
Journal Pre-proofs

Article

Reliability-Based Code Calibration of Pultruded Glass Fibre-Reinforced Poly‐
mer I-Section Beams Under End-Two-Flange and Interior-Two-Flange Web-
Crippling Loading Cases

André Dias Martins, Ângelo Palos Teixeira, Nuno Silvestre, João Ramôa
Correia

PII: S2095-8099(25)00166-3
DOI: https://doi.org/10.1016/j.eng.2025.03.019
Reference: ENG 1854

To appear in: Engineering

Received Date: 5 December 2023
Revised Date: 11 March 2025
Accepted Date: 17 March 2025

Please cite this article as: A.D. Martins, A.P. Teixeira, N. Silvestre, J.R. Correia, Reliability-Based Code
Calibration of Pultruded Glass Fibre-Reinforced Polymer I-Section Beams Under End-Two-Flange and Interior-
Two-Flange Web-Crippling Loading Cases, Engineering (2025), doi: https://doi.org/10.1016/j.eng.2025.03.019

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition of a cover
page and metadata, and formatting for readability, but it is not yet the definitive version of record. This version
will undergo additional copyediting, typesetting and review before it is published in its final form, but we are
providing this version to give early visibility of the article. Please note that, during the production process, errors
may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher
Education Press Limited Company

https://doi.org/10.1016/j.eng.2025.03.019
https://doi.org/10.1016/j.eng.2025.03.019


Engineering x (2025)

Research

Sustainable and High-Performance Structural Materials—Article

Reliability-Based Code Calibration of Pultruded Glass Fibre-Reinforced Polymer 
I-Section Beams Under End-Two-Flange and Interior-Two-Flange Web-
Crippling Loading Cases

André Dias Martins a,*, Ângelo Palos Teixeira b, Nuno Silvestre a, João Ramôa Correia c

a Institute of Mechanical Engineering, Instituto Superior Técnico, University of Lisbon, Lisbon 1049-001, Portugal

b Centre for Marine Technology and Ocean Engineering, Instituto Superior Técnico, University of Lisbon, Lisbon 1049-001, Portugal

c Civil Engineering Research and Innovation for Sustainability, Instituto Superior Técnico, University of Lisbon, Lisbon 1049-001, Portugal

*Corresponding author.

Email address: andrerdmartins@tecnico.ulisboa.pt (A.D. Martins).

ARTICLE INFO

Article history:

Received

Revised

Accepted

Available online

Keywords

Pultruded glass fibre-reinforced polymers (pGFRP)

Web-crippling

End-Two-Flange (ETF)

Interior-Two-Flange (ITF)

Structural safety

Reliability-based code calibration

Partial safety factors

Abstract

This paper presents a reliability-based code calibration procedure aimed at determining optimal partial safety factors 
to be employed in design rules for pultruded glass fibre-reinforced polymer (pGFRP) I-section beams, susceptible to 
web-crippling, namely under end-two-flange (ETF) and interior-two-flange (ITF) loading cases with unfastened 
flanges. Following a comprehensive state-of-the-art literature overview regarding web-crippling of pGFRP beams, the 
description of a direct strength method (DSM)-based resistance model for the two web-crippling loading cases is 
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presented. Next, attention is turned to the detailed description of the (structural) reliability-based code calibration 
procedure for both loading cases. This includes detailing all the necessary steps and pertinent data, encompassing the 
adopted probabilistic models for material properties, loads, geometrical dimensions, and resistance model uncertainty. 
Then, the results obtained through the application of the code calibration procedure are presented, validated, and 
discussed. Lastly, the paper closes by presenting relevant concluding remarks, which include recommendations for the 
partial safety factors to be applied in the resistance model for pGFRP I-beams under ETF and ITF loading cases.

1. Introduction

1.1. General considerations

Pultruded glass fibre-reinforced polymer (pGFRP) profiles are gaining popularity in civil engineering 
applications due to several advantages, including their (inherent) high strength-to-weight ratio, speed of construction, 
high durability, reduced maintenance requirements and resistance against harsh environmental conditions. Despite 
these benefits, the use of pGFRP profiles is being hindered by their high deformability (service limit states (SLS)), 
buckling sensitivity (ultimate limit states (ULS)), fire behaviour, of particular interest for this work, and lack of 
consensual/reliable design codes [1].

In the past, various guidelines for the structural design of pultruded fibre-reinforced polymer (pFRP) profiles 
have been proposed. The first efforts were undertaken by leading pultrusion manufacturers through the development 
of “design manuals,” often presented in a tabular format (e.g., Ref. [2]). These efforts were subsequently followed by 
several national initiatives, including in Italy [3], the United States [4], the Netherlands [5], the United Kingdom [6], 
and China [7]. To the authors’ best knowledge, only the American standard [4] is grounded on structural reliability 
concepts, based on studies concerning the statistical modelling of the mechanical properties of fibre-reinforced 
polymer (FRP) profiles [8,9], as well as the conceptual preparation and research requirements for design codes for 
FRP structures [10]. Recently, the efforts of the European technical committee CEN/TC 250 led to the publication of a 
specification for the “Design of fibre-polymer composites structures” (CEN/TS 19101) [11], aligned with the 
Eurocodes (future Eurocode for composite materials).

The investigation conducted in this paper is of particular importance as it addresses a highly relevant ULS 
phenomenon occurring in beams susceptible to concentrated stresses. This phenomenon, the so-called web-crippling, 
may govern the design of such members and is only covered in the American Society of Civil Engineers (ASCE) 
standard [4] and the Chinese standard “Technical code for infrastructure application of FRP composites” (GB 50608–
2020) [7], both only for the internal-one-flange (IOF) loading condition.

Web-crippling is the commonly used term attributed to the failure of beams (initially, the term “web-crippling” 
was employed in metallic members, specifically in cold-formed steel (CFS). Naturally, a similar phenomenon (with 
distinct failure modes) occurs in FRP members and the same designation is employed in the literature) subjected to 
concentrated transverse forces, such as point loads or support reactions. It is typically triggered by three main failure 
modes: ① web crushing (material failure near the web-flange junctions), ② web buckling (localized buckling of the 
web in the loaded area), and ③ interaction between web crushing and web buckling [12]—contrarily to pGFRP 
beams, this phenomenon has been extensively studied in the context of cold-formed steel (CFS) and welded steel 
beams (in the latter, usually referred to as “patch loading”), (e.g., Refs. [13‒17]). The susceptibility of pGFRP beams 
to web-crippling stems from their orthotropic nature, in which the weakest in-plane direction (transverse direction) is 
parallel to the direction of the applied load, leading to the development of high transverse normal stresses. It is a 
highly complex phenomenon arising due to stress concentrations and is mainly influenced by factors such as web 
height and thickness (or web slenderness), web-flange internal corner radius, flange support condition (restrained or 
unrestrained), bearing length, and/or characteristics of the load application. Concerning this last aspect, the work by 
Hetrakul and Yu [18] should be specifically mentioned, as they were the pioneers in introducing the classification of 
the web-crippling scenarios (in the context of CFS) that is still widely accepted nowadays. This classification is 
determined by two factors. One is the location where the concentrated transverse forces causing stress concentration 
occur: either in a cross-section within the beam span (“I”) or close to its ends (“E”). The other is the way these forces 
are applied: either solely to one flange (“OF”, with the load “absorbed” by the web) or to both flanges (“TF”, with the 
load “transmitted” through the web). The combination of these two traits results in four scenarios: “IOF” (internal-
one-flange), “ITF” (internal-two-flange), “EOF” (end-one-flange), and “ETF” (end-two-flange). The four web-
crippling load scenarios are schematically depicted in Figs. 1(a)–(d), illustrated on an I-section beam. Note that in 
CFS, for EOF and IOF, ℎmin is defined as 1.5ℎ (ℎ denotes height). However, this distance is yet to be established in 
glass fibre-reinforced polymer (GFRP) beams (the authors are currently investigating this issue).
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Fig. 1. Web-crippling loading cases. (a) EOF, (b) ETF, (c) IOF, (d) ITF. hw: web height; lb: bearing length.

The objective of this work is to address a gap in CEN/TS 19101 [11], specifically the absence of design rules for 
web-crippling failures, namely under ITF and ETF loading conditions. Recently, Almeida-Fernandes et al. [12] 
proposed a resistance model for these structural cases, however, it was not the subject of a reliability study. The 
present work precisely aims to conduct this reliability study, enabling the expressions proposed in Ref. [12] to be 
included in the next revision of the future Eurocode for composite structures [11]. This revision will incorporate the 
same resistance model and appropriate safety factors determined based on a probabilistic approach, namely through a 
reliability-based code calibration, which acts as the “bridge” between the resistance model and the design rules. This 
calibration procedure is crucial in structural engineering as it provides a systematic approach to develop structural 
design codes that meet the required safety levels through partial safety factors derived from a rational probabilistic 
calibration process, rather than being selected (mostly arbitrarily in the past) by a code committee. Indeed, modern 
structural design codes (e.g., Eurocodes) are grounded in probabilistic concepts. The calibration procedure 
incorporates reliability principles, explicitly accounting for various uncertainties (e.g., material properties, loads, 
geometrical and resistance model uncertainty). This allows structures to be designed to be both safe and economical, 
balancing safety and cost-effectiveness. Moreover, structures designed using this procedure are more likely to achieve 
their intended lifespan, reducing the need for maintenance. To the authors’ best knowledge, this investigation is the 
first to apply a rigorous methodology (probability-based) to determine optimal partial safety factors for a specific (and 
relevant) limit state of pGFRP members, similar to what was done for other structural materials (e.g., reinforced 
concrete [19‒22]). The main challenges are directly linked to the fact that it is a relatively new structural material with 
① few “usable” experimental results available in the literature, and ② lack of comprehensive studies aimed at 
characterizing the variability of the pGFRP material properties and their geometrical uncertainty. Regarding the 
former, most of the available experimental full-scale results do not provide all the necessary data to assess the 
uncertainty of the resistance models (discussed in Section 3.4.2). As for the material property and geometrical 
variability, both were subjected to an in-depth investigation in the context of the ongoing research project 
“RELIABLE-FRP—Development of Reliability-Based Design Guidelines for FRP Structures,” as will be discussed in 
detail in Section 3.4.2.

1.2. Literature overview on web-crippling of pGFRP beams

Next, a brief overview of the state-of-the-art literature is presented, without claiming to be too exhaustive. For 
organizational purposes, web-crippling investigations comprising pGFRP I- and H-sections, square hollow sections 
(SHS) and rectangular hollow sections (RHS), and U-section, are addressed separately and presented in chronological 
order.

1.2.1. I- and H-sections

Next, a brief overview of the state-of-the-art is presented on the web-crippling investigations comprising pGFRP 
I- and H-sections, without claiming to be too exhaustive. For organizational purposes, they are presented in 
chronological order.

Borowicz and Bank [23] conducted experimental tests on I- and H-sections pGFRP beams, manufactured by 
several pultruders, subjected to IOF loading conditions. Out of the 20 tests conducted, only 12 included (steel or FRP) 
bearing plates and all specimens failed at the loaded web-flange region. It was concluded that the bearing plates 
significantly enhanced the beam ultimate carrying capacity. A design expression, based on the interlaminar shear 
strength of the material and relevant geometrical parameters, was proposed and shown to be accurate (average and 
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coefficient of variation (CoV) of the experimental-to-predicted strength ratio equal to 1.12 and 0.10, respectively). 
Subsequently, Borowicz and Bank [24] investigated the use of different strengthening methods, again involving I- and 
H-sections pGFRP beams subjected to IOF loading conditions, namely using ① full-depth web bearing stiffeners, ② 
“doubler” plates attached to the web, and ③ stiffening elements applied to the loaded web-flange region. The authors 
concluded that reinforcing the web-flange junction area led to more pronounced bearing capacities compared to 
strengthening configurations that only reinforced the web of the profile.

