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The stress-strain characteristics of structural steels are predominantly influenced by their chemical composition,
manufacturing process and heat treatment. To date, various stress-strain models have been developed for hot-
rolled and cold-formed normal and high strength steels. This paper reviews the existing stress-strain models
and establishes new unified models suitable for both normal and high strength steels (HSS). Additionally, factors
influencing the occurrence and length of the yield plateau are discussed and a simple criterion to distinguish
between steels with a sharply-defined yield point and yield plateau and those with a rounded stress-strain
response is proposed. Building on previous research, a comprehensive database, comprising over 2850 experi-
mentally derived stress-strain curves on hot-rolled and cold-formed steels from the global literature, has been
compiled and analysed. These curves encompass a wide range of steel grades, with the coupon specimens
extracted from various cross-section profiles. The accuracy of existing predictive expressions for the key material
parameters is assessed and new predictive expressions are introduced where necessary. Overall, the proposed
models enhance the consistency, range of applicability and predictive accuracy of stress-strain curves for
structural steels, which are essential for facilitating the growing use of advanced computational methods in the

analysis and design of steel structures.

1. Introduction

The application of advanced computational and analytical methods
in structural steel design relies on accurate representations of the key
input parameters, including the full stress-strain curve of the material
[1,2]. Extensive research has been carried out to investigate the
stress-strain behaviour of structural steels, resulting in the development
of various stress-strain models, differing in complexity, ease of appli-
cation and accuracy [1-8]. Some of the existing material models were
developed for specific steel grades [3-5], and thus have a limited range
of applicability. The stress-strain characteristics of structural steels are
predominantly influenced by their alloy composition, manufacturing
process (e.g. hot-rolling and cold-forming) and heat treatment (e.g.
normalising, thermo-mechanically controlled rolling process and
quenching and tempering). Typically, two primary types of stress-strain
behaviour are identified for structural steels: those that exhibit a
sharply-defined yield point, a distinct yield plateau followed by strain
hardening (referred to as discontinuous yielding), and those that show a
rounded, continuous increase in stress without a distinct yield point
(referred to as continuous yielding). Cold-formed steels, influenced by
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the cold work generated during the manufacturing process, typically
exhibit a rounded stress-strain response [3,9] (i.e. continuous yielding).
Hot-rolled steels, on the other hand, can exhibit either discontinuous or
continuous yielding [4,5], though accurately predicting which of the
two responses will arise remains a challenge.

In recent years, there has been a growing utilisation of structural
steels with higher yield strengths, known as high strength steels (HSS),
with nominal yield strengths equal to or above 460 MPa. This trend is
primarily driven by the advantages of using HSS in the construction
industry, including the reduction of structural element sizes and foun-
dation dimensions [10,11]. However, to date, material models for pre-
dicting the stress-strain behaviour of HSS are limited, largely due to the
scarcity of experimental data available when these models were devel-
oped. Moreover, while some existing material models for HSS accurately
represent the stress-strain behaviour of specific steel grades, their range
of applicability is limited [12]. To address this research gap, the present
paper focuses on defining unified stress-strain models for both hot-rolled
and cold-formed structural steels that can be applied across a wide range
of steel grades. Recognising that hot-rolled steels can exhibit either a
distinct yield point followed by a yield plateau or a rounded stress-strain
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Fig. 1. Typical stress-strain curves for HSS fabricated using different heat
treatment and manufacturing processes.

response, criteria to predict the specific stress-strain behaviour of a
given hot-rolled steel (i.e. whether it exhibits discontinuous yielding or
continuous yielding) are first examined. Subsequently, existing predic-
tive models are evaluated using a comprehensive database of measured
stress-strain curves sourced from the literature and modifications are
proposed as necessary. Finally, the accuracy and applicability of the new
models are demonstrated.

2. Literature review
2.1. Production of structural steels

Steel products are manufactured using various methods, with hot-
rolling and cold-forming being the most commonly utilised production
routes for structural elements. Hot-rolled structural steel products are
typically manufactured at temperatures above their recrystallisation
temperature, allowing for easier shaping and resulting in steel products
with uniform material properties, consistent hardness and good ductility
[3,4]. Conversely, cold-formed steel products are generally manufac-
tured at room temperature, where substantial plastic deformation occurs
during the cold-forming process. This leads to an enhanced yield
strength but reduced ductility compared to their hot-rolled counterparts.
Furthermore, cold-formed steels typically exhibit a rounded stress-strain
response due to the effects of cold working [3,6].

The chemical composition of structural steels also influences their
stress-strain behaviour. The key constituents of structural steels are iron
and carbon, with additional alloying elements added to achieve the
desired mechanical properties. Iron serves as the primary element,
providing the basic structure and strength. A higher carbon content re-
sults in increased hardness and strength but reduced ductility and
weldability, whereas lower levels of carbon provide enhanced ductility
and weldability but concurrently lower strength [13]. Manganese (Mn),
chromium (Cr), nickel (Ni), molybdenum (Mo), and vanadium (V) are
among the most commonly used alloying elements in structural steels.
The influence of these alloying elements on the mechanical properties of
structural steels can be found in [13,14].

Another critical aspect influencing the mechanical properties of
structural steels is the heat treatment. Three different heat treatment
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processes are commonly utilised in the production of structural steels:
normalising (N), quenching and tempering (QT) and thermo-
mechanically controlled processing (TMCP). Normalised steels, typi-
cally characterised by higher carbon (C) and Mn content, are produced
through conventional hot-rolling followed by a normalising heat treat-
ment. During this normalising process, the steel is heated to approxi-
mately 900°C, maintained at that temperature for a specific duration,
and then cooled naturally in air. This process produces a refined and
uniform grain structure, leading to improved toughness [14]. QT is a
two-step heat treatment process used to enhance the mechanical prop-
erties of steel. Initially, the steel is rapidly cooled from a high temper-
ature of approximately 900°C, usually in water, to form a robust
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Fig. 2. (a) Quad-linear and (b) Bilinear plus nonlinear hardening material
model for hot-rolled steels.
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martensitic or bainitic grain structure, thus achieving high material
strength. Following quenching, the steel is reheated and maintained at a
lower temperature around 600°C, then allowed to cool naturally in air.
This latter step, known as tempering, reduces brittleness and signifi-
cantly improves toughness and ductility [14]. TMCP, an advanced steel
manufacturing technique, involves rolling steels with reduced carbon
content within a controlled temperature range below their austenitisa-
tion temperature. This process is designed to achieve specific micro-
structural characteristics that enhance the strength, weldability and
ductility. QT and TMCP are often used for manufacturing HSS with
grades higher than S460. Fig. 1 shows typical stress-strain curves of
various HSS produced using different heat treatment and manufacturing
processes, with some exhibiting discontinuous yielding and others dis-
playing continuous yielding. Criteria for distinguishing between these
two stress-strain characteristics are discussed in Section 4 of this paper.

