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Abstract. The FOSM (First Order Second Moment) method is a structural reliability analysis technique that
estimates the probability of failure based on the first two statistical moments (mean and variance) of the variables
involved. Structural reliability assessments are often conducted using the FOSM method due to its simplicity and
the absence of advanced computational requirements. Unlike more complex approaches—such as the First Order
Reliability Method (FORM), which involves variable transformations and iterative procedures, or Monte Carlo
Simulation (MCS), whose accuracy depends on a large number of simulations - FOSM provides a straightforward
and practical framework, suitable for the calibration of design codes. However, this simplification compromises
the accuracy of FOSM. This paper proposes a modified version of the FOSM method (denoted FOSM,,), which
incorporates adjustment functions to better approximate the results of MCS in the reliability analysis of cold-
formed steel members. The FOSM,, method showed excellent agreement with MCS results for load combinations
of the type D, (nominal dead load) + L, (nominal live load), with L./D, ratios ranging from 0 to 10. Moreover,
FOSM., proved to be effective when applied to typical ranges of load factors used in the design of structural
members. The proposed methodology retains the simplicity of FOSM while significantly improving its accuracy,
offering a robust and accessible alternative for structural reliability assessments.
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1 Introduction

Structural reliability analysis has become an essential tool in the development and calibration of design codes,
especially in the context of designing structural members under uncertainty. Among the various available methods,
the FOSM (First Order Second Moment) method stands out for its simple and straightforward formulation, based
only on the first two statistical moments of the random variables: the mean and the variance. This simplicity makes
FOSM particularly attractive for practical applications, such as the calibration of partial safety factors, without the
need for complex transformations or significant computational effort.

In several research studies (Tab. 1), the FOSM (First-Order Second-Moment) method has been widely used
for the calibration of resistance factors in cold-formed steel (CFS) sections, following the recommendations of
Chapter K, item K2.1.1 of the ANSI/SDI AISI S100 standard [1]. These studies include various approaches, such
as numerical and experimental analyses on different cross-sections like channel, zee, sigma, tubular, racks, and
built-up members. The research investigates innovative analytical methods for CFS design, examines the effects
of holes in the web, explores interactions between buckling modes, and evaluates bolted and welded connections.
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Table 1. Articles addressing calibration following item K2.1.1 of the ANSI/SDI AlSI S100 standard [1]

Article Title Year  Ref.
Effective section method: A general direct method for the design of steel cold-formed members 2010 [2]
under local-global buckling interaction.

Resistance factor calibration for cold-formed steel compression members. 2013 [3]
Tests of cold-formed high strength steel tubular sections undergoing web crippling. 2017 [4]
Reliability analysis of welded and bolted connections in cold-formed steel sections. 2018 [5]
Resistance factor calibration for perforated cold-formed steel compression members. 2022 [6]
Reliability of cold-formed steel sections subjected to web crippling. 2023 [7]
Design of Cold-Formed Z-Shaped purlin-to-rafter connections subject to pull-through failure. 2024 [8]
Design of concrete-filled high-strength steel RHS and SHS tubes under bending. 2024 [9]
Cold-formed steel strength predictions for torsion and bending—torsion interaction. 2024  [10]
Influence of web holes on cold-formed steel beams: Experimental and numerical analysis. 2025  [11]
Design of short-to-intermediate slender built-up flanged cruciform columns. 2025 [12]
Structural reliability of the design of pallet-rack columns via Direct Strength Method. 2025  [13]

Lipped channel cold-formed steel columns: “all-in-one” design approach including the buckling 2025  [14]
interaction models LG, LD, DG and LDG.

The simplification of the FOSM method, however, imposes important limitations, particularly regarding the
accuracy of reliability estimates, especially in cases involving non-normal distributions, nonlinear performance
functions, or multiple interdependent variables. More advanced methods, such as the FORM (First Order
Reliability Method), SORM (Second Order Reliability Method), and MCS (Monte Carlo Simulation), offer greater
theoretical rigor and precision but require iterative procedures and higher computational capacity, which are not
always feasible in preliminary studies or in code calibration applications (Haldar and Mahadevan [15]).

