 50 years Gumbel μ = 1.00Qk,Snow, CoV = 0.22 Eq.(6) [52]  

L. Jaamala et al.                                                                                                                                                                                                                                



Structural Safety 108 (2024) 102451

8

Eqs. (6) and (7) state that in the reliability studies the characteristic 
loads, which are applied in the arc-length step (see Section 4) and scaled 
up by the αu, do not correspond to original characteristic loads for which 
the framed truss configurations were chosen in Section 3. This is because 
in the ADM philosophy, the maximum allowed loads are relative to 
nominal resistances. This holds for both the leading variable load and 
the permanent load in the case of leading snow because a fixed αQ =

2 kN/m2 / 0.5 kN/m2 = 4 is assumed in this study according to the ratio 
of original characteristic loads. However, characteristic loads which are 
applied in the preliminary analysis step, i.e. accompanying variable 
actions and the permanent load in the case of leading wind, remain the 
same as presented in Section 3. 

7.3. Load models 

Table 6 presents the probabilistic models of the resistance and loads. 
The 50-year load models have been taken from Eurocode-related reli
ability studies carried out in the literature, although climatic actions are 
site-specific. These general load models have been adopted instead of 
any site-specific models to maintain comparability among other reli
ability studies. 

In the case of two or more time-varying actions acting simulta
neously, it is very unlikely that the extreme value of each action occurs 
at the same point in time. Therefore, the so-called Turkstra’s rule [43] is 
often employed to obtain deterministic load combinations. In this rule, 
the leading action achieves the largest value of the lifetime maximum 
load and accompanying actions achieve arbitrary-point-in-time values 
which occur during the lifetime maximum load of the leading action. 

Turkstra’s rule does not define the load levels to be used in the 
combination of actions. In the ultimate limit state design of Eurocodes 
[10], the load levels are adjusted by using load combination factors ψ0 
= 0.7 for snow and ψ0 = 0.6 for wind loads in Finland, see Eq. (3). These 
factors have been developed for design purposes, whereas realistic es
timations for the arbitrary-point-in-time values of loads are required for 
MCS. Return periods for the arbitrary-point-in-time loads depend on the 
load characteristics, e.g. for the wind load the daily maximum can 
represent a good approximation for the point-in-time value [22]. How
ever, in this study, point-in-time values were conservatively taken ac
cording to annual loads similarly as in other reliability studies found in 
the literature [44,45]. Based on the results presented in Section 8.3, the 
selection of annual values did not cause overconservativeness to the 
system safety factor because load combinations with two variable ac
tions were not the determining combinations. Consequently, in the case 
of both the wind and snow loads present, the leading variable load with 
the return period of 50 years is combined with annual accompanying 
load in reliability studies. 

Gumbel’s method [46], and additionally EN 1991-1-3 [47] and EN 
1991-1-4 [33] offer formulas for transforming load values for varying 
return periods. However, these transformation methods are not adopted 
in this study because they neglect the fact that the joint density function 
of two time variable actions is a function of both of the combined loads 
[48], although Eurocode simplifies the design by assuming ψ- factors to 
be independent of the loading to be combined with. Based on the 
meteorological data of Poland [49], for 50 years reference period the 
mean combination factors were 0.217 for snow and 0.44 for wind when 
considering the maximum accompanying load value for the entire year. 
If the combination factors were determined based on the record length 
of 15 days instead of the entire year such that the maximum value of the 
leading load occurred in the middle of these 15 days, the mean factor 
would decrease to 0.190 for snow, and even to 0.165 for wind. The 
Polish study [49] suggested to reduce the design values for ψ0- factors 
from 0.5 to 0.3 for snow (altitude < 1000 m) and from 0.6 to 0.3 for 
wind. Madsen and Diamantidis [50] obtained a similar outcome, ψ0 =

0.3 for both snow and wind loads when combined together. In Euroc
odes, “frequent values” ψ1 = 0.5 for snow (Finland) and ψ1 = 0.2 for 
wind [10] have been also given, which additionally indicate the possible 

meaningful level of loads in frequent situations. Based on the above, the 
actual combination factors lie in the range of 0.2 < ψ < 0.5. Because the 
determination of simultaneous snow and wind load is a highly compli
cated task depending on the region and climate of the country, this study 
adopts conservatively the largest combination factors from the pre
sented values, thus ψ0 = 0.5 for snow [10] and ψ0 = 0.44 for wind loads 
[49] in MCS. Consequently, the annual mean values of variable loads of 
Table 6 are determined based on these values, but the standard de
viations are assumed to remain the same as in the 50-year return period 
according to properties of Gumbel’s distribution [51]. 