Chen and Wang [25] conducted both experimental and numerical investigations into the behaviour of pGFRP I-
section beams subjected to ETF and ITF load cases. Twelve tests were conducted using an identical I-section 
geometry to assess the effect of different loading conditions, support conditions and bearing lengths. Subsequently, a 
parametric numerical investigation was performed. Based on their findings, design rules were proposed, aligning with 
Eurocode 3-1-3 CFS standard, to estimate the ultimate strength of pGFRP I-beams subjected to the four load cases.

A significant experimental campaign has been performed at Instituto Superior Técnico (IST), University of 
Lisbon. The first tests were reported by Almeida-Fernandes et al. [26] in 2015, and consisted of web-crippling tests on 
four distinct pGFRP I-beam geometries. These tests were conducted under both ETF and ITF configurations, all with 
unfastened flanges, using three distinct bearing lengths, totalling 60 tests. The results demonstrated the key role played 
by the bearing length on the ultimate strength. Moreover, two distinct failure modes were observed in the tests: web 
buckling and web crushing. In a companion paper, Almeida-Fernandes et al. [27] presented a shell finite element 
investigation aiming to predict the “initial” failure loads of the specimens reported earlier [26]. The numerical 
investigation considered the Tsai–Hill criterion, and it was concluded that the initial failure loads were overly 
conservative, varying from 34% to 70%. In addition, a new design strength curve for ETF and ITF configurations was 
proposed, adapted from steel design rules and dependent on ① the transverse compression strength and ② several 
empirical coefficients and geometric parameters. More recently, Almeida-Fernandes et al. [28] carried out another 
extensive experimental campaign on pGFRP I-section (and U-section) beams, again with unfastened flanges, 
involving (74 + 13) specimens, also subjected to ETF and ITF loading cases. The objectives were two-fold: ① to 
study the effect of the fibre layup of specimens manufactured by four distinct suppliers, and ② to provide additional 
experimental data. It was found that the distinct fibre layup had a negligible effect on the ultimate strength. Web 
crushing, web buckling, and an interaction between both failure modes were observed. Based on the extensive 
experimental data, Almeida-Fernandes et al. [12] proposed a direct strength method (DSM)-based resistance model to 
predict the web-crippling strength of pGRFP beams subjected to ETF and ITF test configurations with unfastened 
flanges—this model is used in this investigation and is discussed in Section 2.

Haloi et al. [29] also conducted an extensive experimental campaign involving 53 pGFRP H-section beams 
subjected to ETF and ITF loading cases—only a single beam geometry and five distinct lengths were considered, 
ranging from 25 to 120 mm. Most of the specimens exhibited web-flange junction separation followed by web 
crushing (no web buckling was observed). It was also experimentally proven that ① web-crippling strength increases 
with larger bearing lengths, and ② ITF loading conditions consistently provided higher strengths when compared to 
ETF counterparts. As done by other authors, several strength curves were proposed, all dependent on the web 
transverse compressive strength and several geometrical parameters.

Zhang et al. [30] investigated the behaviour of pGFRP I-beams under ETF loading case at both ambient and 
elevated temperatures. In the former case, four tests were conducted involving identical geometries.

1.2.2. RHS/SHS

Additional investigations involving closed pGFRP cross-sections have been reported in the literature. Wu and Bai 
[31] performed an extensive experimental campaign on 31 pGFRP SHS beams subjected to ETF and ITF test 
configurations. A consistent failure mode was observed in all specimens, characterized by web crushing near the web-
flange junction area. The authors also proposed a straightforward resistance model based on the interlaminar shear 
strength. In a subsequent investigation, Wu et al. [32] studied two strengthening solutions for pGFRP SHS beams 
subjected to ETF and ITF loading cases, namely bonding thin carbon fibre-reinforced polymer (CFRP) layers or two 
steel U-sections on the external web surfaces of the pGFRP beams. A substantial strength increase was observed, 
particularly when the steel channels were employed, ranging between 200% and 400%. Chen and Wang [33] reported 
an investigation on the web-crippling behaviour of pGFRP RHS beams subjected to ETF and ITF loading scenarios. 
Twelve specimens were tested employing an identical beam geometry for the four test configurations and three 
distinct bearing lengths. A simplified solid finite element model that does not consider material non-linearity was used 
to replicate the experimental results. In addition, design formulas for estimating the web-crippling strength of the four 
mentioned load scenarios were proposed.

https://www.sciencedirect.com/topics/engineering/carbon-fibre-reinforced-polymer
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1.2.3. U-section

Zhang and Chen [34] reported a study on the web-crippling behaviour of pGFRP U-section beams under ETF and 
ITF loading conditions. The methodology of the experimental campaign adopted a numerical model and design 
proposals identical to those employed in Ref. [33]. It was shown that increasing the bearing length did not enhance the 
web-crippling strength of the U-beams.

Wu et al. [35] studied the behaviour of pGFRP U-section beams subjected to ETF and ITF loading conditions. 
The authors conducted experimental tests on 32 beams, 16 in each loading condition, varying ① the cross-section 
dimensions, ② beam length, and ③ loading condition (ETF or ITF), while keeping the bearing length constant at 
100 mm. Based on the tests conducted, which included digital image correlation (DIC) measurements, the authors 
proposed resistance models for the two failure modes observed: ① web-flange junction failure and ② web buckling 
failure, for each of the web-crippling loading cases. The former is dependent on the interlaminar shear strength, while 
the latter relies on the transverse compression strength of the web. In a subsequent investigation, Wu et al. [36] 
extended their previous study paying particular attention to the effect of bearing length also on pGFRP U-section 
beams subjected to ETF and ITF loading cases. An extensive experimental campaign, comprising 64 specimens, was 
conducted using four distinct U-section geometries and five bearing lengths (ranging between 20 and 200 mm). It was 
observed that ① the two distinct failure modes observed in Ref. [35] also occurred in the test campaign, ② the 
bearing length has a significant effect on the web-crippling strength, increasing drastically with larger bearing lengths, 
and ③ varying the bearing length may lead to a failure mode change (for identical geometries and test configuration). 
In terms of design proposals and comparing to Ref. [35], a distinct strength equation was proposed for web buckling 
failure.

Lastly, before closing this sub-section, it is worth calling the attention of the interested reader to a very recent 
state-of-the-art report on the advances in the web-crippling of pGFRP profiles authored by Wu et al. [37].

1.3. Outline

The outline of the paper is as follows. First, Section 2 presents the description of the resistance model considered 
for predicting the web-crippling strength of I-beams under ETF and ITF loading cases. Section 3 presents a detailed 
description of the procedure for conducting a reliability-based code calibration and Section 4 discusses the results 
obtained by applying that procedure to web-crippling. Lastly, the paper closes by presenting relevant concluding 
remarks, including recommendations for the partial safety factors for pGFRP I-beams susceptible to ETF and ITF 
loading scenarios.

2. Resistance model

Most of the existing resistance models for I- and/or H-sections pGFRP beams under ETF and ITF loading conditions 
are adaptations of strength equations originally developed for steel specifications. Chen and Wang [25] proposed resistance 
models for pGFRP I-beams based on the formulations provided by EN 1993-1-3 [38], while Haloi et al. [29] proposed 
strength equations for pGFRP H-beams using the resistance models provided by the CFS specifications EN 1993-1-3 [38] 
and AISI S100–16 [39]. The models depend on several geometrical parameters (Fig. 2) and key material properties, namely: 
① ℎ,𝑡f (flange thickness),𝑡w (web thickness),𝑙b (bearing length) and 𝑓𝑥,t (the tensile strength in the longitudinal 
direction), and ② ℎw,𝑡w,𝑙b,𝑟 (web-flange radius) and 𝑓𝑦,c (the compressive strength in the transversal direction), 
respectively, and both rely on several regression coefficients obtained based on existing experimental failure load (𝑃Exp) 
data. Moreover, Almeida-Fernandes et al. [27] developed a resistance model based on a combination of the formulae 
proposed by AISI S100–16 [39] (CFS) and EN 1993-1-5 [40] (plated steel). It depends on ℎw,𝑏f (flange width),𝑡w,𝑡f,𝑙b,𝑟,𝑓𝑦,c
, and 𝐸𝑦,c (elastic compressive moduli in the transversal direction), as well as several regression coefficients. It should be 
noted that ① the resistance models proposed by Chen and Wang [25] do not differentiate the distinct failure modes 
typically occurring in pGFRP beams, ② those by Haloi et al. [29] concern only web crushing failures, and ③ the one by 
Almeida-Fernandes et al. [27] is only applicable to a limited range of profiles (geometries, mechanical properties) and 
bearing lengths (the ones used for calibration), which constitute drawbacks of the methods.



Martins et al.

6

Fig. 2. Geometrical dimension nomenclature for I-section.

The resistance model proposed by Almeida-Fernandes et al. [12], developed based on the DSM (e.g., Refs. [41‒43]), is 
adopted in this investigation. The DSM is a popular “approach” (or “procedure”) widely accepted in CFS design (e.g., Ref. 
[41]) that can be adopted to develop methodologies (i.e., resistance models) for the design of a variety of limit states such as 
web-crippling (e.g., Refs. [44–48]). Moreover, it allows accounting for the three main failure modes typically triggered by 
web-crippling loading scenarios: ① web crushing, ② web buckling, and ③ interaction between web crushing and web 
buckling. Almeida-Fernandes et al. [12] demonstrated that a unified DSM expression could be applied to both ETF and ITF 
loading scenarios, as the design formulation exhibited a good correlation with experimental and numerical data for both 
configurations. Note that buckling coefficient (𝑘F) and effective bearing length (𝑙b,eff) were obtained based on numerical 
data, while the parameters of the Winter type curve were based on experimental data. In addition, the resistance model 
indirectly accounts for residual stresses and initial geometrical imperfections (as described in detail in Ref. [12]). The web-
crippling resistance (𝑉wc) model (unfastened flanges) is given by

𝑉wc =
𝑃crush, for 𝜆wc < 0.776
1.132𝑃crush 1 ― 0.280 𝑃buck

𝑃crush

0.930 𝑃buck

𝑃crush

0.930
, for 𝜆wc ≥ 0.776 (1)

where the web-crippling slenderness, 𝜆wc, is defined by

𝜆wc = 𝑃buck

𝑃crush
(2)

The web buckling resistance (𝑃buck), based on an adaptation of an approach proposed by Lagerqvist and 
Johansson [49], is given by

𝑃buck = 𝑘F
π2𝐸𝑦,c

12 1 𝜈𝑥𝑦𝜈𝑦𝑥
× 𝑡3

w
ℎw

(3)

with 𝐸𝑦,c the elastic compressive modulus in the transversal direction, and the bucking coefficient (𝑘F), dependent on 
the web-crippling loading scenario, is given by

𝑘F =
5.758 + 𝑙b

6.261𝑡w
0.200 + 𝑙b

3.892ℎw
, for ETF

5.014 + 𝑙b

8.448𝑡w
0.611 + 𝑙b

7.771ℎ𝑤
, for ITF

(4)

while the web crushing resistance (𝑃crush) is given by

𝑃crush = 𝑙b,eff𝑡w𝑓𝑦,c (5)

with the 𝑙b,eff, also dependent on the web crippling loading scenario, given by

𝑙b,eff = 1.312𝑡w + 0.918𝑙b, for ETF
2.859𝑡w + 0.933𝑙b, for ITF (6)

In the above expressions, 𝜈𝑥𝑦 is the major Poisson’s ratio, 𝜈𝑦𝑥 is the minor Poisson’s ratio, given by 𝜈𝑦𝑥 = 𝜈𝑥𝑦
𝐸𝑦,c

𝐸𝑥,c
, 

and 𝐸𝑥,c is the elastic compressive modulus in the longitudinal direction.

In the above expressions, three distinct regions are identified: ① for 𝜆wc < 0.776, the web-crippling is triggered 
by web crushing (𝑉wc = 𝑃crush); ② for 𝜆wc > 1.0, the web-crippling is triggered by web buckling (a “Winter-type” 
curve); and ③ for 0.776 ≤ 𝜆wc ≤ 1.0, the web-crippling is triggered by the interaction between web buckling and 
web crushing, that is, the resistance model accounts the three main failure modes typically triggered by web-crippling. 
The set of experimental results comprised ① four I-section beams, manufactured by Creative Pultrusions (USA), 
Fiberline Building Profiles (Denmark) and Sociedade Técnica de Estruturas Pultrudidas (STEP; Portugal), reported by 
Almeida-Fernandes et al. [28], and ② one I-section beam, manufactured by ALTO Perfis Pultrudidos (Portugal), 
reported by Almeida-Fernandes et al. [26]—more details can be found in Refs. [12,26,28]. In total, 56 test results were 
considered (26 from ETF and 30 from ITF loading scenarios). Therefore, the material and geometrical applicability 
range of the above resistance model, presented in Table 1, must be satisfied.