2.2. Existing stress-strain models for structural steels

A variety of material models have been developed to describe the
stress-strain response of hot-rolled structural steels [4]. For hot-rolled
steels characterised by discontinuous yielding behaviour, two widely
utilised models include the quad-linear material model (defined by Eqgs.
(1)-(4)) and the bilinear plus nonlinear hardening material model
(defined by Eq. (5)) developed by Yun and Gardner [4].
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These models are depicted in Fig. 2 and the notation is defined as
follows: f and ¢ represent engineering stress and strain; respectively, f,
denotes the ultimate stress, ¢, denotes the ultimate strain, &y, denotes the
strain hardening strain at which the plastic yield plateau ends and strain
hardening initiates and E, is the slope of the first linear hardening re-
gion, determined as the slope of the line passing through two defined
points on the stress-strain curve, specifically the strain hardening point
(&, fy) and a specifically defined second point (Caey, fu), as shown in
Fig. 2(a). The two material coefficients, C; and C», are used to effectively
establish a ’cut-off’ strain for the third stage of the quad-linear model to
prevent over-predictions of material strength and to define the strain
hardening slope, Eg,, respectively. Both the quad-linear material model
and the bilinear plus nonlinear hardening material model [4] accurately
depict the stress-strain response of hot-rolled steels, featuring a linear
elastic region up to the sharply defined yield point, followed by a yield
plateau and subsequent strain hardening. Their inclusion in the latest
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Fig. 3. Two-stage Ramberg-Osgood model for metallic materials with rounded
stress-strain curves.

Eurocode prEN 1993-1-14 [15] underscores their widespread accep-
tance. However, despite calibration against over 500 experimental
stress-strain curves, the majority of the original calibration data pertains
to normal strength steels due to limited availability of HSS data at the
time. Therefore, the accuracy of these models for HSS requires further
examination; this is carried out in Section 6.

The Ramberg-Osgood model [6,7] has been widely used for
describing the rounded stress-strain curves of metallic materials exhib-
iting such characteristics. This model requires three key input parame-
ters: the Young’s modulus E, the material yield strength f; (i.e. taken as
the 0.2% proof stress for materials with rounded stress-strain curves),
and the strain hardening exponent n [7]. To accurately capture the
stress-strain response at larger strains beyond ¢y, i.e. the total strain
corresponding to the yield strength f;, Mirambell and Real [8] further
refined the original one-stage Ramberg-Osgood relationship [6] into a
smooth two-stage stress-strain curve (as represented by Eq. (6)) by
introducing a second strain hardening exponent m. This modification
allows the model to extend into a second stage that continues up to the
ultimate tensile stress f,. Fig. 3 illustrates the two-stage Ramberg-Os-
good model defined by Eq. (6), where Ej ; is the tangent modulus of the
stress-strain curve at the 0.2% proof stress, and m denotes the second
strain hardening exponent for the second-stage of the stress-strain curve.

£+0.002<j{> forf<f,
8: y - (6)
(oo ) (7)o e

The two-stage Ramberg-Osgood model was initially developed for
stainless steels at room temperature, and has since been calibrated and
extended to model cold-formed steels [1], aluminium alloys [16],
stainless steels at elevated temperatures [17,18] and specific grades of
HSS exhibiting rounded stress-strain behaviour [15]. Criteria to identify
HSS grades with rounded stress-strain behaviour are discussed in Sec-
tion 4 of this paper, while the accuracy of the two-stage Ramberg-Os-
good model to describe the stress-strain response of these HSS grades, as
well as cold-formed steel, is further assessed, based on the extensive
experimental database assembled herein.
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Table 1
Summary of number and details of hot-rolled steel coupon test data.

References Steel grade Carbon content (%) No. of material parameters (f,, ¢, and &) No. of full stress-strain curves
Wang [20] $355° 0.22 5 5
Liew [21] $355° - 31 31
Foster et al. [22] $355JR" - 14 14
Chan and Gardner [23] $355° - 19 19
Wang et al. [24] S4607/5690° 0.14-0.21 29 29
Kuhlmann [25] - - 10 -
Nseir [26] $355° - 24 -
Foster and Gardner [27] $355° - 4 -
Saloumi et al. [28] $355° - 61 61
Cuk et al. [29] - - 10 -
Hui-yong et al. [30] Q460 - 3 3
Hui-yong et al. [31] Q420! - 6
Kettler [32] $235° /8355° - 22 22
Luo [33] Q345GJ¢ - 24 -
Shi et al. [34] Q420 - 15 15
Lin [35] Q460" - 3 3
Yang [36] Q235 - 6 -
Cao [37] Q345GJ¢ - 24 -
Yu [38] Q235 - 1 -
Qi [39] Q235¢ - 1 -
Chen et al. [40] Q390%/Q345 - 3 3
Lu et al. [41] Q235%/Q345%/Q420¢ - 6 6
Coelho et al. [42] $690°/5960° - 4 4
Zhao [43] Q345GJ¢ - 20 -
Zhou [44] Q235%/Q345¢ - 12 -
Sholouhian and Shi [45] Q345 /Q460 - 10 10
Yun et al. [46] $235% /355" - 12 12
Wilkinson [47] S2757 - 8 -
D’Aniello et al. [48] - - 9 -
Qiao [49] Q235¢ - 10 -
Bao[50] Q420 - 57 -
Sadowski et al. [51] $235° - 74 -
Wang et al. [52] S460NH"/S690QH" 0.15 29 29
Lee et al. [53] SM490'/HSA800%/ 8

HSB800®
Kim et al. [54] SM490'/HSA800° - 10 10
Iyama et al. [55] SA440C" 0.11 3 3
Sajid and Kiran [56] A36"/A572"/A992" 0.05-0.15 6 6
Han and Kim[57] $235J2G3"/5355M”/ S460N” 0.07-0.22 4 -
Qiang et al. [58] S460NL"/ S690QL* 0.16-0.17 2 2
Kayser et al. [59] HPS70W' 0.1 4 -
Eren [60] S420M°/ S690QL* 0.08-0.13 12 12
Lacalle et al. [61] $235JR"/S460ML"/

S6900L 0.12-0.13 3 -
Kim et al. [62] SM490TMC' 0.16 18 -
Lee and Engelhardt [63] A992" 0.08 1 -
Loureiro [64] RQT701° 0.17 1 -
McCann et al. [65] $355° - 1 1
Fahnestock [66] HPS100W' 0.08 6 6
Qiang et al. [67] S960QL" 0.18 1 1
Moze et al. [68] S960QL® - 1 1
Farajian et al. [69] S960QL" - 1 1
Partin et al. [70] A516N"/A514AR"/

A514QT"/A514AQ"/ 0.05-0.20 6 6

A553"/HSLA100
Mrozinski and Piotrowski [71] $355 - 1 -
Tang et al. [72] Q345¢ - 1 1
Zhao et al. [73] $385,/5440/5690° - 3 3
Neuenschwander et al. [74] S690QL°/S960QL" 0.14-0.17 4 -
Ho et al. [75] $690° 0.14 6 6
Liu et al. [76] S690QT" 0.13 3 -
Ma et al. [77] $690° - 9 9
Ribeiro et al. [78] $355° - 3 -
Faralli [79] $2357/5275"/$355°/5450 - 4 4
Versaillot [80] $275°/5355%/5460°/ ) 4 4