8. Reliability studies of framed trusses 

In the following subsections, results of Monte Carlo-simulations and 
nominal capacities are first presented to obtain statistical distributions 
of the resistance R and mean-to-nominal ratios. Subsequently, these 
statistics are applied in FORM along with the load models to derive a 
group of γADM – β data points. Finally, a line is fitted to these data points 
by the least squares method to obtain an equation which gives the 
required γADM for the desired target reliability level. 

8.1. Monte Carlo-simulations 

Table 7 presents results of Monte Carlo-simulations. The mean 
resistance RMean is given as the ratio of RMean to the factored design loads 
Qd of the limit state function. For example, the mean vertical resistance 
of FT-S24H07-F1C1 is 1.39 times the load combination 1.35 Gk +

1.50 Qk,Snow and the mean lateral resistance of FT-S24H07-F1C4 is 3.92 
times the load 1.50 Qk,Wind. Surprisingly, these ratios are remarkably 
high in the case of leading wind and failure mode F1 in which column 
supports deform plastically. Based on the utilization ratios of the con
ventional design, it was observed that rather similar utilization ratios 
were obtained for columns despite the leading action. Therefore, se
lection of columns against leading snow load does not explain such a 
high mean resistance against wind load. This indicates that the con
ventional design with the buckling length factor of 1.2 (see Section 3) 
underestimates the lateral capacity of the columns for the studied 
structural systems. 

Table 7 presents observed failure modes in MCS and the coefficient of 
variation (CoV) for the mean resistances. Various interesting failure 
modes were observed in MCS such as column out-of-plane buckling 
under heavy accompanying snow loads in the case of FT-S24H07-F1C4 
and bottom chord out-of-plane buckling by the wind load in the case of 
FT-S24H10-F2C3. Modelling uncertainty (see Table 2) has been already 
considered in the tabulated CoVs by multiplying the results of MCS with 
randomly generated θM – values. In general, CoVs are ranging between 
5.38 % and 8.16 %, but CoV of even 14.46 % is obtained in the case FT- 
S24H10-F2C3. This is a special case which was designed to fail in chords 
or braces under the wind load only, whereas the other cases with leading 
wind collapsed mainly due to column support plasticization. The high 
CoV in this case occurs because the standard deviation of the resistance 
remains at the same level with other wind leading cases, but due to 
smaller mean resistance compared to the other cases, the CoV becomes 
larger. 

Log-normal distribution is widely adopted for the resistance of 
structural systems [8,15,19]. In this study, Log-normal distribution was 
selected for all framed trusses except for FT-S24H07-F1C4, FT-S32H10- 
F1C4 and FT-S24H10-F2C3, for which Normal distribution was 
assumed. This selection was based on the visual comparison of data to 
probability plots, histograms, and cumulative distribution functions. 
Additionally, Anderson-Darling goodness-of-fit tests with a 5 % signifi
cance level [53] were employed. The null hypothesis did not reject the 
Log-normal distribution for any system except for the three above- 
mentioned cases. Before the application of the modelling uncertainty, 
these three cases resembled Weibull distribution which can be observed 
in weakest link structural systems [51]. However, after considering the 
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Log-normally distributed θM, the product distributions resembled 
somewhat hybrid distributions, with lower tail following Log-normal 
and upper tail Weibull distributions. In these cases, the hypothesis 
testing failed to reject the Normal distribution and Normal gave the best 
fit among Normal, Log-normal or Weibull distributions, hence Normal 
was chosen. Fig. 5 presents fitted distributions for one of these three 
cases. Note that αu in the figure is presented in relation to characteristic 
load Qk,Wind thus the distribution mean is 1.5 (γQ) times the mean of 
Table 7. Although Normal and Log-normal seem to result in quite 

identical distributions in the figure, Normal outperformed Log-normal 
especially in the tail regions and resulted in slightly lower reliability 
level than Log-normal thus being a more conservative choice. 