Martins et al.

7

Table 1 

Geometrical and material lower and upper limits for the applicability range of the DSM-based resistance model.

ℎ 
(mm)

ℎw 
(mm) 𝑏f (mm) 𝑡w (mm) 𝑡f (mm) 𝑟 (mm) 𝐸𝑦,c (GPa)

𝑓𝑦,c 
(MPa)

𝐺𝑥𝑦 (GPa)
𝑓𝑥𝑦 
(MPa)

Lower limit 150.0 133.8 75.0 6.3 14.5 5.0 7.7 86 2.9 65

Upper limit 400.0 371.0 150.0 6.3 14.5 10.0 10.9 123 4.2 70

Gxy: in-plane shear modulus; fxy: in-plane shear strength.

3. Reliability-based code calibration procedure

Reliability-based methods, semi-probabilistic design approaches and reliability-based code calibration procedures 
are closely interconnected. The first facilitates the development of full probabilistic design codes that use reliability 
prediction methods directly in the design of structural elements. Probabilistic principles are used to assess the 
probability of failure of structures/structural elements under various uncertainties (e.g., material properties, loads, 
geometrical variability, etc.)—common techniques include the first order reliability method (FORM) or Monte Carlo 
simulation (MCS) methods. Major efforts in this direction have been made by the Joint Committee on Structural 
Safety (JCSS) [50]. However, full probabilistic design codes require designers with sufficient background and 
experience in probabilistic modelling and assessment techniques, as well as a consensus on the main elements of the 
analysis (e.g., limit states, target reliabilities, detailed probabilistic loads and resistance models, among others). Semi-
probabilistic design approaches, as adopted by the structural Eurocodes and CEN/TS 19101 [11], incorporate elements 
of both deterministic and probabilistic methods. They use design values defined by characteristic values and partial 
safety factors (e.g., for material properties or loads), which are applied in a more straightforward, deterministic design 
format. Naturally, this popular approach simplifies the use of probabilistic information by embedding it into safety 
factors and design formulas, making them easier to use, while still reflecting underlying uncertainties and risks. This 
makes it a practical approach for daily structural design routines. Reliability-based code calibration uses the results 
from reliability methods to determine/calibrate partial safety factors and design rules in semi-probabilistic approaches, 
ensuring the desired reliability levels. Moreover, it bridges the gap between probabilistic analyses (reliability methods) 
and practical design guidelines (semi-probabilistic approaches). The reliability-based code calibration procedure 
adopted here is based on the popular “seven step approach” proposed by the JCSS, which is defined, for example, in 
Annex E of “General principles on reliability for structures” (ISO 2394) [51]. For the sake of clarity, this general code 
calibration procedure for semi-probabilistic design formats, adapted for pGFRP beams susceptible to web-crippling, is 
described next. This procedure was implemented in MATLAB (The MathWorks Inc., USA) [52].

Epistemic (or knowledge-based) uncertainties arise from a lack of knowledge, which can be reduced 
through further research or more data [53,54]. In the context of reliability engineering and structural design, 
epistemic uncertainties can be divided into model uncertainty and statistical uncertainty (sparse 
information), typically associated with the statistical evaluation of test results or observations. The former 
arises from the fact that any model, conceptual or mathematical, is a simplification of the reality it is 
designed to represent and can be reduced by refining models (e.g., by model calibration). The latter is 
related to ① limited number of observations, which causes uncertainties in the characterization of the 
probabilistic characteristics of random variables (RVs; e.g., distribution type and statistical parameters), ② 
neglecting systematic variations of the observed variables, or ③ neglecting possible correlations. This 
investigation involves the two types of epistemic uncertainties (identified in the following sub-sections).

3.1. Scope of the code

This step consists of defining the class of structures and the relevant failure modes to be considered. Usually, in 
civil engineering applications, pGFRP structural profiles are used either as primary or secondary structural 
applications in buildings and bridges [55]. Therefore, these structures/members may be considered as “common 
structures,” which according to Table B1 of Annex B of Eurocode 0 (EC0) [56], are classified as consequence class 2 
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(CC2). As mentioned previously, three relevant failure modes are considered in pGFRP beams susceptible to web 
crippling, involving ETF and ITF loading configurations.

3.2. Code objective

The code objective can be defined with target reliability indices 𝛽target  or, equivalently, with target 
probabilities of failure 𝑃f,target . According to Annex B of EC0 [56], the CC2 is associated with the reliability class 2 
(RC2), for which the minimum 𝛽target is 3.8, for a 50-year reference period and ULS. Naturally, the partial safety 
factors obtained in this investigation are not suitable for consequence/reliability class of structures CC3/RC3—in these 
cases, the 𝛽target is higher.

3.3. Code format

According to the methodology outlined in Ref. [51], the code format includes ① defining the number of partial 
safety factors and load combination factors to be used, ② choosing if the load partial safety factors are material 
independent, ③ choosing if the material partial safety factors should be independent of the load type, ④ establishing 
the use of the partial safety factors in the design equations rules for load combinations, and ⑤ defining the resistance 
format.

Generally, this investigation follows closely the recommendations adopted by the structural Eurocodes, 
particularly EC0 (basis of structural design) [56], specifically in what concerns load combinations (the above-
mentioned items ① and ④). The load partial safety factors (𝛾G and 𝛾Q) considered are material independent and are 
not subjected to “calibration” in this investigation, they are given by Ref. [56]—the above-mentioned item ②. 
Similarly, the only material partial safety factor considered (discussed next) is also load independent (the above-
mentioned item ③). The resistance format considered in this investigation (the above-mentioned item ⑤) is also 
consistent with the Eurocodes and identical to the one adopted in CEN/TS 19101 [11]. The design value of resistance 
(𝑅d), for ULS design of members (and bolted connections), is given by (Clause 4.4.4 (2) in Ref. [11]):

𝑅d =
1

𝛾Rd·𝛾m
𝑅 𝜂c,𝑖𝑋k,𝑖;𝑎d; ∑ 𝐹Ed (7)

where 𝑖 is the ith material property; 𝜂c,𝑖 is a conversion factor that accounts for temperature, moisture, and ageing 
effects, and their uncertainty (since this parameter is considered deterministic, its value does not affect the results 
obtained in this investigation)—for the sake of simplicity, in this investigation it is considered equal to 1.0; 𝑅 is the 
characteristic value of resistance (output of the resistance model); 𝑋k,𝑖 represents the characteristic value of material 
property i (defined as its 5% fractile); 𝑎d denotes the design values of geometrical parameters; 𝐹Ed denotes the design 
values of actions used in the assessment of the design value of the effect of actions; 𝛾Rd is a partial safety factor 
accounting for the uncertainty of the resistance model and geometrical deviations (for simplification purposes, 𝛾Rd 
will be noted (only) by the resistance model partial safety factor); 𝛾m is a partial safety factor for the material property 
that is determined from test data of a single material property deemed as representative, for a given failure mode. 𝛾m is 
pre-defined in Ref. [11] and is solely based on the CoV of the relevant/representative material property. In the 
determination of these values, it is assumed in Ref. [11] that the relevant material property ① is lognormal 
distributed, and ② is a “dominating” resistance parameter. As will be discussed in Section 3.4.2, the four key 
material properties 𝐸𝑥,c,𝐸𝑦,c,𝑓𝑦,c, and 𝜈𝑥𝑦  can be modelled adequately by lognormal distributions (at least, for the 
material considered in Ref. [57]). Thus, assuming a (high) FORM sensitivity factor (𝛼) of 0.80 (e.g., Table E.3 of Ref. 
[51]) and a 50-year reliability index (𝛽) of 3.8, the material partial safety factor (Table 2) is given by Ref. [58]

𝛾m = e
ln 1+𝑉2

𝑥 𝛼𝛽+𝛷― 1(𝑝)
(8)

where 𝛷― 1(·) is the standard normal inverse cumulative distribution function, 𝑝 is the fractile for resistances 
(typically assumed as 5%), and 𝑉𝑥 is the CoV.
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Table 2

Pre-defined material partial safety factor as a function of the CoV of the representative material property.

CoV (%) 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0

𝜸𝐦 1.07 1.15 1.23 1.32 1.41 1.51 1.61 1.71 1.82

Since the resistance model is defined by two branches ① web crushing (first branch), and ② web buckling or 
web crushing–buckling interaction (second branch), two representative material properties must be defined—
naturally, they can be identical, although this is unknown at this stage. A close inspection at Eq. (1) shows that the 
representative material property for the web crushing failure mode is 𝑓𝑦,c, as it is the only material property involved. 
For the second branch, it will be determined based on the FORM sensitivity factors (discussed in Section 4.3).

3.4. Failure modes and probabilistic models

This step involves the consideration of key aspects in the calibration procedure, namely: ① limit state function 
(LSF) and corresponding design equation, and ② probabilistic models, for all the RVs included in the LSF. For 
clarity purposes, these aspects are addressed separately in Sections 3.4.1 and 3.4.2, respectively.

3.4.1. LSF and design equation

The general form of the deterministic design equation (𝐺) can be written as (Section E.4.1 of Ref. [51])

𝐺(𝒙k, 𝒑j,𝒛, 𝜸) ≥ 0 (9)

where 𝒙k is the vector of characteristic values of the basic RVs, depending on the type of probabilistic models adopted 
(discussed in Section 3.4.2), 𝒑j is the vector of deterministic parameters, 𝒛 is the set of design parameters, 𝜸 is the 
vector of the partial safety factors.

Currently CEN/TS 19101 [11] does not prescribe design rules for this highly relevant buckling phenomenon. The 
following (deterministic) design equation is proposed for the ETF and ITF web crippling scenarios.

𝑉wc,Ed ≤ 𝑉wc,Rd (10)

where 𝑉wc,Ed represents the design value of the acting transverse force, and 𝑉wc,Rd is the design value of the web-
crippling resistance for ETF or ITF loading scenarios. They are respectively given by

𝑉wc,Ed = 𝐺d + 𝑄d = 𝛾G𝐺k + 𝛾Q𝑄k (11)

𝑉wc,Rd = 𝜂c
1

𝛾m·𝛾Rd
𝑉wc,k (12)

where 𝜂c is a conversion factor that accounts for temperature, moisture, and ageing effects; 𝛾G = 1.35 and 𝛾Q = 1.50 
are the partial safety factors of the (unfavourable) permanent and variable loads, respectively (given in Ref. [56]); 𝐺d
= 𝛾G𝐺k and 𝑄d = 𝛾Q𝑄k are the design values of the permanent/dead and variable/live loads, respectively; 𝐺k and 𝑄k 
are the characteristic values of the permanent and variable loads, respectively; and 𝑉wc,k is the characteristic value of 
the web-crippling (ultimate) resistance for ETF or ITF loading cases, given by

𝑉wc,k =
𝑃crush,k, for 𝜆wc,k < 0.776

1.132𝑃crush,k 1 ― 0.280 𝑃buck,k

𝑃crush,k

0.930
𝑃buck,k

𝑃crush,k

0.930
, for 𝜆wc,k ≥ 0.776 (13)
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with 𝑃crush,k (𝑃buck,k) being the characteristic values of the web crushing (buckling) resistance, obtained using the 
characteristic values of the material properties 𝐸𝑥,c,k (characteristic value of the elastic compressive modulus in the 
longitudinal direction), 𝐸𝑦,c,k (characteristic value of the elastic compressive modulus in the transversal direction), 
𝑓𝑦,c,k (characteristic value of the compressive strength in the transversal direction), and 𝜈𝑥𝑦,k (characteristic value of 
the major Poison’s ratio), as well as 𝑡w and ℎw in Eqs. (3)–(6). The characteristic value of the web-crippling 
slenderness (𝜆wc,k) is also defined similarly as Eq. (2), but adopting the characteristic values of 𝑃crush and 𝑃buck.