S690QL®
Kaufmann et al. [81] A36"/A572"/A913" 0.07-0.17 4 4
Yi et al. [82] HSB800® - 2 -
Choi et al. [83] SM570TMC' - 2 2
Li et al. [84] Q690 - 1 -
Huang et al. [85] Q550%/Q690°/Q890 0.08-0.17 3 3
Lan et al. [86] Q890* - 2 2

(continued on next page)
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Table 1 (continued)
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References Steel grade Carbon content (%) No. of material parameters (f,, &, and &) No. of full stress-strain curves
Kim et al. [87] HSA800° 0.05 9 -
Kim et al. [88] SM579TMC'/ HSA800° 0.05 3 3
Kawabata et al. [89] SHY685NS 0.1 1 -
Frank and Wilson [90] HPS70' - 6 -
Shim et al. [91] HSB500%/HSB600%/ ) 3 3
HSB800®
Youn et al. [92] HSB600° - 1 1
Choi et al. [93] SM490'/HSB800? 0.05-0.16 3 -
Jiang et al. [94] Q690CFD 0.09 1 1
Salem et al. [95] HPS100W' 0.06 21 -
Choi et al. [96] HSA800° - 1 1
Yoo et al. [97] HSA800° - 3 3
Kim et al. [98] HSA800° - 2 2
Lee [99] HSA800¢/SM490'/ ) 3 3
SM570'
Oh and Park [100] HSAS800¢ - 3 3
Lietal [101] $960° - 3 -
Choi et al. [102] HSB800® - 3 3
Yan et al. [103] RQT701° 0.14 2
Ban et al. [104] - - 3 -
Cadoni and Forni [105] S960QL" - 2 2
Amraei et al. [106] $960°/51100 0.09-0.13 2
Wang et al. [107] S960QL" 0.16 8 -
Chen et al. [108] Q690D° - 5 -
Liu [109] $275%/8355%/5690°/5960° - 43 43
Amraei et al. [110] S700°/5960°/S1100 0.09-0.13 3 -
Guoetal. [111] $355°/5690° 0.22-0.23 4 -
Suetal. [112] S690° - 2 2
Zhang et al. [113] Q690° 0.17 3 -
Cadoni and Forni [114] S690QL" - 2 2
Lin et al. [115] Q345/Q690°/Q960" - 4 4
Hai et al. [116] Q235d/dQB45d/Qd460Dd/ ’ 0.16-0.17 o i
Q550D/Q690D?/Q890D
Shi et al. [117] Q460D 0.054 3 -
Wang et al. [118] Q460" - 2 -
Kang et al. [119] Q460GJ¢ - 3 3
Kang et al. [120] Q460GJ* - 2 2
Yang et al. [121] Q460GJ¢ - 2 2
McDermott [122] A514QT" - 8 -
Yuan [123] 300 W//350W'/480W// ) 4 4
700Q’
Liet al. [124] Q690° - 5 -
Wang et al. [125] Q690D 0.12-0.15 5 -
Ma et al. [126] Q690 - 9 -
Sun et al. [127] Q690 - 6 -
Ho et al. [128] $275°/8690° 0.14-0.16 4 4
Ho et al. [129] $690° 0.08-0.14 30 30
Chung et al. [130] $690° 0.13 1 1
Yang et al. [131] Q690° - 3 3
Yang et al. [132] Q550GJC’ 0.06 3 3
Lin et al. [133] Q345%/ Q690 /Q960" - 4 4
Zeng et al. [134] Q890! - 1 1
Sun et al. [135] S690° - 2 -
Shi et al. [136] Q890 - 2 -
Wang et al. [137] Q345%/Q500 - 2 2
Chen et al. [138] BISPLATES0"/ XLERPLATE350' - 2 -
Wang et al. [139] Q960" - 1 -
Lin et al. [140] Q345%/ Q690 /Q960 - 4 4
Shi et al. [141] S690QL1°/S700MC"/ ) , i
S960QL®
Meng and Gardner [142] $355%/5690°/S770 0.14-0.16 14 14
Zhu et al. [143] $355°/5690° 0.14-0.17 4 4
Shi and Xu [144] Q345%/0Q550¢ - 3 -
Shokouhian et al. [145] Q345/Q460° - 9 9
Chen et al. [146] Q355%/Q460°/ Q690! 0.07-0.14 4 4
Qiang et al. [147] S690° 0.16 1 1
Ho et al. [148] $275%/5355%/54607/S690° $960° - 5 -
Liu et al. [149] Q690 0.14 12 12
Chen et al. [150] Q355%/Q460/Q690 - 4 4
Huang et al. [151] Bisalloy 80" - 6 -
Le et al. [152] BISPLATES0"/
BISPLATE100" ) 4 4

(continued on next page)



L.N. Dissanayake et al.

Table 1 (continued)
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References Steel grade Carbon content (%) No. of material parameters (f,, &, and &) No. of full stress-strain curves
Tang [153] BISPLATES0" 13 13

Safebrictile [154] $235%/5355%/5460" 190 -

Total 1248 557

@ Specified according to EN 1993-1-1:2022 [155];

b Specified according to EN 10027-1:2016 [156];

¢ Specified according to EN 1993-1-12:2007 [157];

4 Specified according to GB 50017-2017 [158];

¢ Specified according to EN 10025-6:2019 [159];

f Specified according to JSS 1 02:2017 [160];

8 Specified according to KS D 0001:2022 [161];

" Specified according to ASTM A6/A6M:2021 [162];

! Specified according to ASTM A709/A709M:2021 [163];
J Specified according to G40.20-13/G40.21-13:2018 [164];
k Specified according to AS 3597:2008 [165];

! Specified according to AS/NZS 3678:2016 [166].

3. Experimental database

In this paper, the most comprehensive experimental dataset to date,
building on previous studies [3,4], has been established and used to
assess the existing predictive expressions for the key material parame-
ters of both hot-rolled and cold-formed steels across various grades. The
database comprises a total of 1248 hot-rolled steel and 1603
cold-formed steel tensile coupon test results from a diverse set of
experimental programmes conducted worldwide. Tables 1 and 2 sum-
marise the collected hot-rolled and cold-formed steel coupon test data,
respectively, including details on the carbon content (for hot-rolled
steels), steel grade, as well as the number of coupons for which the
key material parameters and full-range stress-strain curves are available
from each source. The collected coupon test results encompass steel
grades with nominal yield strengths ranging from 235 N/mm? to
1100 N/mm?. Note that only coupons tested under quasi-static loading
conditions (i.e. at low strain rates, in accordance with material testing
standards) have been considered herein: dynamic effects associated with
high strain rates have been examined elsewhere [19]. Values of key
material parameters, including E, fy, fu, &h, €u, N and m, were either
directly obtained from the literature when available or extracted from
the collected full-range stress-strain curves following the data processing
procedures described in [3,4]. The obtained material property data were
then utilised to perform statistical analysis and evaluate the accuracy of
existing predictive equations, as detailed in Section 5.