8.2. Nominal capacities 

Table 8 presents the mean-to-nominal ratios for varying γADM-values. 
For each framed truss, a selection of 5 different γADM-values was chosen 
such that these values would cover the meaningful range of the design 
spectrum. Nominal resistances for γADM-values were calculated with a 
similar two-step procedure that is employed in the MCS, including a 
preliminary step and arc-length step. In the preliminary step, the loads 
which do not appear in the limit state functions were applied to the 
nominal model as design values multiplied by the selected γADM-value. 
In the arc-length step, however, the loads are kept the same as in MCS 
and appropriate relative magnitudes for FORM are obtained by Eqs. (6) 
and (7). Subsequently, the vertical or lateral design resistance is ob
tained by the arc-length step, leading to the mean-to-nominal ratios of 
Table 8. 

The applied load application sequence differs from the usual idea 
that the design engineer scales up all loads simultaneously in a single 
analysis step. However, this procedure was chosen because character
istic values for loads which are not present in the limit state function 
must remain the same in Monte Carlo-simulations and nominal model. 
Consequently, these loads cannot be scaled up in arc-length step because 
the load proportionality factor which is not know in advance determines 
the final magnitude of design loads, see Section 7.2. Moreover, the 
adopted load application sequence enabled to determine nominal re
sistances accurately for the preselected γADM-values. Afterwards, with 
the calculated load proportionality factor, comparative analyses were 
carried out for the determining cases in which all the loads were scaled 
up simultaneously in a single analysis step. This procedure yielded 

Table 7 
Results of Monte Carlo-simulations.  

Framed truss RMean / 
Qd 

CoV of 
RMean [%] 

Observed failure modes 

FT-S24H07-F1C1  1.39  7.22 Brace buckling (B5) 
FT-S24H07-F1C2  1.36  7.61 Brace buckling (B1, B5) 
FT-S24H07-F1C3  4.33  5.38 Column support plasticization 
FT-S24H07-F1C4  3.92  7.72 Column support plasticization, 

Column out of plane buckling 
FT-S24H10-F1C1  1.30  6.78 Brace buckling (B1, B5) 
FT-S24H10-F1C2  1.28  7.22 Brace buckling (B1, B5) 
FT-S24H10-F1C3  3.22  6.31 Column support plasticization 
FT-S24H10-F1C4  2.96  7.98 Column support plasticization, 

Brace buckling (B1) 
FT-S32H10-F1C1  1.24  7.60 Brace buckling (B3, B5, B7) 
FT-S32H10-F1C2  1.21  7.20 Brace buckling (B5) 
FT-S32H10-F1C3  3.75  6.07 Column support plasticization 
FT-S32H10-F1C4  3.36  8.16 Column support plasticization 
FT-S24H10-F2C3  1.62  14.46 Top chord buckling, Bottom chord 

out-of-plane buckling, Brace 
buckling (B1) 

FT-S24H10-F3C1  1.52  6.56 Column out of plane buckling 
FT-S24H10-F4C1  1.83  5.59 Top chord buckling 
FT-S24H10-F5C1  2.03  5.85 Brace tensile fracture (B2)  

Fig. 5. Distribution fits for the histogram and empirical cumulative distribution function in the case FT-S24H10-F2C3.  

Table 8 
Mean-to-nominal ratios for varying γADM.  

Framed truss RMean/Rn (γADM) 