Naturally, the corresponding LSF is closely connected with the deterministic design equation (Eq. (9)). It is 
obtained by ① replacing the design values by the corresponding RVs, ② removing all partial safety factors 
(𝛾m,𝛾Rd,𝛾G,𝛾Q), and ③ introducing two types of uncertainty: 𝜃R (representing the uncertainty of the web-crippling 
resistance model) and 𝜃E (representing the imprecision and incompleteness of the load effects), to account for the 
imprecision and incompleteness of the theoretical model and load effects, respectively [59] (usually defined by a 
multiplicative relationship). It is given by

𝑔(𝑿) = 𝜃R𝑉wc ― 𝜃E(𝐺 + 𝑄) (14)

where 𝑔(·) is the limit state function; 𝑿 is a random vector, given by 𝑿 = 𝐸𝑥,c,𝐸𝑦,c,𝑓𝑦,c,𝜈𝑥𝑦,𝐺,𝑄,𝜃R,𝜃E,Δℎ,Δ𝑡f,Δ𝑡w ; Δℎ
,Δ𝑡f, and Δ𝑡w are the dimensional tolerances corresponding to the I-section height (Fig. 2) and flange and web 
thicknesses, respectively (Section 3.4.2), 𝜃R is a RV representing the uncertainty of the ETF (𝜃R,ETF) or ITF (𝜃R,ITF) 
web-crippling resistance model, and G and Q are the RVs representing the permanent and variable/live loads, 
respectively.

3.4.2. Probabilistic models

The considered probabilistic models can be grouped into four categories, namely ① material properties 
𝐸𝑥,c,𝐸𝑦,c,𝑓𝑦,c,and 𝜈𝑥𝑦 , the relevant properties involved in the resistance model (Section 2), ② loads (𝐺,𝑄), ③ 

geometrical uncertainties (Δℎ,Δ𝑡f,Δ𝑡w), and ④ other relevant uncertainties (𝜃R,𝜃E). Each category is addressed in the 
following subsections for clarity. 

(1) Material properties. This calibration procedure considered four distinct materials: materials A, B, C, and D. 
The characteristics of material A, the reference material, were obtained from an extensive experimental campaign 
conducted within the scope of the (national) research project RELIABLE-FRP. This campaign involved small-scale 
tests to evaluate the variability of the most relevant material properties of pGFRP materials, including 𝐸𝑥,c,𝐸𝑦,c,𝜈𝑥𝑦, 
and 𝑓𝑦,c—the outcome of this campaign was reported in Ref. [57]. These key material properties were determined 
respectively from 73, 64, 77, and 68 coupon tests, according to standardized test procedures, namely ① “Fiber-
reinforced plastic composites—determination of compressive properties in the in-plane direction” (ISO 14126) [60] 
𝐸𝑥,c,𝐸𝑦,c,𝑓𝑦,c , and ② “Plastics—determination of tensile properties. Part 1: general principles” (ISO 527-1) [61] 

and “Plastics—determination of tensile properties. Part 4: test conditions for isotropic and orthotropic fiber-reinforced 
plastic composites” (ISO 527-4) [62] standards (𝜈𝑥𝑦,t). Note that, as mentioned in Ref. [57], the major Poisson ratio 
(𝜈𝑥𝑦,c) was difficult to obtain based on longitudinal compression tests since the output provided by the video-
extensometer contained a significant noise that hindered a correct determination of this property. Consequently, it was 
decided to use the major Poisson ratio  provided by the longitudinal tensile tests (𝜈𝑥𝑦,t). Moreover, Table 5.1 of Ref. 
[11] also suggests the determination of these material properties in accordance with ISO 527-1 [61] (i.e., tensile tests). 
The probabilistic models suitable for these material properties were determined using the (popular) maximum 
likelihood method. It was shown that lognormal distribution functions, validated through chi-square goodness-of-fit 
tests, model adequately these four material properties. The characteristics of the probabilistic models are presented in 
Table 3 and the corresponding (normalized) histograms and fitted probability density functions are displayed in Fig. 3, 
which are associated with epistemic statistical uncertainty. It is worth noting that it is only possible to determine the 
correlation (𝜌) between 𝐸𝑦,c and 𝑓𝑦,c since they are both obtained from the same test procedure. It was found a very 
low correlation, 𝜌 𝐸𝑦,c,𝑓𝑦,c = 0.02. Therefore, it was assumed that all correlations between the key material 
properties are 0 (no correlation).
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Table 3

Probabilistic models for the four relevant material properties of materials A, B, C and D.

Material Material property Distribution Mean Standard deviation CoV (%) Characteristic value (5%)

𝐸𝑥,c (GPa) Lognormal 31.35 2.76 8.8 27.04

𝐸𝑦,c (GPa) Lognormal 13.97 1.66 11.9 11.42

𝜈𝑥𝑦,t Lognormal 0.249 0.039 15.7 0.190

A

𝑓𝑦,c (MPa) Lognormal 92.58 11.58 12.5 74.83

𝐸𝑥,c (GPa) Lognormal 31.35 1.57 5.0 28.84

𝐸𝑦,c (GPa) Lognormal 13.97 0.70 5.0 12.85

𝜈𝑥𝑦,t Lognormal 0.249 0.013 5.0 0.229

B

𝑓𝑦,c (MPa) Lognormal 92.58 4.63 5.0 85.20

𝐸𝑥,c (GPa) Lognormal 31.35 6.27 20.0 22.20

𝐸𝑦,c (GPa) Lognormal 13.97 2.79 20.0 9.89

𝜈𝑥𝑦,t Lognormal 0.249 0.050 20.0 0.176

C

𝑓𝑦,c (MPa) Lognormal 92.58 18.51 20.0 65.54

𝐸𝑥,c (GPa) Lognormal 31.35 9.41 30.0 18.53

𝐸𝑦,c (GPa) Lognormal 13.97 4.19 30.0 8.26

𝜈𝑥𝑦,t Lognormal 0.249 0.075 30.0 0.147

D

𝑓𝑦,c (MPa) Lognormal 92.58 27.77 30.0 54.71



Martins et al.

12

Fig. 3. Histograms and fitted lognormal probability density functions of (a) 𝐸𝑥,c, (b) 𝐸𝑦,c, (c) 𝑓𝑦,c, and (d) 𝜈𝑥𝑦,t, obtained from small-scale tests.

To consider other materials and/or manufacturers with higher variability, an extensive literature search was 
conducted to find experimental results involving pGFRP profiles (not limited to web-crippling failures). Most of these 
investigations lacked proper material characterization (e.g., employing non-standard procedures), while others relied 
on standardized methods but reported only average values for the tested coupons (i.e., without reporting standard 
deviations or CoVs). Therefore, Table 4 [26,29,63‒78] only presents the experimental investigations that reported the 
variability in the results of the small-scale tests performed. A careful examination of this table shows that the CoV of 
the four key material properties does not exceed 30%—the maximum CoVs reported are highlighted in bold in Table 
4 and read 26.2% (𝐸𝑥,c), 26.1% (𝐸𝑦,c), 29.0% (𝜈𝑥𝑦) and 26.9% (𝑓𝑦,c). Therefore, the material D considered in this 
investigation is characterized by having ① an identical mean value of material A, and ② a CoV of 30%, for each of 
the four material properties. In contrast, materials B and C differ from material D as they have assigned CoV values of 
5% and 20%, respectively. In addition, it is worth noting that Ref. [11] considers a minimum value of CoV = 5% (for 
the relevant/representative material property), as required by Clause 4.4.5 (2) in Ref. [11]. Table 3 also includes the 
characteristics of the lognormal distribution of materials B, C, and D.

Table 4 

CoV range of the four key material properties reported in the literature.

𝑬𝒙,𝐜 (%) 𝑬𝒚,𝐜 (%) 𝒇𝒚,𝐜 (%)
𝝂𝒙𝒚,𝐭 or 𝝂𝒙𝒚,𝐜 
(%) Manufacturer/institution Refs.

2.4–15.5 — — — Strongwell (USA) and Creative Pultrusions (USA) [63]

4.0–13.2 — — — — [64]
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0.4  — 6.6 11.1 Fiberline Building Profiles (Denmark) [65]

1.2–9.0 — — — — [66]

13.6–15.5 — — — Cogumelo Compósitos (Brazil) [67]

8.0–9.0 — — — Bedford Reinforced Plastics (USA) [68]

7.5–7.7 5.4 12.6  — Top Glass (Italy) [69]

9.3–18.0 — — — Bedford Reinforced Plastics (USA) [70]

1.5–4.9 — — 6.3–29.0 Wagners Composite Fibre Technology (Australia) [71]

6.3–9.3 — — 4.3–15.3 Wagners Composite Fibre Technology (Australia) [72]

 — — 5.9 Materials Research Facility, UK Atomic Energy Authority [73]

5.3–10.3 — — 8.7–23.5 Creative Pultrusions (USA) [74]

4.6–14.0 — — 7.8–15.0 Fiberline Building Profiles (Denmark) [74]

9.2–23.0 — — 11.3–20.2 ALTO Perfis Pultrudidos (Portugal) [74]

4.5–10.0 10.2–26.1 24.7–26.9 5.4 ALTO Perfis Pultrudidos (Portugal) [75]

9.0–17.0 — — — Cogumelo Compósitos (Brazil) [76]

9.4–19.0 10.8–12.5 12.1–12.9 3.6–4.6 Morrison Molded Fiber Glass (USA) [77]

4.5–26.2 6.7–26.0  8.0–26.9 — ALTO Perfis Pultrudidos (Portugal) [26]

10.2 21.3  6.7 — Fiberline Building Profiles (Denmark) [26]

15.6 18.8 18.3 18.3 ALTO Perfis Pultrudidos (Portugal) [78]

4.9 1.5 7.1 5.3 Bajrang Agencies (India) [29]

The maximum CoVs reported are highlighted in bold.

(2) Loads. This investigation considered two distinct loads: one permanent (𝐺) and one variable (𝑄), the latter 
representing imposed loads on buildings. The permanent load is typically assumed to be normally distributed with the 
mean value equal to its characteristic value 𝐺k [56]. According to Ref. [56], the CoV(G) can range from 5% to 10%—
the higher value was considered in this investigation.
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Concerning the variable load, only imposed loads on office buildings are considered, adopting the 
stochastic model used by Holický [79]. This widely used model [79–83] is based on the transient and persistent 
load models of the probabilistic model code (PMC) [84] and the Turkstra’s rule. It is assumed to follow a 
Gumbel distribution with the mean and CoV estimated from the one year characteristic value (𝑄k) as 0.6𝑄k 
and 35%, respectively. Holický [79] developed this model with the assumption of a 40 m2 loaded office 
building area, aiming to ensure representative and conservative stochastic models for variable loads in 
common buildings. Table 5 [56,79] summarizes the stochastic models of these two loads.

Table 5

Probabilistic models adopted for the permanent (𝐺) and variable (𝑄) load RVs.

RV Distribution Mean Standard deviation CoV (%) Refs.

G Normal 𝐺k 0.10𝐺k 10.0 [56]

Q Gumbel 0.60𝑄k 0.21𝑄k 35.0 [79]

(3) Geometrical dimensions. According to EN 1990 [56], the design values (𝑎d) of geometrical parameters used 
for assessing action effects and/or resistances are represented by nominal values, 𝑎nom, (Clause 6.3.4 (1) in Ref. [56] 
or Section 6.2.3 of Ref. [51]). To account for the influence of the variability in the geometrical parameters on the 
structure/member reliability, the design values of the geometrical parameters can be defined by (Clause 6.3.4 (2) in 
Ref. [56])

𝑎d = 𝑎nom + Δ𝑎 (15)

Where Δ𝑎 is the RV that models’ geometric tolerances, that is, dimensional deviations (e.g., web width or web 
thickness). Moreover, it is worth noting that ① the geometrical variability is indirectly considered through partial 
safety factor 𝛾Rd, and ② the influence of the initial geometrical imperfections is indirectly accounted for in the 
resistance model (as described in detail in Ref. [12]).