4. Criteria to predict the presence of a yield plateau in stress-
strain curves of hot-rolled steels

4.1. Factors affecting the presence of a yield plateau

The stress-strain behaviour of structural steels is influenced by
several factors, including the chemical composition, heat treatment and
manufacturing processes. Hot-rolled steels may exhibit either discon-
tinuous or continuous yielding; predicting which of the two responses
will occur is important for the selection of a suitable material model to
be used in structural analysis and design. Wang et al. [5] proposed
simple criteria for determining the presence of a yield plateau in
stress-strain curves of HSS based on the yield strength and carbon con-
tent. Specifically, they observed that HSS with yield strengths f;
exceeding 500 MPa and carbon contents C% greater than
0.09 + 7 x 10’5(fy - 500) exhibit a distinct yield plateau, while those
not meeting these criteria display continuous yielding behaviour. The
criteria were shown to have good predictive accuracy across all inves-
tigated HSS manufactured by N, QT, and TMCP. Chen et al. [241] also
investigated various HSS grades and observed that steels with nominal
yield strengths up to 460 MPa usually feature a pronounced yield
plateau, whereas those with nominal yield strengths of 890 MPa or

higher tend to exhibit a rounded stress-strain response without a
well-defined yield point.

To facilitate the selection of an appropriate material model for hot-
rolled steels, the criteria proposed by Wang et al. [5] for predicting
the presence of a yield plateau based on the material yield strength and
carbon content, are further assessed in this section. Refinements to the
criteria are then proposed following comparisons against the extensive
database of stress-strain curves assembled in the present study, as
detailed in the following subsections.

4.2. Criteria to predict the presence of a yield plateau

4.2.1. Criteria based on measured yield strength and carbon content

The percentage carbon content (C%), where available, for each of the
collected hot-rolled steels summarised in Table 1 is plotted against the
corresponding measured yield strength f; r, in Fig. 4. This corresponds to
a total of 317 data points for hot-rolled steels. Note that the collected
cold-formed steels summarised in Table 2 were excluded from this
analysis, since they are assumed to have undergone sufficient cold work
to exhibit continuous yielding behaviour without a distinct yield
plateau, regardless of the carbon content. The data presented in Fig. 4
align closely with the findings reported in [5,241]. Specifically, the
hot-rolled steels with measured yield strengths fyn of 500 MPa and
below exhibit discontinuous yielding behaviour with a distinct yield
plateau, whereas the majority of the HSS with measured yield strengths
fym equal to or above 890 MPa display rounded (i.e. continuous)
stress-strain behaviour. For hot-rolled steels with measured yield
strengths f; ,m between 500 and 890 MPa, those with a higher carbon
content (> 0.1%) typically demonstrate discontinuous stress-strain
behaviour while those with a lower carbon content (< 0.1%) tend to
display continuous stress-strain behaviour without a yield plateau. The
criteria proposed for predicting the presence of a yield plateau in
stress-strain curves of hot-rolled steels, based on their measured yield
strengths and carbon content, are summarised in Table 3, as well as
shown in Fig. 4. The accuracy of these criteria is assessed in Table 4,
demonstrating a high level of predictive capability.

4.2.2. Criteria based on nominal yield strength and the maximum carbon
content

For cases where the measured yield strength f; 1, and carbon content
of a steel are unavailable, which will typically be the case for a structural
designer, modified criteria have been proposed based on the nominal
yield strength f; , and the maximum carbon content specified in industry
standards for the corresponding steel grade. The maximum carbon
content for each steel grade in Table 1 is plotted against its nominal yield
strength fy ., as shown in Fig. 5. Note that using the nominal yield
strength and the maximum carbon content of the steel grade instead of
values from each individual coupon test results in a significant overlap
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Table 2
Summary of number and details of cold-formed steel coupon test data.

No. of material parameters

Reference Steel grade No. of full stress-strain curves
(fu and &,)
Afshan et al. [167] $3557 12 8
Becque and Wilkinson [168] C450° 24 -
Chen and Young [169] - 8 8
Chen and Young [170] - 12 12
D’Aniello et al. [48] - 12 -
Fratamico et al. [171], [172] - 56 56
Gardner et al. [173] $235° 10 10
Hui [174] - 7 -
Jiao et al. [175] - 2 2
Kwon and Hancock [176] G500° 10 -
Key [177] - 22 -
Kesti [178] $350¢ 2 -
Kaitila [179] $350° 32 32
Kettler [32] $275"/8355" 24 24
Kyvelou et al. [180] S4507 6 6
Kyvelou et al. [181] $450" 9 9
Liand Li [182] Q345° 12 -
Li and Young [183] $700'/5900 3 -
Li and Young [184] $700'/8900 11 -
Liu et al. [185] Q235° 9 -
Ma [186]; Ma et al. [187] $700'/5900/51100 22 22
Maia et al. [188] - 1 -
Mohan and Wilkinson [189] C450° 22 -
McCann et al. [190] $3557 3 3
Nseir [26] $355" 17 16
Rasmussen [191] G500° 1 -
Schillo et al. [192] $500'/5700° 34 19
Salmi et al. [193] $3557/5460" 215 112
Sundararajah et al. [194] G450°/G500°/G550° 10 -
Singh and Singh [195] Yst—310% 21 -
Tran et al. [196] $650' 18 -
Torabian et al. [197] - 12 -
Uzzaman et al. [198] - 5 -
Wilkinson [47] C450°/C350° 76 76
Young [199] G450°/G500° 3 -
Young [200] G450°/G500°¢ 3 -
Yan and Young [201] G450° 1 -
Young and Rasmussen [202] G450° 4 -
Yi and Young [203] - 8 -
Zhao and Hancock [204] - 10 -
Zhu et al. [205] - 8 -
Lan et al. [86] Q890°¢ 2 2
Petronis et al. [206] S700MC" 2 2
Winful et al. [207] S700MC” 2 2
Jiang et al. [94] Q690CFD* 1 1
Chiew et al. [208] RQT-5690" 1 1
Wang et al. [24] SSOOMC“/S700MCa/S960QCh 6 6
Lan et al. [209] Q960° 19 3
Suet al. [210] 5960" 2 2
Fang et al. [211] S690° 41 15
Sun et al. [135] S700MC” 2 2
Zhang et al. [212] S690* 18 18
Hu et al. [213] $690° 3 3
Chen and Chan [214] Q690°/Q960° 2 2
Chen et al. [215] - 2 2
Jiang et al. [216] Q690! 6 6
Liu et al. [217] Q690 22 22
Liu et al. [218] Q460°/Q550°/Q690° 78 78
Liu et al. [219] Q235°/Q275°/Q355° 224 224
Xietal. [220] Q690°/Q960° 5 5
Shi et al. [141] S700MC" 3 3
Zhu et al. [221] Q460° 14 14
Chen et al. [222] Q460°¢ 4 4
Meng and Gardner [9] S700° 6 6
Osofero et al. [223] - 2 2
Hradil and Talja [224] S700MC"/S960MC" 2 2
Pandey [225], Pandey and Young [226] $900"/5960" 13 13
Xia et al. [227] DP340/DP580/DP700/ HSLA700 MS1030/MS1200 43 43
Ayhan and Schafer [228] Grade 50' 39 39
Padilla-Llano et al. [229] Grade 33'/Grade 50' 92 92
Padilla-Llano et al. [230] Grade 33'/Grade 50' 53 53
Peterman and Schafer [231] Grade 50' 10 10
Yu and Schafer [232], [233] Grade 50' 58 58

(continued on next page)
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Table 2 (continued)
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No. of material parameters