FT-S24H07-F1C1 1.08 (0.8) 1.09 (1.0) 1.09 (1.2) 1.09 (1.4) 1.10 (1.6) 
FT-S24H07-F1C2 1.10 (0.8) 1.12 (1.0) 1.14 (1.2) 1.16 (1.4) 1.18 (1.6) 
FT-S24H07-F1C3 1.10 (0.8) 1.11 (1.0) 1.13 (1.2) 1.15 (1.4) 1.17 (1.6) 
FT-S24H07-F1C4 1.19 (0.8) 1.29 (1.0) 1.41 (1.2) 1.61 (1.3) 2.23 (1.4) 
FT-S24H10-F1C1 1.10 (0.8) 1.10 (1.0) 1.11 (1.2) 1.11 (1.4) 1.12 (1.6) 
FT-S24H10-F1C2 1.14 (0.8) 1.16 (1.0) 1.18 (1.2) 1.21 (1.4) 1.23 (1.6) 
FT-S24H10-F1C3 1.11 (0.8) 1.13 (1.0) 1.14 (1.2) 1.16 (1.4) 1.17 (1.6) 
FT-S24H10-F1C4 1.20 (0.8) 1.28 (1.0) 1.41 (1.2) 1.94 (1.3) 3.35 (1.4) 
FT-S32H10-F1C1 1.08 (0.8) 1.09 (1.0) 1.10 (1.2) 1.11 (1.4) 1.11 (1.6) 
FT-S32H10-F1C2 1.12 (0.8) 1.14 (1.0) 1.16 (1.2) 1.19 (1.4) 1.21 (1.6) 
FT-S32H10-F1C3 1.11 (0.8) 1.13 (1.0) 1.14 (1.2) 1.17 (1.4) 1.19 (1.6) 
FT-S32H10-F1C4 1.21 (0.8) 1.32 (1.0) 1.39 (1.1) 1.80 (1.2) 2.76 (1.3) 
FT-S24H10-F2C3 1.35 (0.8) 1.59 (0.9) 1.95 (1.0) 2.50 (1.1) 3.48 (1.2) 
FT-S24H10-F3C1 1.08 (0.8) 1.08 (1.0) 1.09 (1.2) 1.10 (1.4) 1.10 (1.6) 
FT-S24H10-F4C1 1.10 (0.8) 1.10 (1.0) 1.11 (1.2) 1.11 (1.4) 1.12 (1.6) 
FT-S24H10-F5C1 1.08 (0.8) 1.09 (1.0) 1.09 (1.2) 1.10 (1.4) 1.10 (1.6)  
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practically the same results as the two-step procedure in the investigated 
systems. 

8.3. System safety factor γADM 

System safety factors and corresponding reliability indices presented 
in this study have been calculated by FORM. The results obtained by 
FORM were also validated by the direct MCS method by investigating 9 
various systems which covered all the obtained distributions for re
sistances, i.e. Log-normal, Normal and Weibull (see Section 10) distri
butions. This validation resulted in less than 2 % difference compared to 
the calculated reliability indices by FORM, thus affirming sufficient 
accuracy of FORM. 

Fig. 6(a)–(c) present γADM - β curves obtained from FORM calcula
tions for the investigated structures in failure mode F1 in which utili
zation ratio of 1.0 was allowed for all members. In general, results 
correlate well between varying structures despite the large variation in 
geometry and cross-section sizes. Such identical results were expected in 
FORM because CoVs and mean-to-nominal ratios in Tables 7 and 8 are in 
close agreement between these structures in varying load combinations. 
Additionally, a close correspondence is obtained between each combi
nation C1-C3, whereas combination C4 with leading wind and accom
panying snow seems to yield differing reliability levels. In combinations 
C4, curves begin to deviate significantly from the general trend for γADM 
≥ 1.2, resulting in very high reliability indices β, see e.g. Fig. 6(c). This 
occurs because for high γADM-values, gravity loads become more onerous 
for trusses and the nominal failure mode changes from column support 
plasticization to brace buckling. Therefore, at certain load levels, in
crease in gravity loads decreases the lateral resistance somewhat expo
nentially. This decreases relatively more the nominal resistance than the 
mean resistance because the nominal model utilizes design loads 
whereas MCS model employs much smaller values of loads based on 
sampling from probability distributions. Fortunately, this behavior re
sults in a more conservative situation and is not problematic in practical 
design. Somewhat surprisingly, cases C2 or C4 with accompanying ac
tions give higher reliabilities than the corresponding cases C1 or C3 

without accompanying actions. This behavior is explained by the fact 
that in most of the cases, the presence of accompanying action increases 
only slightly the CoVs of the resistance (see Table 7), and this is coun
teracted by somewhat conservative combination factors of Eurocodes 
[10] in the case of snow and wind, see Section 7. 