Published data on the geometric variability of pGFRP materials is very scarce [63,66]. However, a recent 
investigation [85] conducted extensive measurements using a three-dimensional contact coordinate measuring 
machine at the National Laboratory for Civil Engineering (LNEC) (Lisboa, Portugal). The investigation involved 
pGFRP profile specimens manufactured by Strongwell (USA) with E-glass fibres impregnated polyester (series 500 
and 525) or vinylester (serie 625) resins and several cross-section shapes (U-sections, angles, I-sections, H-sections, 
SHS, and RHS)—further details can be found in Ref. [85]. From 30 measurements taken along the length at 
increments of 50 mm, it was possible to identify appropriate probabilistic models for Δℎ/ℎ, Δ𝑡f/𝑡f and Δ𝑡w/𝑡w, in I-
sections (the relevant ones in this investigation (Section 2)), where ℎ, 𝑡f, and 𝑡w represent nominal values (Fig. 2). 
These models, associated with epistemic statistical uncertainty, are characterized in Table 6, and it is interesting to 
notice that the mean values are below the unity. It is important to highlight that a notable distinction was observed in 
pGFRP specimens with polyester and vinylester resins. In the latter, possibly due to more pronounced shrinkage 
effects, more adverse influence was found (for the materials that were tested), that is, lower mean and higher standard 
deviation values. As a result, the probabilistic models presented in Table 6 concern pGFRP specimens with vinylester 
resin. It is worth noting that the consideration of the geometrical tolerances associated with polyester resin does not 
imply significant changes in since their influence is reduced (conclusion drawn after analyzing the obtained FORM 
sensitivity factors).

Table 6 

Probabilistic models for the relevant geometrical tolerances of pGFRP I-section specimens (vinylester resin).
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Tolerance Distribution Mean Standard deviation (×100) CoV (%)

Δℎ/ℎ Normal 0.978 0.138 0.14

Δ𝑡𝑓/𝑡f Normal 0.931 1.133 1.22

Δ𝑡w/𝑡w Normal 0.958 0.960 1.00

(4) Model and load effect uncertainties. The uncertainty in resistance models (𝜃R) plays a pivotal role in the 
reliability analysis and code calibration of partial safety factors for semi-probabilistic design [86]. This uncertainty 
reflects the accuracy and precision of a given resistance model, since there are no analytical solutions that account for 
the influence of all variables and is typically calculated with data from well-controlled laboratory experiments 
conducted under controlled conditions. This epistemic uncertainty is characterized based on the recommendations of 
Annex C.6 of ISO 2394 [51], assuming a multiplicative relationship between the model uncertainty and the 
(theoretical) resistance model, that is, given by

𝜃R =
𝑌(𝑥1… ,𝑥𝑘,𝑤1,… , 𝑤𝑗)
𝑅(𝑥1… , 𝑥𝑘,𝑤1,… ,𝑤𝑗) (16)

where 𝑌(𝑥1,...,𝑥𝑘,𝑤1,...,𝑤𝑗) is a set of observations of the (real) ultimate resistance obtained from test results, related to 
a specific failure mode (e.g., ETF or ITF); 𝑅(𝑥1,...,𝑥𝑘,𝑤1,...,𝑤𝑗) is the corresponding set of values of predicted 
resistance for a given resistance model; and 𝑥1,...,𝑥𝑘 and 𝑤1,...,𝑤𝑗 are realizations of the vector of RVs (e.g., material 
properties) and deterministic variables (e.g., measured dimensions), respectively, which must be those used in the 
computation of 𝑅(𝑥1,...,𝑥𝑘,𝑤1,...,𝑤𝑗). In addition, note that no material partial safety factors should be used to evaluate 
the accuracy of resistance model and mean values of material properties must be used. In addition, key material 
properties should be obtained according to normative standards, using coupons taken from the batch of FRP profiles 
used in the test experiment.

To characterize this pivotal RV, experimental results involving web-crippling failure modes are necessary. As 
mentioned in Section 1, the number of experimental investigations on this topic is (still) limited. Nonetheless, in this 
regard, the last two authors have contributed significantly to alter this situation, as a significant amount of failure loads 
of I-section beams with unfastened flanges susceptible to ITF and ETF loading cases were very recently reported 
[26,28], involving ① 30 [26] + 32 [28], ETF and ② 30 [26] + 42 [28], ITF failure loads (134 in total). Tables S1 and 
S2 in Appendix A. show the collected failure data for the ETF and ITF loading cases, respectively, providing the ① 
key parameters involved in the resistance models ℎw,𝑡w,𝑙b,𝐸𝑥,c,𝐸𝑦,c,𝑓𝑦,c, and 𝜈𝑥𝑦 , ② experimental failure loads 
𝑃Exp , and ③ ℎw/𝑡w and 𝑏f/𝑡f ratios. It is worth noting that, except for 𝜈𝑥𝑦, the remaining key material properties 

were obtained through standardized procedures. Although 𝜈𝑥𝑦 was not measured, a typical value of 0.25 was assumed 
and it is worth noting that this property has a negligible influence on the 𝜃R values. Indeed, considering 𝜈𝑥𝑦values 
varying between 0.20 and 0.30, the CoV of the four distinct 𝜃R distributions (discussed below) is generally below 
3.0%. Note that although Chen and Wang [25] have conducted experiments on pGFRP I-section beams subjected to 
ETF and ITF (Section 1), these test results cannot be used since the mechanical characterization only involved 
longitudinal tensile and interlaminar shear tests (no data on 𝐸𝑥,c,𝐸𝑦,c,𝑓𝑦,c, and 𝜈𝑥𝑦 is available). Similarly, Zhang et al. 
[30] also performed two web-crippling tests on pGFRP I-beams subjected to ETF (at ambient temperatures), but the 
elastic and strength material properties were obtained from the manufacturer Nanjing Spare Composite Yizheng 
Company (China). 

Rigorously speaking, four distinct resistance models need to be considered, namely ① two loading conditions 
(ETF and ITF), and ② two failure modes, namely web crushing (𝜆wc < 0.776), as well as web buckling and web 
crushing-web buckling interaction (𝜆wc ≥ 0.776). Fig. 4 shows histograms of 𝜃R and several types of probability 
density functions, obtained through the maximum likelihood method, for each of the four aforementioned resistance 
models: 𝜃R,ETF,crush (Fig. 4(a)), 𝜃R,ETF,buck (Fig. 4(b)), 𝜃R,ITF,crush (Fig. 4(c)), and 𝜃R,ITF,buck (Fig. 4(d)). 𝜃R,ETF,crush 
and 𝜃R,ETF,buck represent the uncertainty of the ETF web crushing/buckling resistance model; 𝜃R,ITF,crush and 
𝜃R,ITF,buck represent the uncertainty of the ITF web crushing/buckling resistance model. Chi-square good-of-fitting 
tests were performed, showing that lognormal distribution functions are well-suited for modelling the uncertainty 
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associated with the four resistance model variables. Table 7 shows the characteristics of these probabilistic models and 
it can be observed that the maximum CoV does not exceed 25%, which quantifies the epistemic uncertainty. 
Moreover, the parameters of each 𝜃R are obtained based on a limited number of test results, which contributes to the 
statistical uncertainty.

Fig. 4. Histograms and fitted probability density functions for (a) 𝜃R,ETF,crush, (b) 𝜃R,ETF,buck, (c) 𝜃R,ITF,crush, and (d) 
𝜃R,ITF,buck.

Table 7 

Probabilistic models: uncertainty of the resistance models (𝜃R,ETF,crush,𝜃R,ETF,buck,𝜃R,ITF,crush, and 𝜃R,ITF,buck) and 
load effect determination (𝜃E).

RV Distribution Mean Standard deviation CoV (%) Reference

𝜃R,ETF,crush Lognormal 1.16 0.18 15.1 —

𝜃R,ETF,buck Lognormal 1.18 0.26 21.8 —

𝜃R,ITF,crush Lognormal 1.32 0.32 24.3 —

𝜃R,ITF,buck Lognormal 1.18 0.21 17.5 —
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𝜃E Lognormal 1.00 0.10 10.0 PMC [84]

The correlation between RVs also affects the reliability indices. For web crushing, the correlation 𝜌 𝜃R,𝑓𝑦,c  was 
found to be 0.245 (ETF) or –0.02 (ITF). For web buckling and web crushing and web buckling interaction, the 
correlations 𝜌(𝜃R,𝐸𝑥,c), 𝜌 𝜃R,𝐸𝑦,c  and 𝜌 𝜃R,𝑓𝑦,c  are ① 0.10, −0.15, and −0.01 (ETF) or ② 0.13, −0.31, and −0.29 
(ITF), respectively. 

The lognormal distribution recommended by the PMC [84] (Table 3.9.1: “shear forces in frames”) is adopted to 
model the uncertainty of the 𝜃E (Table 7).

3.5. Measure of closeness

The partial safety factors are determined by solving an optimization problem, detailed in Section 3.6, where the 
partial safety factor(s) 𝜸, the decision variable(s), are calibrated to ensure that the reliability indices 𝛽𝑗(𝜸)  of the 
number of design cases (𝑁DC) distinct design cases are close as possible to 𝛽target. ISO 2394 [51] proposes a weighted 
least square function (𝑓1), defined in Eq. (17), to measure this closeness (objective function of the main optimization 
program). However, the weighted least square function does not ensure that the reliability indices will exceed the 
target value. Alternatively, according to Ref. [51], a more suitable nonlinear objective function may be employed to 
penalize the design cases that satisfy 𝛽𝑗(𝜸) < 𝛽target than those with 𝛽𝑗(𝜸) > 𝛽target. One of such alternative penalty 
function (𝑓2), given by Eq. (18), originally proposed by Lind [87] and used by Ref. [88], is also adopted in this 
investigation. Consequently, the 𝜸 values obtained with Eq. (18) are consistently higher than those obtained with Eq. 
(17).

𝑓1(𝜸) = ∑𝑁DC
𝑗=1 𝑤𝑗 𝛽𝑗(𝜸) ― 𝛽target

2
(17)

𝑓2(𝜸) = ∑𝑁𝐷𝐶
𝑗=1 𝑤𝑗 𝑘L 𝛽𝑗(𝜸) ― 𝛽target + e ―𝑘L 𝛽𝑗(𝜸)―𝛽target ― 1     (18)

In the above objective functions, 𝛽𝑗(𝛾) is the reliability index associated with the given partial safety factor(s); 𝑤𝑗

(𝑗 = 1, 2,...,𝑁DC) is the factor indicating the importance of the different design cases ∑𝑁DC
𝑗=1 𝑤𝑗 = 1; 𝜸 corresponds to 

𝛾Rd in this investigation (Section 3.3); and 𝑘L is the curvature parameter (𝑘L > 0), solely present in Eq. (18).

It is worth noting that ① in this investigation all the design cases are treated as equally important, meaning that 
the weights 𝑤𝑗 are all identical, and ② when using the Lind’s objective function, a value of 𝑘L > 100 almost prevents 
the reliability indices from falling below the target. Therefore, a value of 𝑘L = 150 was adopted.

3.6. Optimal partial safety factors for the chosen code format

3.6.1. Main optimization problem

The optimal set of partial safety factors (unknowns) is obtained by solving the following (classical) main 
optimization/minimization problem

min
𝜸

 f (𝜸) (19)

where f (𝜸) is either the objective function 𝑓1(𝜸) (Eq. (17)) or 𝑓2(𝜸) (Eq. (18)).