Reference Steel grade No. of full stress-strain curves
(fu and &)

Zhang et al. [234] - 18 18

Tao et al. [235] Grade 33'/Grade 50' 31 31

Total 1603 1199

@ Specified according to EN 1993-1-1:2022 [155];

b Specified according to AS/NZS 1163:2016 [236];

¢ Specified according to AS 1397:2011 [237];

4 Specified according to EN 10027-1:2016 [156];

¢ Specified according to GB 50017:2017 [158];

f Specified according to EN 1993-1-12:2007 [157];

8 Specified according to IS 4923:2017 [238];

b Specified according to EN 10149-2:2013 [239];

! Specified according to ASTM A1003/A1003M:2023 [240].

of data in Fig. 5, as a substantial number of the coupon test results
included in Table 1 are of the same steel grades. This overlap in data
makes it less straightforward to effectively demonstrate the proposed
criteria for predicting the presence of a yield plateau in stress-strain
curves across the different hot-rolled steel grades. Therefore, the data
in Fig. 5 are presented in the form of a bubble chart to illustrate the
relative distribution of data points for each specific steel grade, with the
area of the bubbles being proportional to the number of associated data
points.

A total of 1197 data points have been gathered in Fig. 5, illustrating
the nominal yield strength f; , versus the maximum carbon content of
their corresponding steel grade, along with information regarding the
presence or absence of a yield plateau in their stress-strain curves. As
shown in Fig. 5, steel grades with nominal yield strengths f; , 460 MPa
and below generally show discontinuous yielding with a yield plateau,
while HSS grades with nominal yield strengths f;, equal to or above
890 MPa tend to exhibit rounded stress-strain behaviour without a yield
plateau, irrespective of the maximum carbon content specified in their
respective standards [155-166]. These observations from Fig. 5 align
well with the findings from Fig. 4, where the nominal yield strengths of
460 MPa and 890 MPa correspond closely to the measured yield
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Fig. 4. Assessment of criteria for predicting the presence of a yield plateau in
stress-strain curves of hot-rolled steels based on measured yield strength and
carbon content.

strengths of 500 MPa and 890 MPa, respectively, divided by their cor-
responding overstrength factors (i.e. the ratio between the mean and
nominal yield strengths). Specifically, an overstrength factor of 1.10 is
applied for grade S460 steel as per EN 1993-1-1 [15], while a factor of
1.00 is recommended in [241] for grade S890 steel. For steel grades with
nominal yield strengths f; , between 460 and 890 MPa, those with the
maximum carbon content below 0.2% predominantly exhibit contin-
uous yielding without a yield plateau, while steel grades with a higher
permissible maximum carbon content (i.e. C% > 0.2) tend to exhibit
discontinuous yielding with the presence of a yield plateau in their
stress-strain curves. The criteria proposed to predict the presence of a
yield plateau in stress-strain curves of hot-rolled steels based on the
nominal yield strength fy , and the maximum carbon content specified
for each steel grade, are summarised in Table 5. The predictive accuracy
of the proposed criteria is assessed in Table 6, demonstrating good
overall results.

5. Development of predictive expressions for key material
parameters

In this section, the existing predictive equations for the key material
parameters utilised in the previously described material models [3-5],
including f,, ey, €sh, n and m, are evaluated against the expanded dataset
collected in the present study. Modifications are made where necessary
to unify the predictive equations across the full range of steel grades and
to improve predictive accuracy.

5.1. Ultimate tensile strength f,

The collected results from 1248 hot-rolled steel and 1603 cold-
formed steel tensile coupon tests, as summarised in Tables 1 and 2,
respectively, are utilised to analyse the variation of the f,/fy ratio with
respect to the yield strength fy, as illustrated in Figs. 6 and 7, respec-
tively. Note that in this section, unless otherwise stated, the measured
values of material properties, rather than the nominal values, are
employed throughout the analyses. The predictive equations of f,/fy in
relation to f; proposed by Yun and Gardner [4] for hot-rolled steels,
Gardner and Yun [3] for cold-formed steels, and Wang et al. [5] for high
strength steel, as given by Eqgs. (7), (8) and (9), respectively, are also
plotted in Figs. 6 and 7 for comparison purposes.

fu / fy =14 (200 / £;)"7%, for hot — rolled steels (7)
fu / fy=1+(130 / £;)"*°, for cold — formed steels (8)
fu/fy = 0.85 +205 /f,, for HSS ©

The trend of f,/fy versus fy from the collected data is well captured by
all the three predictive expressions, as shown in Figs. 6 and 7. Statistical



L.N. Dissanayake et al.

Table 3

Criteria for predicting the presence of a yield plateau in stress-strain curves of
hot-rolled steels based on measured yield strength and carbon content.
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Table 6

Predictive accuracy of the proposed criteria based on nominal yield strength and
the maximum carbon content of steel grade.

Carbon content

Measured yield strength f Presence of a yield plateau fyn 460 MPa < fy o fym
< 460 MPa < 890 MPa > 890 MPa
fy,m < 500 MPa Any Yes
C% > 0.1% Y No. of point 809 347 41
500 MPa < fy 1 < 890 MPa o= o 0 o PoIS
’ C% < 0.1% No Predictive accuracy 99 71 o8
fy.m > 890 MPa Any No (%)
2.0

Table 4

Predictive accuracy of the proposed criteria based on measured yield strength
and carbon content.

fym 500 MPa < fym fym
< 500 MPa < 890 MPa > 890 MPa

No. of data 92 196 29
Predictive accuracy
) 100 89 90
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Fig. 5. Assessment of criteria for predicting the presence of a yield plateau in
stress-strain curves of hot-rolled steels based on nominal yield strength and the
maximum carbon content of the steel grade.

Table 5

Criteria for predicting the presence of a yield plateau in stress-strain curves of
hot-rolled steels based on nominal yield strength and the maximum carbon
content of steel grade.

Maximum carbon Presence of a yield

Nominal yield strength f, ,

content plateau
fyn < 460 MPa Any Yes
C% > 0.2 Yes
460 MPa < f;,,< 890 MPa % = 0.2 No
fy.n = 890 MPa Any No

results, including mean values and coefficients of variation (COV) for the
test-to-predicted values of (fu/fy)test/ (fu/fy)pred are provided in Table 7. It
can be concluded from Table 7 that both Eq. (7) for hot-rolled steels and
Eq. (8) for cold-formed steels demonstrate high accuracy across a wide
range of steel grades, with the same mean values of 1.02 and COV values
of 0.07 for (fu/fy)test/ (fu/fy)pred for both equations. Eq. (9), on the other

®  Hot-rolled
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Fig. 6. Assessment of the variation of f,/f; versus f; for hot-rolled steels,
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Fig. 7. Assessment of the variation of f,/f, versus f; for cold-formed steels.

hand, which was originally derived specifically for HSS, becomes less
accurate when applied across the full range of structural steel grades.
Therefore, it is recommended to continue using Eq. (7) for predicting f,
of hot-rolled steels and Eq. (8) for predicting f, of cold-formed steels,
without further modifications, but with the range of applicability now
extended beyond that previously stated [3,4] to steel grades from S235
to S1100.
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Table 7
Statistical results of (fu/fy)est/ (fu/fy)pred using different predictive expressions.