Fig. 7(a) presents results for the failure modes F1 and F2 in FT- 
S24H10-C3. In F2C3, the framed truss was designed against the wind 
load only without accompanying action, and by forcing the failure to the 
truss members instead of columns, see Section 3. This resulted in CoV of 
14.46 % as shown in Table 7, which is much higher than the corre
sponding 6.31 % in F1. The reason for the high CoV of FT-S24H10-F2C3 
is that the standard deviation remains in the same level as in other C3 
cases, but the mean resistance is much lower in FT-S24H10-F2C3. 
Probable reason for the lower mean resistance is that FT-S24H10- 
F2C3 has been originally designed against a single load combination 
such that its members do not have overstrength originating from other 
load combinations. Consequently, FT-S24H10-F2C3 contains more 
“weak links” in system than other C3 systems, which lowers the mean 
resistance because the system has more probable members to fail if 
detrimental combination of random properties occurs in such member. 
Fortunately, F2 resulted also in much higher mean-to-nominal ratios 
than F1 (see Table 8), further resulting in higher reliability indices as 
shown in Fig. 7(a). This is a desired outcome regarding design because it 
implies that γADM chosen based on F1 is conservative for F2. 

Fig. 7(b) presents results for the failure modes F1, F3, F4 and F5 of 
FT-S24H10-C1. In the combination C1, snow is present without 
accompanying wind load. Despite various failure modes, the reliability 
level is nearly identical and γADM - β curves overlap in the figure. These 
nearly identical reliability levels between different failure modes indi
cate that nominal parameters were appropriately selected. 

Fig. 6(d) presents the least squares fit for the data set which contains 
γADM - β data points of Fig. 6(a)–(c) with one exception: data points of 
C4F1, in which reliability levels begin to deviate from the general trend 
for γADM ≥ 1.2 due to change in failure mode (see above), have been 
omitted from the data set. Moreover, only the failure mode F1 has been 
considered in the fit because modes F2 through F5 yield the same or 

Fig. 6. γADM - β curves for failure mode F1 and combinations C1-C4 (a)-(c) and least squares fit (d).  
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higher reliability than the compared F1 modes. The fitted line is pre
sented in Eq. (8) and this equation gives the required γADM as a function 
of βT. 

γADM(βT) = 0.314βT + 0.195 (8)  

9. Reliability level of the conventional design method 

Configurations for the framed trusses were originally selected based 
on the conventional design method of Eurocode 3 [1], see Section 3. 
Basically, this means that these structures are expected to be capable of 
resisting 1.0 times the factored design loads in the case of 100 % utili
zation ratio, i.e. relative design resistance in terms of αu can be consid
ered as 1.0. On the other hand, partial factor for resistance has already 
been considered in this design resistance and system safety factor is not 
applied. Therefore, the design resistance of the conventional method 
corresponds to the nominal resistance of GMNIA such that Rn = 1.0 and 
γADM = 1.0. By utilizing readily computed MCS results which are 
assumed to reveal the true capacities of the structural systems and by 
assuming Rn = 1.0, γADM = 1.0, and mean-to-nominal ratios as RMean / 
Qd-ratios of Table 7, reliability index for the conventional method can be 
solved by following the procedure of Section 7. This reliability index can 
be further considered as a target reliability index βT for GMNIA ac
cording to the citation of prEN 1990 [42] which is presented in Section 
7, and the corresponding γADM can then be obtained from Eq. (8). 

Based on the RMean / Qd ratios of Table 7, it is obvious that the con
ventional design method underestimates the design resistance in wind 
leading cases C3 and C4, because the mean resistances are 1.6–4.33 
times the factored design loads. The reason for this conservatism is that 
buckling lengths of columns vary depending on the cross-section sizes 
and slenderness, and widely used buckling lengths were chosen for this 
study which turned out to be conservative choices for the selected col
umns, see Sections 3 and 8.1. By applying the above-described FORM 
procedure for these combinations, very high reliability indices would be 
obtained which would not correspond to the usual reliability level ob
tained for the optimized conventionally designed structure. In snow 
leading cases and F1, however, failure is due to brace buckling. This 
study assumes pinned connections in braces, and the buckling length of 
pinned member is well known. Therefore, in snow leading combina
tions, the excess capacity is substantially more limited than in wind 
leading combinations and the mean resistances are about 1.21 – 1.39 
times the factored design loads, C2 being the governing combination. By 
applying the above-described FORM procedure for the combination C2 
and failure mode F1, the obtained reliability indices for the three studied 
cases lie in the range of 2.75 - 3.21, yielding reliability index of 2.98 by 
the least squares of error method. According to Eq. (8), these reliability 
indices yield γADM-values between 1.06 and 1.20, the least squares of 
error βT = 2.98 resulting in γADM = 1.13. 