This study aims to develop and evaluate a modified version of the FOSM method, referred to as FOSM,
applied to the structural reliability analysis of cold-formed steel members. The main goals are to: (i) preserve the
simplicity and low computational demand of the traditional FOSM method; (ii) incorporate adjustment functions
that correct the typical inaccuracy of the method; (iii) verify the agreement between FOSM,, results and Monte
Carlo Simulation (MCS); (iv) assess the method's performance over a wide range of load ratios p = L/Dp; and (v)
contribute to the calibration of technical design standards.

2 Reliability Methods

2.1 FOSM Method

Currently, the relative reliability of structural design rules, including the design equations for CFS members,
is expressed in terms of a reliability index, commonly denoted as 3. A higher value of § indicates greater reliability.
A widely used method to compute the reliability index B is the FOSM (First Order Second Moment method)
(Cornell [16]; Ellingwood et al. [17]; Hsiao [18]). Using this index, the target reliability values Po for cold-formed
steel members are typically 2.5 for Load and Resistance Factor Design (LRFD) and 3.0 for Limit States Design
(LSD), while for connections, the corresponding target values are higher, at 3.5 for LRFD and 4.0 for LSD [1].
The method assumes lognormal distributions for both the resistance R and the load Q, so that  is computed from:

p= jf—;‘i &)

where:

Mr = mean of the resistance;

Mo = mean of the load;

dr = coefficient of variation of the resistance;
dq = coefficient of variation of the load.

Since the resistance variable R can be expressed in terms of dimensionless variables normalized with respect
to nominal values, namely M (material factor), F (fabrication factor), and P (professional factor), and the load
variable Q can be expressed in terms of D (dead load) and L (live load), the reliability index can be calculated
using eq. (2):
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where:

Mo = normalized mean of dead load;

KL = mean of live load;

pm = mean of the material factor;

Mr = mean of the fabrication factor;

Me = mean of the professional factor;

dwm = coefficient of variation of the material factor;
S = coefficient of variation of the fabrication factor;
dp = coefficient of variation of the professional factor;
dp = coefficient of variation of the dead load;

8. = coefficient of variation of the live load;

¢ = resistance factor;

p = Ln/Dn (nominal live-to-dead load ratio);

vo = load factor for dead load,;

yL = load factor for live load.

From eg. (2), the following formula is derived for calibrating the resistance factor ¢:
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Essentially, eq. (3) is the same as the equation provided in Chapter K, item K2.1.1 of the [1], i.e., eq. (4),

which is also adopted in the Brazilian standard NBR 14762 [19].

_ 2 2,02, 52
6= Cqﬁ(llM.UFllp)e Bo 5M+6F+5P+5Q.

where:

C, = calibration coefficient;

dq = coefficient of variation of the load effect;
Bo = target reliability index.

4)

Table 2 presents the statistical data of the variables normalized with respect to their nominal values, M and

F, as provided in Chapter K of the [1].

Table 2. Mean (p) and coefficient of variation (8) for normalized variables associated with material and

fabrication variability

Type of Component pm M UF OF
Member_s in Tension, Compression, Flexure, Shear or 110 | 010 1.00 0.05
Web Crippling.
Members under Combined Forces 1.05 | 0.10 1.00 0.05
Welded Connections 1.10 | 0.10 1.00 0.05
Bolted Connections 1.10 | 0.08 1.00 0.05
Screw Connections 1.10 | 0.10 1.00 0.05

According to [17], the statistical characteristics of the normalized load variables are as follows: the mean and
coefficient of variation for dead load are pup = 1.05 and &p = 0.10, respectively; while for live load, the mean is p_

= 1.00 and the coefficient of variation is 3. = 0.25.
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2.2 Monte Carlo Simulation

Monte Carlo Simulation (MCS) is a numerical technique widely used to estimate the probability of failure of
structures considering uncertainties in material properties, geometry, and applied loads. This method is especially
useful when the limit state function is complex, nonlinear, or difficult to express analytically.

The formulation of the failure function in MCS starts with the basic limit state function G(.) = R - Q, where
R and Q are random variables representing resistance and load effects, respectively. By expressing the failure
function in terms of the variables M, F, P, D, and L, the function can be written as:

G(.) = R,MFP — (D,D + L,L). (5)

Failure is defined by the condition G(-) <0, meaning that the structural resistance is less than or equal to the
total applied load effect.

The MCS procedure involves several key steps: first, defining the probability distributions of all random
variables M, F, P, D, and L; next, generating a large number N of random samples for these variables; then,
calculating the limit state function value G; for each set of samples, where the subscript i denotes the i-th sample
or realization, with i ranging from 1 to N; subsequently, counting the number of failure occurrences where G; < 0;
and finally, estimating the probability of failure as the ratio between the number of failures N and the total number
of samples N [15].