(fo/fdrest/ (fu/fydprea

Eq. (7) [4] Eq. (8) [3] Eq. (9) [5]
Mean 1.01 - 0.97
Hot-rolled steels cov 0.06 . 0.06
Mean - 1.02 0.93
Cold-formed steels cov 0.07 0.09
Mean 1.01 0.95
Al Ccov 0.07 0.08
0.40
®  Hot-rolled
Cold-formed
------ Eq. (10)
Eq. (11)
0.30 |
& 020 F
0.10
0‘00 1 1 1 1
0.50 0.60 0.70 0.80 0.90 1.00

5/ S

Fig. 8. Assessment of the variation of &, versus f,/f, and the predictive accu-
racy of Egs. (10) and (11).
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Fig. 9. Assessment of the variation of &, versus f, and the predictive accuracy of
Eq. (12).
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Fig. 10. Assessment of the variation of &, versus f,/E and the predictive ac-
curacy of Egs. (13) and (14).

5.2. Ultimate strain e,

The experimental ultimate strains &, from the extensive database
collected in this study are plotted against the respective ratios of fu/fy in
Fig. 8 and fy in Fig. 9 to examine various predictive expressions. Fig. 8
shows a negative correlation between ¢, and the ratio of f/fy, which can
be generally captured by Egs. (10) and (11) proposed by Yun and
Gardner [4] for hot-rolled and cold-formed steels, respectively.

e, =06 <1 7%> where ¢, > 0.06, for hot — rolled steels 10)
e, =0.6 <1 —j;y) , for cold — formed steels an

As shown in Fig. 8, when the ratio of f,/fy is greater than 0.9 for hot-
rolled steels, the ultimate strains remain nearly constant at approxi-
mately 0.06; this value was set as the lower boundary for predicting ¢,
for hot-rolled steels, as indicated by Eq. (10). Wang et al. [5] proposed a
different predictive expression for &, in terms of the yield strength fy, as
given in Eq. (12). Although this predictive equation was originally based
on HSS data, its predictive accuracy for both the NSS and HSS data
collected in the present study is assessed, as shown in Fig. 9.

£ ~225
- Y
&y = (1 + 315> , for HSS 12)

Of the existing predictive equations for ¢, Eq. (12) provides the most
consistent predictions of the experimental results. Eq. (12) is therefore
selected as the basis for the new proposals made herein, but in a
modified, non-dimensional form, achieved through the addition of the
Young’s modulus. Through statistical analysis, Eq. (13) is proposed for
predicting &, for hot-rolled steels and Eq. (14) for cold-formed steels.
The measured ¢, values from the collected database are plotted against
the respective measured ratios of fy/E in Fig. 10, along with the newly
proposed Egs. (13) and (14). Note that, in cases where the measured
Young’s modulus was not provided, a constant value of 210000 N/mm?
was used. The accuracy of the different predictive expressions for ¢, is
examined in Table 8, where the statistical results for the ratios of the
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Table 8
Statistical results of ey test/€uspred Using different predictive expressions.

& u,lest/ €u,pred

(]i%') (]i(}) 53’) Proposed Eq.  Proposed
13 Eq. (14
4 Bl (5] a2 e (4
Mean 1.08 1.39 1.02 1.00 -
Hotrolledsteels 0y 96 044 0.20 0.19 -
Cold-formed Mean 1.10 1.26 0.85 - 0.97
steels Ccov 0.58 0.64 0.39 0.39
All Mean 1.09 1.32 0.94 0.99
cov 0.45 0.54 0.31 0.30
0.06
®  Hot-rolled 0% for e, (15
+50% .
______ Eq. (15) or Ba.019)
—————— Eq. (16)
0.04
G
«

0.02

-50% for Eq. (15)

0.00 1 1 1 1

0.5 0.7

K/

Fig. 11. Evaluation of different existing predictive expressions for &g,.

0.8 0.9

experimentally obtained ultimate strains &, s to the predicted ultimate
strains &y preq using the different predictive expressions are provided.

—1.55

&y = <1 + OO{)WE) , for hot — rolled steels 13)
f -1.65

£4 = (1 + m) , for cold — formed steels (14)

5.3. Strain hardening strain &g

The strain hardening strain &g, (see Fig. 2) values (for the hot-rolled
steels) obtained from the experimental database are plotted against the
ratio of fy/f,, in Fig. 11, and compared against two existing predictive
equations: Eq. (15) proposed by Yun and Gardner [4] and Eq. (16) by
Wang et al. [5]. Clearly Eq. (15) provides a closer match to the

Table 9
Statistical results of egh test/€sh,pred Using different predictive equations.

Esh,test/ €sh,pred

Eq. (15) Eq. (16)
[4] [5]
Mean 1.00 1.14
Hot-rolled steels cov 031 0.34

11
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Fig. 12. Evaluation of different predictive expressions for the first strain
hardening exponent n when measured values of 601 and 6¢ s are available for
(a) hot-rolled steels with a rounded stress-strain behaviour and (b) cold-
formed steels.

experimental results. The mean and COV values for the ratios of the
tested to predicted values of &g, are 1.00 and 0.31 for Eq. (15), and 1.14
and 0.34 for Eq. (16), respectively. The accuracy of Eq. (15) is therefore
confirmed and its scope of applicability can now be extended to high
strength steels up to S890, beyond which it is predicted that there will be
no yield plateau — see Section 4.
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Fig. 13. Distributions of the measured n values for (a) hot-rolled steels with

rounded stress-strain curves and (b) cold-formed steels.

en = 0.1]i —0.055but0.015 < &g, < 0.03, for hot — rolled steels

fu

e = 0032~ 0.01% for Hss
fy

5.4. First strain hardening exponent n

(15)

(16)

The first strain hardening exponent n can be calculated using any two
points on the Ramberg-Osgood curve. It is common to use the 0.2%
proof stressas the first point. Eq. (17), proposed by Hill [7], uses the
0.01% proof stress o o1 as the second point, while Eq. (18), suggested by
Mirambell and Real [8] for stainless steel and by Gardner and Yun [3]
for cold-formed steel, employs the 0.05% proof stress ¢ os.

12
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Fig. 14. Evaluation of different predictive expressions for the second strain
hardening exponent m when measured values of 61 and o2 are available for
(a) hot-rolled steels with a rounded stress-strain response and (b) cold-

formed steels.

In(20)
1n(fy/(70.01)

In(4)
1n(fy/60.05)

@a7)

18

The accuracy of the two existing predictive equations is examined
herein for the obtained test values ns of both hot-rolled steels with a
rounded stress-strain response and cold-formed steels. The test values
Neest, Obtained from the collected experimental stress-strain curves, are
plotted against the predicted values npreq using Eqs. (17) and (18), in
Fig. 12. It can be observed that, Eq. (18) provides more accurate and
consistent predictions of the test values nyes; compared to Eq. (17); this
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finding is consistent with previous studies on cold-formed steels, stain-
less steels and aluminium alloys [16].