Although upper and/or lower bounds may be considered for 𝛾 (e.g., 𝛾k > 1.0), they are not considered since in 
some cases (e.g., very conservative resistance models) one may obtain 𝛾k < 1.0. The reliability index 𝛽𝑗(𝛾), belonging 
in the objective function, is determined using either ① level II reliability methods, for example, first/second order 
reliability methods (FORM/ second order reliability method (SORM)), or ② level III reliability methods (e.g., crude 
Monte Carlo Simulation (MCS) or Monte Carlo importance sampling (MCIS)). These approaches employ the LSF 
(Section 3.4.1) and the optimal values of design variable(s) 𝑧∗obtained as the solution of the “design problem” 
discussed next (Section 3.6.2). Typically, FORM is adopted, whenever possible (e.g., continuous LSFs), as in the 
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present investigation, due to its computational efficiency over (any) of the level III reliability methods. Nonetheless, 
crude MCS also plays an important role in this investigation as it is used for validation purposes (discussed in Section 
4.1). A detailed description of both methods can be found in specialized textbooks [89‒91]. Nonetheless, it is 
important to clarify that the solution of the FORM analysis provides the following relevant data: ① the reliability 
index (𝛽), which is a measure of safety and is defined as the shortest distance from the origin in the transformed 
standard normal space to the limit state surface. A higher 𝛽 value indicates a lower probability of failure, thus safer 
system/structure; ② the design point (also denoted as the most probable point of failure). This is the point in the 
transformed standard normal space that lies on the limit stare surface and is closest to the origin; ③ Sensitivity 
factors (or direction cosines) (𝛼𝑖). These coefficients provide the contribution of each RV to the probability of failure 
and play a pivotal role in reliability-based investigations since they can identify the most important variables in the 
structural reliability, as amply discussed in Section 5.

Conversely, the MCS method provides directly the probability of failure 𝑝f, which can be readily transformed 
into the reliability index 𝛽, by 𝛽 = ― 𝛷―1(𝑝f).

3.6.2. Secondary optimization problem

This sub-step consists of obtaining the set of design variables 𝒛∗, for a given set of partial safety factors 𝜸. If the 
number of design variables is one, then the optimal design 𝒛∗can be straightforwardly obtained as the solution of Eq. 
(10). However, if the number of design variables is higher, then a design variable optimization problem (secondary 
optimization problem) is needed, which is the approach considered in this investigation. The general problem can be 
formulated as Ref. [51]

min
𝒛

   𝐶(𝒛)

s.t.    𝑐𝑖(𝒙𝑘,𝒑𝑗,𝒛,𝜸) = 0,     𝑖 = 1,2,… ,𝑚e       

 𝑐𝑖(𝒙𝑘,𝒑𝑗,𝒛,𝜸) ≥ 0,     𝑖 = 𝑚e +1,…,𝑚                     (20)

        𝒛l
𝑖 ≤ 𝒛𝑖 ≤ 𝒛u

𝑖 ,         𝑖 = 1,2,...,𝑁 

where 𝒛 is a vector of design variables (e.g., cross-section dimensions, length, etc.); 𝐶(𝒛) is the objective function 
(e.g., the weight of the structure/member); 𝑐𝑖 (𝑖 = 1,...,𝑚) represents equality or inequality constraints; 𝒙𝑘 is a vector of 
characteristic values; 𝒑𝑗 is a vector of deterministic values; 𝒛l

𝑖(𝒛u
𝑖 ) denotes the lower (upper) bound of the ith design 

variable 𝒛𝑖 and N  is the number of design variables; 𝑚 is the total number of equality and inequality constraints, and 
𝑚e is the number of equality constraints.

This general constrained optimization problem (with continuous variables) allows the consideration of any 
pertinent equality (e.g., geometrical quantities, equilibrium equations) or inequality (e.g., displacement or stress 
threshold) constraints. Although the specific formulation of this problem depends on the purpose of the code 
calibration being considered, the inclusion of the equality constraint 𝑔(𝒙𝑘,𝒑𝑗,𝒛,𝜸) = 0 is always necessary. 

(1) Web crushing. For the problem under consideration note that ① comparatively to other materials (e.g., steel 
or concrete), there is not much variability in the geometries of pGFRP profiles (ℎ/𝑏, ℎ/𝑡w, and 𝑏/𝑡f ratio 
combinations), which means that it is more rational to use the geometries of the available commercial profiles 
(whenever possible); moreover, ② taking in consideration that the resistance model is defined as function of the web-
crippling slenderness, to ensure the same “weight” of each slenderness value in the calibration procedure, it is 
necessary to impose several slenderness values. This approach is hereafter termed “design approach A” and the 
optimum “design variables” are obtained by solving the following optimization problem

min
𝑧

  Constant

s.t.    𝑉wc,Rd ― 𝑉wc,Ed = 0

        𝜆wc,k ― 𝜆wc,k,imposed = 0

        10 ≤ 𝑙b ≤ 200
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𝑄k > 0

(21)

where the vector of “design variables” is 𝒛 = [𝑄k;𝑙b]T. Moreover, it is well known that the ratio between the variable 
and permanent loads influence significantly the reliability index. This effect precludes the establishment of a “quasi-
uniform” reliability index for each design case. The following parameter is considered to relate 𝑄k and 𝐺k

𝜒 =
𝛾Q𝑄k

𝛾G𝐺k 𝛾Q𝑄k
(22)

This study considers ① all I-sections that satisfy the geometrical applicability range defined in Table 1, provided 
by the pultruders ALTO Perfis Pultrudidos (Portugal), STEP-Sociedade Técnica de Estruturas Pultrudidas (Portugal), 
Fiberline Building Profiles (Denmark), Strongwell (USA), Creative Composites (UK), Fiberprofil (Spain), Top Glass 
(Italy), and Fibrolux (Germany) (Tables S3 to S9 in Appendix A), and ② 𝜒 (ratio between the design value of the 
variable load and the design value of the total load) ranging between 0.10 and 0.90—the extreme cases 0.0 and 1.0, 
that is, only permanent and variable loads, are excluded.

Regarding the problem defined in Eq. (21), note that: ① the objective function consists of a constant value 
(independently of 𝑧) since the geometries are pre-imposed and the resistance model is independent of the beam length; 
② the vector of imposed characteristic value of the web-crippling slenderness (𝝀wc,k,imposed) considered is [0.10, 
0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.75] (Eq. (13)); ③ lower and upper bounds for 𝑙b were considered, approximately 
equal to the values experimentally used by Almeida-Fernandes et al. [12]; ④ the main optimization problem 
unknown (𝛾Rd) is explicitly used in the first equality constraint; ⑤ the optimization problem does not always provide 
a solution (e.g., for very low slenderness values of 0.10 or 0.20); ⑥ the problem is solved for each beam geometry 
considered, 𝜒 ratio and the pre-imposed 𝝀wc,k,imposed, for each type of material, which define the number of design 
cases 𝑁DC. 

(2) Web buckling and interaction between web crushing and web buckling. The previous approach cannot be 
applied to the current case because, in general, it is not possible to establish/impose different slenderness ratios (e.g., 
varying between 0.80 and 1.50) using the combination of commercial geometries and materials used—solutions are 
only available for a limited set of cases (not enough to provide a proper calibration). Since the web-crippling 
slenderness is expected to influence the reliability index, a slightly different optimization problem is formulated. This 
approach, hereafter termed “design approach B”, is identical for beams susceptible to ① interaction between web 
crushing and web buckling, and ② web buckling, differing only in the range of web-crippling slenderness 
considered. It is characterized by 

min
𝒛

    Constant

s.t.    𝑉wc,Rd ― 𝑉wc,Ed = 0

        𝜆wc,k ― 𝜆wc,k,imposed = 0

        6.3 ≤ 𝑡 ≤ 14.5

        150 ≤ ℎ ≤ 400

        75 ≤ 𝑏f ≤ 150

        15 ≤ 𝑙b ≤ 250

        𝑄k > 0

(23)

where the vector of “design variables” is now given by 𝒛 = [𝑄k;𝑡;ℎ;𝑏f;𝑙b]T, where 𝑡 = 𝑡w = 𝑡f. Regarding the problem 
defined in Eq. (23), note that: ① the objective function consists of a constant value (e.g., rather than the volume of 
the pGFRP member) to prevent the algorithm from consistently selecting lower thicknesses; ② in addition to 𝑄k and 
𝑙b, all the I-section geometry dimensions (ℎ,𝑏,𝑡w,𝑡f) are considered decision variables; ③ the vector 𝝀wc,k,imposed 
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considered is [0.80, 0.85, 0.90, 0.95, 1.00] (interaction between web crushing and web buckling) and [1.05, 1.10, 1.15, 
1.20, 1.25, 1.30, 1.35, 1.40, 1.45, 1.50] (web buckling) (Eq. (13)); ④ the inequality constraints contain the 
geometrical applicability range of the DSM-based resistance model (Table 1); ⑤ the problem is solved for each 𝜒 
ratio and pre-imposed 𝝀wc,k,imposed, for each type of material, which define the number of design cases 𝑁DC; ⑥ the 
problem always has solution.

3.7. Examination and determination of partial safety factors

The first estimate of the partial safety factors is obtained by solving the optimization problem defined in Eq. (19) 
(Section 3.6). The final safety factors are then adjusted by rounding up (e.g., 1.22 to 1.25) and/or standardizing 
whenever possible (e.g., adopting an identical partial safety factor for both web-crippling loading conditions).

4. Results

This section presents, validates, and discusses the results obtained from the reliability-based code calibration procedure 
for pGFRP beams susceptible to web-crippling under ETF and ITF loading conditions. For the sake of clarity, the results 
concerning ① web crushing, and ② web buckling and web crushing-web buckling interaction, are addressed separately in 
Sections 4.2 and 4.3, respectively. Before presenting the results, the validation of the results obtained through FORM is first 
presented.

4.1. Validation of the FORM results

The validation of the results obtained through FORM is performed by comparing them with the crude MCS method. 
Naturally, when employing the MCS method, the generated samples are also correlated [89]. This comparison is carried out 
for four different design cases, for each failure mode. Tables 8 and 9 show the characterization of these design cases for ① 
web crushing, and ② web buckling and web crushing-web buckling interaction, each associated with the optimal 𝛾Rd obtained 
(solution of Eq. (19)). Tables 10 and 11, related to Tables 8 and 9, respectively, present the results obtained with ① the MCS 
method, as a function of the number of samples N, and ② FORM. To evaluate the precision of the MCS results, the relative 
standard error associated (𝛿) with the estimate of the probability of failure (𝑝f) (Eq. (24)) is employed.

𝛿 = (1 𝑝f)
𝑁𝑝f

(24)

The analysis of the results presented in Tables 10 and 11 shows that the difference between the two methods never 
exceeds 1.0%, when employing 𝑁 = 108, with 𝛿 barely exceeding 5% in one design case, indicating that the results obtained 
from FORM are accurate.

Table 8 

Web crushing: characterization of the four optimum design cases for validation of the reliability index.

Design case 1 Design case 2 Design case 3 Design case 4

Load case ETF ITF ETF ITF

Material 1 2 3 4

ℎ (mm) 120.0 300.0 360.0 200.0

𝑏 (mm) 60.0 150.0 180.0 100.0

𝑡f = 𝑡w (mm) 6.0 12.0 18.0 9.5

𝑄k (kN) 1.162 11.079 18.584 19.795
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𝑙b (mm) 50.51 95.01 38.83 27.09

𝜒 0.1 0.3 0.6 0.9

𝜆wc,k 0.75 0.70 0.60 0.50

Table 9 

Web buckling and web crushing-web buckling interaction: characterization of the four optimum design cases for validation of the reliability 
index.

Design case 1 Design case 2 Design case 3 Design case 4

Load case ITF ITF ETF ETF

Material 1 2 3 4

ℎ (mm) 288.5 400.0 400.0 400.0

𝑏 (mm) 100.0 100.0 100.0 95.5

𝑡f = 𝑡w (mm) 6.30 6.30 6.30 6.30

𝑄k (kN) 1.011 1.341 1.706 4.250

𝑙b (mm) 23.35 34.11 17.56 39.94

𝜒 0.1 0.2 0.6 0.9

𝜆wc,k 0.80 1.05 1.20 1.50

Table 10

Web crushing: comparison between crude MCS and FORM results for four selected optimal design cases.

𝑁Design case　

   

𝛿(𝑁 = 108)　 FORM |(MCS−FORM)|/MCS

1 3.7750 3.8630 3.8591 3.8502 1.30% 3.8484 0.05%
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2 4.1075 4.0556 4.1018 4.0955 2.18% 4.0947 0.02%

3 4.1075 4.1449 4.1828 4.1951 2.71% 4.2127 0.42%

4 3.9444 3.8421 3.8326 3.8240 1.23% 3.8163 0.20%

Table 11 

Web buckling and web crushing-web buckling interaction: comparison between crude MCS and FORM results for four selected optimum design 
cases.