Ellingwood et al. [17] specify lognormal probability density functions (PDFs) for the variables M and F, a
normal distribution for D, and a Gumbel distribution for L. The statistics for the professional factor P at each limit
state are derived from a statistical analysis of a data set based on the ratio between experimental ultimate strength
and theoretical (nominal) strength.

2.3 Modified FOSM Method

For the development of the modified FOSM method, curves of the reliability index B versus the nominal live-
to-dead load ratio p were plotted using eq. (2) for a specific scenario with the following data: resistance factor ¢ =
0.91 (equivalent to a load factor y of 1.10 [19]); mean and coefficient of variation for the professional factor, pp =
1.10 and &p = 0.10, respectively; load factors yp = 1.25 and y. = 1.5; and other statistical data related to members
(Tab. 2). Subsequently, points (p, B) were calculated using MCS for the same scenario, incorporating the
probability density functions (PDFs) as previously defined, and a lognormal PDF for the variable P. Figure 1a
illustrates the FOSM curve as a blue dashed line and the MCS results as black triangle markers (A A A 4). It is

observed that the MCS points initially do not align well with the Brosm curve (eq. (2)).
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Figure 1. Reliability index: (a) Brosm curve with MCS results. (b) Brosmm curve fitted to the case defined by
statistical parameters P = 1.10 and 6P = 0.10.
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A detailed analysis demonstrated that by introducing specific constants A, B, C, and D into eq. (2), the
resulting curve could be calibrated to closely match the MCS points. Consequently, the modified FOSM method
(Brosmm) Was established through the incorporation of these constants, as expressed in eq. (6).

on{(2) (FE422 e )

(6)

Brosmm =
(uD5D)2+(APB5LB)2\‘

(up+Apur) /

D 6,2\,,+612;+C25,%+(

When unit values are assigned to the constants A, B, C, and D, the curves Brosm (blue dashed line) and Brosmm
(solid red line) are identical, indicating that no modification has been applied. For the scenario under study,
satisfactory convergence was achieved by setting A=1.60, B=1.00, C=1.00, and D=1.00. With these values, the
Brosmm curve closely matches the MCS points (A A A 4), as shown in Fig. 1b.

To extend the applicability of the Brosmm formulation (eq. (6)), the other cases were also analyzed to obtain
the constants A, B, and C. Table 3 presents the results for the remaining cases shown in Fig. 1.

Table 3. Scenarios (ue, 6p) for the determination of constants A, B, and C.

ue op A B C pe op A B C pe op A B C

1.30| 0.10 1.80 1.01 111) 1.20( 0.20| 140| 1.00| 1.01| 090| 0.20| 0.66| 0.96| 0.96
1.30] 0.15 1.12 0.99 1.10) 1.00| 0.10| 160| 0.99| 099 1.20| 0.15] 1.19| 0.99| 1.06
1.20| 0.10 1.60 1.00 1.09) 1.00| 0.45| 1.10| 098] 099 1.10| 0.15]| 1.14| 099| 1.03
1.30] 0.20 1.44 1.00 1.07) 1.10| 0.20| 1.08| 0.98| 097 100| 0.20| 0.85| 0.98| 0.97
1.10| 0.10| 1.60*| 1.00*| 1.00*| 0.90| 0.15| 0.90| 0.97| 095| 0.90| 0.10| 150| 0.98| 0.77

Note: * A, B, and C from the first studied scenario.

The results presented in Tab. 3 allowed the development of mathematical expressions for the parameters A,
B, and C. To this end, multiple regression analysis was performed using pp and dp as independent variables, and
A, B, and C as dependent variables. Polynomial models, including interaction and quadratic terms (e.g., %, ppdp,
etc.), were tested to improve the quality of fit.

Third-degree polynomial regressions provided the best results, with coefficients of determination of R? =
0.686 for A, R =0.767 for B, and R? = 0.981 for C. These values demonstrate that the models effectively capture
the data trends, particularly for parameter C, where the predictive accuracy is excellent.

Equations (7), (8), and (9) present the resulting functions for parameters A, B, and C, respectively.