The presented procedure does not fully correspond to the actual 
conventional design because this study does not utilize reduced buckling 

lengths in welded hollow section connections as allowed in Eurocode 3 
[1]. Additionally, utilization ratio of 100 %, and consequently the 
relative design resistance of 1.0 is assumed, although utilization ratios 
are below 100 % due to limitations in cross-section sizes. Therefore, the 
excess capacity due to utilization ratios below 100 % increase the reli
ability indices of the conventional method. By contrast, in GMNIA, this 
excess capacity has not been considered because loads are scaled ac
cording to nominal resistances, see Eqs. (6) and (7). Nevertheless, 
despite these discrepancies, it is argued that the presented procedure 
yields a meaningful reference reliability level which can be further used 
for GMNIA. The obtained βT = 2.98 has a close correspondence with 
Arrayago et al. [20], in which βT = 3.0 is suggested for stainless steel 
frames against wind loads resulting in γADM = 1.20 in their study. 
Additionally, Arrayago and Rasmussen [19] suggested using γADM =

1.15 for stainless steel frames against gravity loads. The value of γADM =

1.15 provides βT = 3.04 based on Eq. (8), and it also fulfills the average 
reliability index of 3.0 for 15 Warren trusses investigated elsewhere 
[29]. Based on these considerations, γADM = 1.15 is proposed for the 
Eurocode compliant GMNIA design of framed Warren trusses. 

10. Material efficiency in GMNIA systems 

The proposed γADM = 1.15 (see Section 9) is next applied in a prac
tical comparison, in which the framed truss FT-S28H09 shown in Fig. 8 
is designed by both conventional Eurocode 3 [1] and GMNIA methods. 
The aim is to obtain the minimum weight design and compare the ma
terial consumption of the obtained solutions. The minimum weight 
cross-sections for GMNIA are sought by trial-and-error by manually 
exploring a given catalogue of CFRHS profiles [34]. Table 3 presents the 
dimensions of FT-S28H09. The selected framed truss was designed 
against all load combinations C1-C4 and design principles of Section 3 
apply with three exceptions in the conventional design: (1) Buckling 
lengths of columns were determined through minimum force amplifier 
αcr [1] obtained from linear stability analysis to prevent overconsevative 
design related to wind leading cases, see Section 9; (2) buckling lengths 
of braces were reduced by the factor of 0.75 as allowed for welded 
hollow section connections [1]; (3) design forces for the conventional 
method were determined through geometrically nonlinear elastic anal
ysis to account for the second order effects which may increase espe
cially bending moments in columns and top chord. 

Table 9 presents the obtained configurations for both 
methods. Mass difference in the table presents the quantity 
(mGMNIA - mConventional) / mConventional, in which mGMNIA and mConventional 
are the masses of structural members obtained by the GMNIA and con
ventional method, respectively. Design by GMNIA with γADM = 1.15 
results in 6.6 % lighter structure than the conventional method. Con
ventional design underestimates the column capacities although the 
column buckling lengths are determined by linear stability analysis, and 
GMNIA results in even 14.4 % lighter columns. This amount of differ
ence is in accordance with earlier studies on framed structures [8] in 

Fig. 7. γADM - β curves for additional failure modes F1-F5 in combinations C3 (a) and C1 (b) of FT-S24H10.  

L. Jaamala et al.                                                                                                                                                                                                                                



Structural Safety 108 (2024) 102451

12

which the ADM provided even 13.8 % lighter structural system than the 
conventional method. In addition to columns, GMNIA provides also 
lighter top chords. These reductions in material consumption are mostly 
due to the capability of GMNIA to accurately calculate the buckling 
capacity, whereas conventional design must rely on the approximated 
buckling lengths. GMNIA results in larger compression braces B1 and B5 
than the conventional method because GMNIA assumes pinned joints in 
braces, whereas conventional method utilizes the reduced buckling 
length. 