𝑁Design case　

105 106 107 108

𝛿(𝑁 = 108) FORM |(MCS−FORM)|/MCS

1 3.7750 3.7484 3.7692 3.7672 1.10% 3.7994 0.85%

2 4.1075 4.3776 4.4497 4.4717 5.08% 4.4890 0.39%

3 4.2649 4.3439 4.4999 4.4137 4.44% 4.4568 0.98%

4 3.8461 3.8858 3.8630 3.8630 1.33% 3.8551 0.19%

4.2. Web crushing

This section presents the results obtained from the code calibration procedure for the four pGFRP 
materials under consideration. Fig. 5 shows, separately, the variation of 𝛽 versus 𝜒, for the ETF (Fig. 5(a)) 
and ITF (Fig. 5(b)) web-crippling loading scenarios, and for materials A (Figs. 5(a-i) and (b-i)), B (Figs. 5(a-
ii) and (b-ii)), C Figs. 5(a-iii) and (b-iii), and D Figs. 5(a-iv) and (b-iv), all associated with the Lind’s function 
(more detrimental). A similar figure proving the variation of 𝛽 versus 𝜒, concerning the least square function, 
is omitted since it is qualitatively similar. Tables 12 and 13 show the optimal results of 𝛾Rd obtained for each 
web-crippling loading scenario and material (A to D), using Lind’s function (Table 12) or the least square 
function (Table 13), while Fig. 6 illustrates the variation of 𝛾Rd (Fig. 6(a)) or 𝛾Rd𝛾m (Fig. 6(b)) versus the 
CoV of the relevant material property, 𝑓𝑦,c. All the results presented in this sub-section were obtained by 
adopting the “design approach A.” The analysis of the obtained results makes it possible to conclude that:
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Fig. 5. Web crushing: 𝛽 versus 𝜒 (Lind’s function, 𝑘L = 150) concerning (a) ETF and (b) ITF load cases, and materials (a-i, 
b-i) A CoV(𝑓𝑦,c) = 12.5% , (a-ii, b-ii) B CoV(𝑓𝑦,c) = 5.0% , (a-iii, b-iii) C CoV(𝑓𝑦,c) = 20.0% , and (a-iv, b-iv) D 
CoV(𝑓𝑦,c) = 30.0% .

Table 12

Web crushing: summary of 𝛾Rd and 𝛾Rd𝛾m versus distinct materials under ETF and ITF loading conditions (Lind’s function with 𝑘L = 150).

Material Resistance model 𝛾m 𝛾Rd 𝛾Rd𝛾m
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ETF 1.1740 1.3971A (CoV(𝑓𝑦,c) = 12.5%
)

ITF

1.1900

1.0560 1.2566

ETF 1.2873 1.3800B (CoV(𝑓𝑦,c) = 5.0%)

ITF

1.0720

1.2018 1.2883

ETF 1.1418 1.5049C (CoV(𝑓𝑦,c) = 20.0%)

ITF

1.3180

0.9921 1.3076

ETF 1.1440 1.7229D (CoV(𝑓𝑦,c) = 30.0%
)

ITF

1.5060

0.9650 1.4533

Table 13

Web crushing: summary of 𝛾Rd and 𝛾Rd𝛾m versus distinct materials under ETF and ITF loading conditions (least square function).

Material Resistance model 𝛾m 𝛾Rd 𝛾Rd𝛾m

ETF 1.0928 1.3004A (CoV(𝑓𝑦,c) = 12.5%
)

ITF

1.1900

0.9854 1.1726

ETF 1.2058 1.2926B (CoV(𝑓𝑦,c) = 5.0%)

ITF

1.0720

1.1322 1.2137

ETF 1.0396 1.3701C (CoV(𝑓𝑦,c) = 20.0%)

ITF

1.3180

0.9091 1.1981

ETF 1.0172 1.5319D (CoV(𝑓𝑦,c) = 30.0%
)

ITF

1.5060

0.8647 1.3023
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Fig. 6. Web crushing: (a) 𝛾Rd versus CoV(𝑓y,c) and (b) 𝛾Rd𝛾m versus CoV(𝑓y,c), obtained with Lind’s function (𝑘L = 150) 
and least square function.

(1) The shape of the 𝛽 versus 𝜒 curves for the ETF (Figs. 5(a-i)–(a-iv)) and ITF (Figs. 5(b-i)–(b-iv)) web-
crippling cases is similar (considering identical materials). In addition, the minimum values of 𝛽 are 
consistently associated with the extreme values of 𝜒 (0.1 or 0.9). 

(2) The most relevant material property, used to define 𝛾m (Section 3.3), is 𝑓𝑦,c for both ETF and ITF. 
No analysis of the FORM sensitivity factors (or 𝛼-factors) is required since it is the only material property 
involved in the resistance model.

(3) The analysis of the FORM 𝛼-factors reveals that the structural problem is either governed by 𝑓𝑦,c, 𝑄, 
or 𝜃R. Concerning the ETF loading scenario, the FORM 𝛼-factors show that the most relevant RVs are for ① 
material B (CoV = 5%):𝜃R (𝜒 ∈ [0.1, 0.3]) or 𝑄 (𝜒 ∈ [0.4, 0.9]); ② material A (CoV = 12.5%): 𝑓𝑦,c 
(𝜒 ∈ [0.1, 0.6]) or 𝑄 (𝜒 ∈ [0.7, 0.9]); ③ material C (CoV = 20.0%): 𝑓𝑦,c (𝜒 ∈ [0.1, 0.6]) or 𝑄 (𝜒 ∈ [0.7, 0.9])
; ④ material D (CoV = 30.0%): always 𝑓𝑦,c. Concerning the ITF counterparts, the FORM 𝛼-factors indicate 
that the most relevant RVs are for ① material B (CoV = 5%): 𝜃R (𝜒 ∈ [0.1, 0.4]) or 𝑄 (𝜒 ∈ [0.5, 0.9]); ② 
material A (CoV = 12.5%): 𝜃R (𝜒 ∈ [0.1, 0.4]) or 𝑄 (𝜒 ∈ [0.5, 0.9]); ③ material C (CoV = 20.0%): 𝑓𝑦,c 
(𝜒 ∈ [0.1, 0.5]) or 𝑄 (𝜒 ∈ [0.6, 0.9]); ④ material D (CoV = 30.0%): 𝑓𝑦,c (𝜒 ∈ [0.1, 0.8]) or 𝑄 (𝜒 = 0.9). 
These remarks are valid for the 𝛾Rd values obtained with Lind’s function, with only negligible changes noted 
for the values obtained with the least square function. 

(4) For web crushing, the difference in the reliability index of the same profile with distinct slenderness 
values is negligible (Fig. 5).

(5) The most detrimental case corresponds to material B (CoV = 5%), independent of the web-crippling 
test configuration (ETF or ITF), since the partial safety factor 𝛾Rd is higher (Fig. 6(a))—they are specially 
governed by 𝜃R or 𝑄 (see above-mentioned item（3）in this section, contrarily to the cases associated with 
the other materials. This conclusion is valid for both objective functions employed.

(6) Tables 12 and 13 show that ① 𝛾Rd varies significantly with the CoV 𝑓𝑦,c , and ② the ETF web-
crippling case is the most detrimental since it leads to higher 𝛾Rd values. For simplification purposes (Section 
3.7), since the difference between the 𝛾Rd values obtained for ETF and ITF is not too pronounced, it was 
decided to adopt an identical partial safety factor for the two web-crippling loading conditions (conditioned 
by the ETF test configuration). The more economical approach is to define 𝛾Rd as a function of the CoV 𝑓𝑦,c . 
Fig. 6(b) shows an almost perfect parabolic agreement trend between 𝛾Rd𝛾m and the CoV 𝑓𝑦,c , in all cases 
(loading condition or objective function employed). For sake of completeness, the four 𝛾Rd functions are 
represented in Eqs. (25)–(28): Eqs. (25) and (26) concern the ETF loading condition, obtained with Lind’s 
function and the least square function, respectively, while Eqs. (27) and (28) represent similar functions but 
concerning the ITF counterparts. Naturally, for design code implementation purposes, it may be assumed that 
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𝛾Rd is independent of the CoV 𝑓𝑦,c  and conservatively equal to 1.30 or 1.20, depending if the Lind’s function 
or least square function is adopted, that is, rounding up the 𝛾Rd value associated with material B corresponding 
to the ETF web-crippling case.

𝛾Rd = 1.3954 ― 6.55 × 10― 3CoV(𝑓𝑦,c) + 5.84 × 10― 4 CoV(𝑓𝑦,c)
2 × 1

𝛾𝑚
,     CoV(𝑓𝑦,c) ∈ [5%,30%] (25)

𝛾Rd = 1.3121 ― 6.42 × 10― 3CoV(𝑓𝑦,c) + 4.59 × 10― 4 CoV(𝑓𝑦,c)
2 × 1

𝛾𝑚
,     CoV(𝑓𝑦,c) ∈ [5%,30%] (26)

𝛾Rd = 1.337 ― 1.31 × 10― 2CoV(𝑓𝑦,c) + 5.66 × 10― 4 CoV(𝑓𝑦,c)
2 × 1

𝛾𝑚
,     CoV(𝑓𝑦,c) ∈ [5%,30%] (27)

𝛾Rd = 1.266 ― 1.32 × 10― 2CoV(𝑓𝑦,c) + 4.81 × 10― 4 CoV(𝑓𝑦,c)
2 × 1

𝛾𝑚
,     CoV(𝑓𝑦,c) ∈ [5%,30%] (28)

4.3. Web buckling and interaction between web crushing and web buckling

The results obtained from the code calibration procedure for ① web buckling, and ② web crushing-
web buckling interaction, are presented here. Since similar types of results are displayed, their presentation 
and discussion are abbreviated as much as possible. Fig. 7 shows, separately, the variation of 𝛽 versus 𝜒, for 
the ETF (Fig. 7(a)) and ITF (Fig. 7(b)) loading scenarios, for materials A (Figs. 7(a-i) and (b-i)), B (Figs. 7(a-
ii) and (b-ii)), C (Figs. 7(a-iii) and (b-iii)), and D (Figs. 7(a-iv) and (b-iv)), again all associated with the Lind’s 
objective function. Once again, since the variation of 𝛽 versus 𝜒 concerning the least square function is 
qualitatively similar, these results are omitted. Tables 14 and 15 show the optimal results of 𝛾Rd obtained for 
all materials, obtaining using Lind’s function (Table 14) or the least square function (Table 15), and Fig. 8 
illustrates the variation of 𝛾Rd (Fig. 8(a)) or 𝛾Rd𝛾m (Fig. 8(b)) versus the CoV of the relevant material property 
(unknown at this stage). Contrarily to the last section, all results were obtained adopting the “design approach 
B”. The joint observation of these results leads to the following comments:
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Fig. 7. Web buckling and web crushing-web buckling interaction: 𝛽 versus 𝜒 (Lind’s function, 𝑘L = 150) concerning (a) 
ETF and (b) ITF load cases, and materials (a-i, b-i) A CoV(𝐸y,c) = 12.5% , (a-ii, b-ii) B CoV(𝐸y,c) = 5.0% , (a-iii, b-iii) 
C CoV(𝐸y,c) = 20.0% , and (a-iv, b-iv) D CoV(𝐸y,c) = 30.0% .

Table 14

Web buckling and web crushing-web buckling: summary of 𝛾Rd and 𝛾Rd𝛾m versus distinct materials under ETF and ITF loading 
conditions (Lind’s function with 𝑘L = 150).