A =—22.1587 4 76.0899up — 76.035358p — 75.0873u2 + 118.1493up8p — 113.310953 + 25.4873u3 —

81.4588u28p + 240.2456up6% — 46.047653 (7
B = 1.3086 — 1.2338up + 1.64338p + 1.5193u2 — 4.1743up6p + 1.463083 — 0.5354u3 +
1.4717u26p + 1.9273up6% + 0.551563 (8)
C = —6.6931 + 12.0402up + 45.22268p — 5.6831u% — 54.8832upSp — 57.64935% + 0.8360u3 +
14.7795u38p + 49.99051,6% — 28.8817653 9

Figure 2 shows the fitted surfaces of third-degree polynomial models describing the parameters A, B, and C
as functions of pyp and & . The models were generated via multiple polynomial regression using Python [20],
allowing both accurate data fitting and clear visualization of each parameter’s behavior.

Figure 2. Graphs of the functions A, B, and C.
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Finally, parameter D was defined by the function in eq. (10), covering resistance factor ¢ values from 0.50
t0 0.99:

D = —0.2154¢ + 1.1958. (10)

3 Method Validation and Application

Figure 3 illustrates reliability analysis results for typical design code scenarios, employing load statistics from
[17] alongside other statistical data from Tab. 2. The specific parameters for each scenario are as follows: Scenario
(8): up =0.90, 8p = 0.10, load factor y = 1.10, and load combination prescribed by [19] for simple bending; Scenario
(b): pp = 1.10, dp = 0.10, resistance factor ¢ = 0.90, and load combination according to LRFD [1] for simple
bending; Scenario (c): pup = 1.12, 8p = 0.15, resistance factor ¢ = 0.50, and load combination specified by LSD [1]
for bolted connections.
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Figure 3. Reliability analysis results for typical design code scenarios.

In addition to varying B for p ranging from a value close to zero up to 10, different scenarios were analyzed
to demonstrate the proposed method’s applicability for various load combinations and ¢ values from 0.50 to 0.90.
Good agreement was observed between the Brosmm and Pmcs curves. The relative errors of the reliability indices,
calculated using eq. (11), are summarized in Tab. 3:

g(%) — |BAnalytical_BMCS| % 100 (11)
Bucsl

where gr and eem represent the errors of the FOSM and FOSM,, methods, respectively.

Table 3. Erro relativo (%).

p 0 1 2 3 4 5 6 7 8 9 10
er | 158 059|058 | 108|154 ]191 218|240 | 255|268 | 2.80
grm | 857 | 1551 0.09 | 0.17 | 0.20 | 0.17 | 0.08 | 0.02 | 0.14 | 0.27 | 0.37
er | 020 | 443 | 522 | 452 | 355|350 |339|272| 297|217 | 2.59
erm | 048 1197 (180|146 092121 138|096 |139 076|131
er | 091 |11.71/10.94|10.23| 9.22 | 8.86 | 8.02 | 829 | 7.75 | 7.38 | 7.37
erm [11.20) 1251159 | 1.68 | 2.13 | 2.08 | 254 | 2.06 | 2.33 | 250 | 2.34

Scenario ()

Scenario (b)

Scenario (c)

Table 3 shows that the relative error erm for Brosmm Was much lower than er, except at very low p values. The
FOSM,, method significantly improves the accuracy of the reliability index § compared to the traditional FOSM.
Although scenario (c) with ¢ = 0.50 had higher erm, the improvement over the traditional method justifies using
the modified approach.

CILAMCE-2025
Proceedings of the joint XLVI Ibero-Latin-American Congress on Computational Methods in Engineering, ABMEC
Vitéria, Brazil, November 24-27, 2025



André L. R. Branddo, Eloa F. Branddo, Giovanne de L. Santana, Marcilio S. R. Freitas

4  Conclusions

The modified FOSM method (FOSM,), through the integration of carefully calibrated adjustment functions,
has demonstrated excellent agreement with Monte Carlo Simulation (MCS) results while preserving the
computational efficiency inherent to the original FOSM approach. This balance of accuracy and simplicity
positions FOSM,, as a robust and practical tool for structural reliability assessments, especially suited for the
calibration of design standards and preliminary reliability evaluations of cold-formed steel members. The method
has proven effective for resistance factors (¢) ranging from 0.50 to 0.99, typical load factors (yp, y.) found in major
cold-formed steel design codes, and a wide range of statistical variations in resistance and load parameters.
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