In cases where the measured values of 697 Or 6905 are unavailable,
representative numerical values for n are proposed to capture the gen-
eral degree of roundedness in the initial stage of the stress-strain curves
for both hot-rolled steels exhibiting continuous yielding and cold-
formed steels. Since no clear correlation was observed between n and
the key material parameters (fy, fu, E), the representative values of n
were calculated essentially as the average of the test data. It should be
noted though that the value of n rises sharply (approaching infinity) as
the stress-strain curve approaches bilinear. To avoid this having a
disproportionate influence on the proposed, representative n values, the
limited number of extremely high test values of n (defined as those
greater than 25) were excluded from the averaging. The distributions of
the measured n values for hot-rolled steels exhibiting continuous
yielding and cold-formed steels are presented in Figs. 13(a) and 13(b),
respectively, showing a mean value of 14 for hot-rolled steel and a lower
mean value of 8 for cold-formed steels. These values of 14 and 8 are
proposed as representative n values for hot-rolled steels exhibiting
continuous yielding and cold-formed steels, respectively; about 70% of
the hot-rolled n-value data fall within the range of 14 + 3.25, while 68%
of the cold-formed data fall within the range 8 + 1.75. Note that a
narrower range is used for the cold-formed data, due to the increased
effect of variation in lower values of n on the shape of the stress-strain
curve.

5.5. Second strain hardening exponent m

The second strain hardening exponent m controls the degree of
roundedness of the second stage of the two-stage Ramberg-Osgood
material model. Similarly to the first strain hardening exponent n, the
value of the m may be determined using any two points with the second
stage model. The ultimate tensile strength is typically used as the first
point. Egs. (19) and (20), proposed by Quach and Huang [242] use the
1% proof stress 019 and 2% proof stress oo as the second point,
respectively.

6
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Cold-formed
------ Eq. (21)
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Fig. 15. Assessment of the variation of m versus f,/f, and the predictive ac-
curacy of Eq. (21).
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Table 10
Statistical results of Myest/Mpreq Using different predictive equations.

Miest/Mpred

Eq. (19) Eq. (20) Eq. (21)
[242] [242] [3]
Mean 1.06 0.62 1.08
Cold-formed steels cov 0.41 1.66 011

Table 11
Effect of variation in ¢, on the prediction of stress f at ¢ = 2% using the quad-
linear material model.

€u 0 . Esh —_ 90, 0 — 90
) % change in ¢, %) fate=2% (MPa) % change of f at ¢ = 2%
24.1 40 1.7 358.9 —0.5%
20.6 20 1.7 359.6 —0.3%
17.2 - 1.7 360.6 0.0%
13.8 -20 1.7 362.2 0.4%
10.3 —40 1.7 365.0 1.2%
Table 12

Effect of variation in &g, on the prediction of stress f at ¢ = 2% using the quad-
linear material model.

€sh o, : Eu — 90, o, — 90
) % change in &g ) fate=2% (MPa) % change of f at ¢ = 2%
2.6 50 17.2 355.0 —1.5%
2.2 25 17.2 355.0 —-1.5%
1.7 - 17.2 360.6 0.0%
1.3 —25 17.2 369.7 2.5%
0.9 -50 17.2 378.3 4.9%
Table 13

Effect of variation in ¢, on the prediction of stress f at e = 2% using the two-stage
Ramberg-Osgood model.

En % change in m fate =2% % change of f at ¢
(%) Eu (MPa) =2%
8.1 40 140 35 920.3 —0.4%
6.9 20 140 3.5 921.8 -0.2%
5.8 - 140 35 923.7 0.0%
4.6 -20 140 35 926.3 0.3%
3.5 —40 140 3.5 930.1 0.7%

ln(0.00g Gl M) _ m(gu cos _@)

- E E0_2 EO,2
m= 3
111(01.0 _fy) - 1n(fu —fy> 19)
for g, > max (80,2 + fu 7fy., 610)
EO,Z

Table 14
Effect of variation in n on the prediction of stress f at ¢ = 2% using the two-stage
Ramberg-Osgood model.

. 3 ate = 2% % change of f at e
n % changeinn ~ m ((;;) f (MPa) :82% f
21.0 50 3.5 5.8 923.5 0.0%
17.5 25 3.5 5.8 923.6 0.0%
14.0 - 3.5 5.8 923.7 0.0%
10.5 —-25 3.5 5.8 923.9 0.0%
7.0 -50 3.5 5.8 923.9 0.0%
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Table 15

Effect of variation in m on the prediction of stress f at ¢ = 2% using the two-stage Ramberg-Osgood model.
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Eu

m % change in m n ©6) fate = 2% (MPa) % change of f at ¢ = 2%
0.

4.9 40 14.0 5.8 927.8 0.4%

4.2 20 14.0 5.8 926.0 0.2%

35 - 14.0 5.8 923.7 0.0%

2.8 —-20 14.0 5.8 920.7 —0.3%

2.1 —40 14.0 5.8 916.2 —0.8%

Table 16

Comparison between statistical results for overstrength factors and European Standard provisions.

Yield strength: fy m / fy.n

Ultimate tensile strength: fum / fun

Steel grade Mean value Ccov Mean value cov No. of test data
Test data Code Test data Code Test data Code Test data Code
S$235 1.50 1.25 0.179 0.055 1.26 1.20 0.094 0.050 134
S275 1.24 1.25 0.083 0.055 1.37 1.20 0.133 0.050 14
S$355 1.15 1.20 0.086 0.050 1.08 1.15 0.058 0.040 322
S420 1.05 1.20 0.018 0.050 1.02 1.15 0.015 0.040 6
S460 1.06 1.15 0.046 0.045 1.18 1.10 0.056 0.035 45
S690 1.12 1.10 0.038 0.035 1.06 1.10 0.037 0.035 152
S700 1.03 1.10 - 0.035 1.07 1.10 - 0.035 1
S770 1.10 1.10 0.019 0.035 - 1.10 - 0.035 6
S960 1.03 1.10 0.035 0.035 - 1.10 - 0.035 23
Table 17
Comparison between statistical results of overstrength factors and American Standard provisions.
Yield strength: fy m / fyn Ultimate tensile strength: f, m / fun
Steel grade Mean value Ccov Mean value cov No. of test data
Test data Code Test data Code Test data Code Test data Code
A36/ A36M 1.17 1.50 0.13 - 1.11 1.20 0.07 - 20
A709/ A709M > Gr. 50 1.10 1.10 0.10 - 1.09 1.10 0.17 - 37
Cold-formed steel 1.20 1.10 0.19 0.10 1.14 1.10 0.15 0.10 411
L 620 —f; O20—fy ! fu—fy predictive expression for m was proposed by Gardner and Yun [3] for
n(0.018 + “E R, ) | éu — €02 — Fos cold-formed steels, as given by Eq. (21).
m= - - y
111(52‘0 - £ ) - h'l(f - £ ) 20
y « Ty Q@) 1433k @1)
Ju—f; !
for £, > max| ¢ e . - L . .
Or & > max{ €. + Fo, 20 The accuracy of the existing predictive equation is examined herein

The accuracy of the two existing predictive equations is examined
herein based on the obtained test values myes; of both hot-rolled steels
with a rounded stress-strain response and cold-formed steels. The test
values myes, obtained from the collected experimental stress-strain
curves, are plotted against the predicted values mypreq using Eqs. (19)
and (20), in Fig. 14. It can be observed that Eq. (19) provides more
accurate and consistent predictions of the test values myes; compared to
Eq. (20); use of Eq. (19) is therefore recommended.