GMNIA configuration of FT-S28H09 differs from the other studied 
configurations (see Table 4) in that the cross-sections are selected based 
on GMNIA design, whereas the other configurations were selected based 
on the conventional method. Accordingly, the GMNIA configuration 
does not contain as much excess capacity in columns or top chord as the 
conventional method configuration, see Table 9. This raises a question 
whether the design philosophy behind the base configurations affects 
the obtained distributions of resistance and consequently the system 
safety factors. Therefore, Monte Carlo-simulations were carried out also 
for the FT-S28H09 designed by GMNIA for all combinations C1-C4. In 
these simulations, more variety in failure modes was observed than in 
other framed trusses. For example, in combination C2, which considers 
leading snow with accompanying wind, structures collapsed by bottom 
chord, top chord, or column failure whereas conventionally designed 
structures in C2 failed only by the brace buckling. 

These simulations yield mean-to-nominal ratios of 1.10, 1.18, 1.32, 
and 1.98 with γADM = 1.0, and CoVs of 5.80 %, 6.02 %, 5.51 %, and 
11.36 % for load combinations C1, C2, C3 and C4, respectively. 
Lognormal distribution was suitable for all other cases except for C4 for 
which Weibull gave the best fit. These statistics yielded reliability 
indices of 2.40, 2.69, 3.15 and 3.99 at γADM = 1.0 for cases C1, C2, C3 
and C4, respectively. Consequently, these indices in snow leading cases 
were similar to other studied structures, which were e.g. in FT-S24H10- 
F1 and γADM = 1.0, 2.40 for C1 (vs. 2.40 for FT-S28H09) and 2.60 for C2 
(vs. 2.69), see Fig. 6(b). Similar findings were obtained in [31] in which 
three Warren trusses designed by GMNIA yielded almost the same sys
tem safety factors as 15 conventionally designed trusses. For wind 
leading cases, however, FT-S28H09 designed by GMNIA resulted in 
much higher indices than the other structures. For example, indices for 
FT-S24H10-F1 were 2.68 for C3 (vs. 3.15) and 3.02 for C4 (vs. 3.99). 

This is explained by the same phenomenon as was observed with other 
structures in combination C4 with γADM ≥ 1.2, in which increase in 
gravity loads decreased the lateral resistance in increased proportion for 
certain gravity load levels, see Section 8.3. For FT-S28H09, this gravity 
load threshold occurs at a lower load level because members were 
designed more accurately, having less excess capacity than by the con
ventional method. The observations above indicate that the reliability 
procedure results in the same or conservative system safety factors when 
the base configurations have been selected based on the conventional 
design method instead of GMNIA. 

11. Discussion and further research 

A wide variety of framed truss geometries and configurations was 
investigated in this study, and rather identical reliability levels were 
obtained among these structures. This is a desirable outcome regarding 
the practical application of the GMNIA method in such that a single 
system safety factor seems suitable for varying structural systems thus 
simplifying the approach for a design engineer. However, further 
structural systems must be certainly studied to verify these results. Load 
combinations with accompanying actions (C2 and C4) led to higher 
reliability indices than their counterparts without accompanying actions 
(C1 and C3, respectively). Higher reliability indices were achieved due 
to somewhat conservative combination factors ψ0 in Eurocodes when 
combining snow and wind loads. 

The proposed γADM = 1.15 is based on the average target reliability 
index of βT ≈ 3.0. This index was estimated to be sufficient based on 
suggestions presented in the literature [20], and also on the simplified 
comparative study of Section 9 which derived the system reliability 
index for conventionally designed framed trusses. Obviously, more 
comparative studies including discussions within code committees are 
needed to make decisions on system-level reliability requirements which 
is still an open issue for Eurocodes. Moreover, the forthcoming docu
ment “Reliability background of Eurocodes” [54] will provide 
commonly accepted load models which may differ from the models used 
in this study. These load models and the required target reliability index 
have a significant effect on the system safety factor, hence the proposed 
γADM = 1.15 may need adjustment when this information is available. 