Material Resistance model 𝛾m 𝛾Rd　 𝛾Rd𝛾m
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ETF 1.2503 1.4875A (CoV(𝐸𝑦,c) = 12.5%)

ITF

1.1900

1.0273 1.2222

ETF 1.4657 1.5713B (CoV(𝐸𝑦,c) = 5.0%)

ITF

1.0720

1.2861 1.3787

ETF 1.1566 1.5244C (CoV(𝐸𝑦,c) = 20.0%)

ITF

1.3180

0.9231 1.2167

ETF 1.1068 1.6668D (CoV(𝐸𝑦,c) = 30.0%)

ITF

1.5060

0.8730 1.3148

Table 15

Web buckling and web crushing-web buckling: summary of 𝛾Rd and 𝛾Rd𝛾m versus distinct materials under ETF and ITF loading 
conditions (least square function).

Material Resistance model 𝛾m 𝛾Rd　 𝛾Rd𝛾m

ETF 1.1279 1.3422A (CoV(𝐸𝑦,c) = 12.5%)

ITF

1.1900

0.9521 1.1331

ETF 1.3740 1.4730B (CoV(𝐸𝑦,c) = 5.0%)

ITF

1.0720

1.1934 1.2793

ETF 0.9703 1.2789C (CoV(𝐸𝑦,c) = 20.0%)

ITF

1.3180

0.8047 1.0606

ETF 0.8525 1.2839D (CoV(𝐸𝑦,c) = 30.0%)

ITF

1.5060

0.6992 1.0530
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Fig. 8. Web buckling and web crushing-web buckling interaction: (a) 𝛾Rd versus CoV 𝐸𝑦,c  and (b) 𝛾Rd𝛾m versus CoV 𝐸𝑦,c
, obtained with Lind’s function (𝑘L = 150) and least square function.

(1) In contrast to what was observed for web crushing (Section4.2), the 𝛽 versus 𝜒 curves vary 
significantly with respect to 𝜆wc,k—the only exception corresponds to the results associated with material B 
(Figs. 7(a-ii) and (b-ii)). For materials C and D (highest material variability), it is noticeable in Figs. 7(a-iii)–
(b-iv) that there is a clear difference between the reliability index values corresponding to ① interaction 
between web crushing and web buckling (0.80 < 𝜆wc,k < 1.00), and ② web buckling (𝜆wc,k > 1.00), with 
the former influencing the 𝛾Rd values (lower 𝛽 values). For web buckling, there is a pronounced decrease in 
the reliability index as the slenderness increases. In addition, the results related to material A correspond to an 
intermediate case between ① material B (Figs. 7(a-ii) and (b-ii)), and ② materials C and D (Figs. 7(a-iii)–
(b-iv)). These findings attest the importance of considering/imposing specific slenderness values when 
determining optimal design cases (Section 3.6.2). These remarks are valid for the results obtained with Lind 
and least square functions.

(2) A careful analysis of the FORM 𝛼-factors reveals that the most relevant RV is ① 𝜃R or 𝑄, for 
materials A, B, or C, or ② mostly influenced by a material property (𝑓𝑦,c or 𝐸𝑦,c) but also by 𝜃R or 𝑄, for 
material D. This remark is valid for both ETF and ITF loading cases, and independently of the objective 
function employed.

(3) Regarding the most relevant material property for the ETF loading case, the comparison of the FORM 
𝛼-factors for the four material properties showed that it corresponds to: ① 𝑓𝑦,c, for 𝜆wc,k ∈ [0.80, 0.95] 
(materials B, C, and D) or 𝜆wc,k ∈ [0.80, 1.00] (material A), that is, 𝑓y,c is the relevant material property when 
web-crippling is triggered by the interaction between web crushing and web buckling (Section 2); ② 𝐸𝑦,c, for 
𝜆wc,k > 0.95 (materials C and D) or 𝜆wc,k > 1.00 (material A), when web-crippling is triggered by web 
buckling; ③ 𝐸𝑥,c, for 𝜆wc,k > 0.95, for material A, also for web buckling failures. Note that the influence of 

𝐸𝑥,c is provided (indirectly) by the minor Poisson’s ratio 𝜈𝑦𝑥 = 𝜈𝑥𝑦
𝐸𝑦,c

𝐸𝑥,c
. These remarks concern the results 

obtained with Lind’s function, however, very few differences were observed when considering the least square 
function.

(4) A similar study was conducted to find the most relevant material property for the ITF load case, 
corresponding to (these remarks are valid independently of the objective function employed): ① material 
A: 𝑓𝑦,c for 𝜆wc,k ∈ [0.80, 0.85], 𝐸𝑥,c for 𝜆wc,k ∈ [0.90, 1.00], or 𝐸𝑦,c for 𝜆wc,k > 1.00; ② material B: 𝐸𝑦,c for 
𝜆wc,k ∈ [0.80, 0.90] or 𝑓𝑦,c for 𝜆wc,k > 0.90; ③ materials C and D: 𝑓𝑦,c for 𝜆wc,k ∈ [0.80, 0.90] or 𝐸𝑦,c for 
𝜆wc,k > 0.90.

(5) The contents of above-mentioned items (3) and (4) in this section show that the most relevant material 
property is strongly dependent on 𝜆wc,k and the material under consideration. Given the potential influence of 
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any of the material properties 𝑓𝑦,c, 𝐸𝑦,c, and 𝐸𝑥,c (mostly the first two), the property that occurred most 
frequently as the most influential was considered, that is, 𝐸𝑦,c.

(6) Tables 13 and 14 shows that the most detrimental case, leading to a higher 𝛾Rd value, corresponds to 
material B (CoV = 5%), regardless of the web-crippling load case, as also occurred for web crushing (Fig. 
8(a)). In general, when considering the “overall” safety factor 𝛾Rd, material B also provides the highest value, 
except when the Lind’s function is considered for the ETF loading case, where the material D (CoV = 30%) 
is more detrimental (Figs. 8(a) and (b)).

(7) As occurred for web crushing (Section 4.2), Tables 14 and 15 show that 𝛾Rd varies significantly with 
the CoV of the relevant material property with the ETF web-crippling case, resulting in the most detrimental 
scenario (yields higher 𝛾Rd values). Comparing ① Tables 12 and 13, and ② Tables 14 and 15, it is clear that 
web buckling and web crushing-web buckling interactive failures require higher 𝛾Rd values to satisfy the 
optimization problem defined in Eq. (19). Contrary to the conclusion reached for web crushing (Section 4.2), 
Tables 14 and 15 show a significant difference between the two 𝛾Rd values obtained for ETF and ITF. As a 
result, distinct 𝛾Rd values are proposed. Similarly for web crushing, Fig. 8(b) shows that 𝛾Rd𝛾m exhibit a 
quadratic variation with CoV 𝐸𝑦,c , for the four cases displayed. These 𝛾Rd functions are represented in Eqs. 
(29)–(32). Eqs. (29) and (30) concern the ETF loading condition, obtained with Lind’s function and the least 
square function, respectively. Conversely, Eqs. (31) and (32) represent similar functions concerning the ITF 
counterparts. Naturally, for simplification purposes, it may be assumed that 𝛾Rd is independent of the CoV
𝐸𝑦,c  and conservatively equal to ① 1.30 or 1.20 (ITF), or ② 1.50 or 1.40 (ETF), depending whether the 

Lind’s function or least square function is adopted.

𝛾Rd = 1.6607 ― 2.24 × 10― 2CoV(𝐸𝑦,c) + 7.57 × 10― 4 CoV(𝐸𝑦,c)
2

×
1

𝛾m
, CoV(𝐸𝑦,c) ∈ [5%,30%]    (29)

𝛾Rd = 1.5921 ― 2.67 × 10― 2CoV(𝐸𝑦,c) + 5.48 × 10― 4 CoV(𝐸𝑦,c)
2

×
1

𝛾m
, CoV(𝐸y,c) ∈ [5%,30%]     (30)

𝛾Rd = 1.5212 ― 3.41 × 10― 2CoV(𝐸𝑦,c) + 9.11 × 10― 4 CoV(𝐸𝑦,c)
2

×
1

𝛾m
,  CoV 𝐸y,c ∈ [5%,30%] (31)

𝛾Rd = 1.4087 ― 2.89 × 10― 2CoV(𝐸𝑦,c) + 5.70 × 10― 4 CoV(𝐸𝑦,c)
2

×
1

𝛾m
, CoV(𝐸𝑦,c) ∈ [5%,30%]      (32)

5. Conclusions and future work

This paper presented a reliability-based code calibration procedure to determine 𝛾Rd, for DSM-based 
design rules of pGFRP I-section beams, susceptible to ETF and ITF web-crippling loading cases with 
unfastened flanges. It is worth noting that these failure modes are of utmost importance since pGFRP profiles 
exhibit considerably lower mechanical properties in the transverse direction, making them highly susceptible 
to concentrated transverse loads. After providing a detailed presentation of the resistance models and the 
procedure for calibrating/determining (optimal) partial safety factors, this procedure was applied to web-
crippling of pGFRP I-section beams. Initially, distinct 𝛾Rd were obtained for each loading condition (ETF and 
ITF) and failure mode, namely for ① web crushing, and ② web buckling and web crushing-web buckling 
interaction, both valid for consequence/reliability class CC2/RC2 𝛽target = 3.8 . Among the various findings 
reported in this paper, the following ones deserve to be highlighted:

(1) The variability of the material properties significantly influences the results obtained (reliability 
indices and partial safety factors).
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(2) The shape of the 𝛽 versus 𝜒 curves for the ETF and ITF web-crippling load cases are similar when 
considering identical materials.

(3) The 𝛾Rd values are conditioned by material B (lower variability) regardless of the web-crippling 
loading case (ETF or ITF) or failure mode (web crushing, web buckling or web crushing-web buckling 
interaction). Generally, in these scenarios, higher values of 𝛾Rd and “global” partial safety factor are obtained 
and the structural reliability problem is mainly governed by the uncertainty on the resistance model or variable 
load. 

(4) The analysis of the reliability indices for web crushing shows that there are no significant differences 
for identical slenderness values. Conversely, a clear disparity in the reliability index value was observed for 
web crushing-web buckling interaction (mainly) and web buckling, especially for the materials with higher 
variability (CoV 𝐸𝑦,c ≥ 20.0%). The former case consistently yields lower 𝛾Rd values. 

(5) The analysis of FORM sensitivity factors (or 𝛼-factors) concluded that the most relevant material 
property, essential to define 𝛾m in the resistance format of Ref. [11], is ① 𝑓y,c, for web crushing, or ② 𝐸y,c, 
for web buckling and web crushing-web buckling interactive failures. This remark holds for ETF and ITF 
web-crippling loading cases, and is independent of the objective function employed (Lind or least square 
function). 

(6) It was shown that the “overall” safety factor 𝛾Rd𝛾m exhibits a quadratic variation with the CoV of the 
relevant material property, independently of the case considered (failure mode, web-crippling loading 
condition, or objective function). 

(7) Based on the conducted calibration procedure, it is proposed the adoption of different 𝛾Rd values for 
ETF and ITF, both valid for the three failure modes. Although more accurate 𝛾Rd values can be obtained by 
considering the CoV of the relevant material property 𝑓𝑦,c or 𝐸y,c , for the sake of simplicity for code 
implementation, it is proposed to adopt conservative 𝛾Rd values of 1.30 (ITF) or 1.50 (ETF) for web-crippling 
loading cases, if the Lind’s penalty function (more detrimental) is considered in this procedure. Naturally, 
lower 𝛾Rd values can be obtained if the least square function is adopted, resulting in 1.20 (ITF) or 1.40 (ETF).

Finally, it is worth mentioning that the authors are currently working on providing extensive experimental 
failure data for I-beams susceptible to EOF and IOF web-crippling loading cases. This is a necessary first step 
before proposing accurate and reliable resistance models, as well as appropriate partial safety factors through 
a code calibration procedure, as performed in this investigation. Achieving these objectives will equip 
designers with reliable design rules for GFRP I-beams susceptible to the four web-crippling loading cases 
(ITF, ETF, EOF, and IOF). As noted in Section 1.1, only the IOF loading condition is covered by current 
standards [4,7]. Future steps involve ①  applying this methodology to other cross-section shapes, and ② 
incorporating an alternative resistance model, based on a numerical approach, to determine the resistance 
value of pGFRP beams subjected to web-crippling and defining an appropriate partial safety factor from a 
reliability analysis.
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