Advanced design methods offer indisputable benefits compared to 
the conventional method such as the potential reduction in material 
consumption. In statically indeterminate frames, this reduction may be 
possible due to the consideration of material plasticity and redistribu
tion of forces at the system-level. The studied structures, however, had 
rather limited capability to force redistribution due pinned connections 
and “weakest link”-type structural topology. Nevertheless, GMNIA was 
still able to reduce the material consumption in the example structure by 
6.6 %. This was achieved by the capability of GMNIA to accurately 
capture the buckling capacities of continuous members, i.e. capacities of 
columns and top chord, whereas conventional method relied on the 
approximated buckling lengths. By contrast, regarding the braces, 
GMNIA resulted in heavier design because of the assumption of the 
pinned joints. The authors are not aware of a validated and verified 
modelling method for welded tubular joints in NFEA, hence the con
servative assumption of pinned joints must be used in GMNIA. This 
deficiency may be solved in the future by developing suitable joint 
modelling methods for CFRHS, e.g. in the form of generalized compo
nent method [55]. Depending on the accuracy of these joint models, 
material efficiency in GMNIA may be further enhanced. Nevertheless, it 
is worth reminding, that this study considered only the ultimate limit 
state design, and other limit states such as serviceability limit state must 
also be taken into account in practical design, which may affect the 
system configurations. 

This study focused on members belonging to cross-sectional classes 1 
or 2 to allow material plasticization and to neglect local stability issues. 
However, beam element-based GMNIA may become capable of consid
ering compressed members belonging also to class 4 by refined 

Fig. 8. Base geometry of FT-S28H09.  

Table 9 
Framed truss configurations designed by conventional method and GMNIA with 
γADM = 1.15.  

Member Conventional GMNIA Mass difference [%] 

Column 200x120x8.8 180x120x8.0  − 14.4 
Top chord 150x100x8.8 150x100x8.0  − 7.7 
Bottom chord 80x100x4.0 80x100x4.0  0.0 
Brace B1 100x100x4.0 100x100x5.0  +23.1 
Brace B2 60x60x3.0 60x60x3.0  0.0 
Brace B3 100x100x4.0 100x100x4.0  0.0 
Brace B4 60x60x3.0 60x60x3.0  0.0 
Brace B5 80x80x4.0 90x90x4.0  +13.9 
Brace B6 60x60x3.0 60x60x3.0  0.0 
Brace B7 60x60x3.0 60x60x3.0  0.0  

Total mass 2163 kg 2019 kg  − 6.6  
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modelling, for example by imposing appropriate strain limits, e.g. based 
on continuous strength method [56]. 

To conclude, further research and decisions are still needed in 
providing commonly accepted load models and suitable target reliability 
indices for structural systems. Additionally, modelling joints and 
imposing strain limits for NFEA must be developed such that over
conservative pinned connections can be avoided and members with any 
cross-sectional classes can be included into the beam element-based 
GMNIA. Finally, the presented system-level GMNIA can be developed 
for a wide range of structural applications and to become widely 
adopted in engineering offices. 

12. Conclusions 

In this study, the Eurocode-compliant GMNIA system safety factor 
was determined for a family of portal frame structures with Warren truss 
girders, employing the procedure of the Direct Design Method. Alto
gether 20 system-level Monte Carlo-simulations were carried out. The 
system safety factor was determined for structures under snow and wind 
loads and for the ultimate limit state design. Four base geometries were 
considered with varying member configurations and load combinations 
to induce different failure modes. Investigated structural systems were 
manufactured from cold-formed hollow steel sections and of the steel 
grade S700. As an outcome of the research, the system safety factor γADM 
= 1.15 was proposed for the investigated structures, which fulfills the 
average target reliability index βT = 3.0 for the reference period of 50 
years and reliability class RC2 structures. This target reliability index 
was estimated suitable for climatic loads based on findings from litera
ture and on the comparative analysis in which the system reliability 
index of conventionally designed structure was derived. 

The proposed γADM = 1.15 was applied to a practical comparison in 
which a framed truss was designed based on both the conventional 
Eurocode 3 method and GMNIA. The aim was to obtain the minimum 
weight structure, and GMNIA resulted in 6.6 % lighter structure than the 
conventional member-based approach. GMNIA was superior in calcu
lating accurately the buckling capacities of columns and top chords, 
whereas the conventional method relied on the approximated buckling 
lengths which turned out to be conservative for the investigated 
structure. 
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