In cases where the measured values of 61 or 64 are unavailable, a

Table 18
Statistical results of overstrength factors for hot-rolled steel.

based on the obtained test values myes of both hot-rolled steels with a
rounded stress-strain response and cold-formed steels. The test values
Myest, Obtained from the collected experimental stress-strain curves, are
plotted against the ratio of f;/f, in Fig. 15.

It is evident from Fig. 15 that Eq. (21) provides suitable predictions
of the test values of m for cold-formed steels. For hot-rolled steels
exhibiting continuous yielding, there is no clear trend with fy/f,; hence a
single (average) value of m = 3.5 is suggested as representative nu-
merical value to capture the general degree of roundedness in the second

Table 19
Statistical results of overstrength factors for cold-formed steel.

Yield strength: fy m / fy,n

Nominal yield strength fy , No. of test data

Yield strength: fy m / fyn

Nominal yield strength fy No. of test data

Mean value cov Mean value Ccov

201-300 1.46 0.18 180 201-300 1.58 0.19 220
301-400 1.16 0.11 462 301-400 1.18 0.16 360
401-500 1.07 0.08 184 401-500 1.11 0.13 37
501-600 1.17 0.04 10 501-600 1.16 0.08 14
601-700 1.13 0.05 316 601-700 1.07 0.10 121
701-800 1.10 0.02 6 801-900 1.02 0.01 2

801-900 1.07 0.11 10 901-1000 1.03 0.03 27
901-1000 1.02 0.04 27 1001-1100 1.19 0.06 11
1001-1100 1.06 0.27 2 1101-1200 1.19 0.05 13

14
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Fig. 16. Comparisons of the predicted stress-strain curves based on different
conditions of known information with test hot-rolled steel stress-strain curves of
(a) $355 (Liew [21]), (b) S690 (Wang et al. [24]), (c) Q550 (Huang et al. [85])
and (d) Q890 (Lan et al. [86]).

stage of the stress-strain curves. The accuracy of the different predictive
expressions for the m is examined in Table 10, where the statistical re-
sults for the ratios of the test to the predicted second strain hardening

Table 20
Representative values for strain hardening exponents.
Strain hardening exponent n m
Hot-rolled steels with rounded stress-strain curves 14 3.5
Cold-formed steels 8 14 3.3;;),
u

15
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exponent using the different predictive expressions are provided.
5.6. Effects of variation in &, e, n and m

The effects of variations in key parameters on the predicted stress at a
strain of 2% for both the quad-linear model and the two-stage Ramberg-
Osgood model are evaluated in this section. Note that 2% strain was
chosen to represent upper strain levels typically encountered in struc-
tural applications. Steel Grade S355 steel (f; = 355 MPa and f, =
490 MPa) was considered for the quad-linear model and S890 steel (fy =
890 MPa and f,, = 940 MPa) was considered for the two-stage Ramberg-
Osgood model, following the criteria in Table 5. In all cases, the Young’s
modulus E was taken as 210000 MPa. The reference values of ¢,
=17.2% and &, = 1.7% were determined using Eqs. (13) and (15),
respectively, for the quad-linear model and the reference value of ¢,
= 5.8% determined using Eq. (13), with values of n =14 and m = 3.5
taken for the two-stage Ramberg-Osgood model.

Tables 11 and 12 summarise the percentage variations of the pre-
dicted stress at ¢ = 2% using the quad-linear material model, while
Tables 13, 14 and 15 summarise the same for the two-stage Ramberg-
Osgood model. According to these tables, for the quad-linear model, a
reduction of 40% in ¢, leads to an increase of 1.2% in stress at ¢ = 2%,
while an increase of 50% in &g, variation leads to a maximum stress
variation of 4.9%, indicating limited sensitivity to parameter changes.
For the two-stage Ramberg-Osgood model, variations of + 40% for &y,
+ 40% for n and + 50% for m produce a maximum stress variation of
less than 1%. These results highlight the relative insensitivity to varia-
tions in key predicted parameters and support the suitability of the
proposed models for structural applications.

5.7. Comparison of experimental values of f, and f, with nominal values
from standard codes (material overstrength factor)

The material overstrength factor corresponds to the ratio of the
actual expected strength of the steel (i.e. the mean test value) to the
nominal value used in design i.e. fy,m/fy,n and fum/fun for yield strength
and ultimate strength, respectively. EN 1993-1-1 [155] and AISC
341-22 [243] for hot-rolled steel grades specify different mean over-
strength and COV values for different steel grades and differentiate be-
tween yield strength and ultimate strength. AISI S100-16 [244], on the
other hand, recommends a uniform material overstrength factor of 1.10
and COV of 0.10 for all cold-formed steel grades. The material over-
strength factors for f; and f, from the relevant European (EN) [155-157]
and US (AISC) Standards [162,163,243] for hot-rolled steel and US
(AISI) Standards [240,244] for cold-formed steel are included in Ta-
bles 16 and 17, respectively, alongside the corresponding values
calculated from the test data collected herein. Additionally, statistical
results for the overstrength factors for the yield strengths for hot-rolled
and cold-formed steels, categorised by ranges of nominal yield strength,
are presented in Tables 18 and 19. It is likely that the code overstrength
values are based on a larger number of data points, but from a narrower
set of sources (producers). It is therefore encouraging to see that the
statistics from the collected test data broadly match those provided in
the relevant codes.

6. Comparisons with experimental stress-strain curves

This section provides a comparison of four typical experimental hot-
rolled steel stress-strain curves with their corresponding predicted
curves, utilising the revised stress-strain models described in this paper,
as shown in Fig. 16. The characteristics of the stress-strain curves,
whether they exhibit a sharply defined yield point with a yield plateau
or display a rounded stress-strain response, are firstly determined ac-
cording to the criteria outlined in Table 3. For the hot-rolled steels with a
sharply defined yield point, both the quad-linear and bilinear plus
nonlinear hardening models are employed, while for the hot-rolled
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Table 21
Values of the key parameters for a series of standard hot-rolled structural steel grades.
E 1y fu £ €sh &y Eq

Steel grade (MPa) (MPa) (MPa) @) (%) (%) Esn/ey (MPa) G
$235 210000 235 360 0.11 1.50 25.76 13.40 1288 0.29
S275 210000 275 390 0.13 1.55 22.25 11.85 1389 0.30
S355 210000 355 490 0.17 1.74 17.20 10.32 2184 0.33
$420 210000 420 510 0.20 2.74 14.34 13.68 1938 0.39
S460 210000 460 540 0.22 3.00 12.95 13.70 2009 0.42
S500 210000 500 580 0.24 3.00 11.77 12.60 2280 0.44
S550 210000 550 600 0.26 3.00 10.53 11.45 1661 0.46
S$620 210000 620 650 0.30 3.00 9.11 10.16 1227 0.50
S650 210000 650 700 0.31 3.00 8.60 9.69 2232 0.51
S690 210000 690 770 0.33 3.00 7.99 9.13 4011 0.53
S700 210000 700 750 0.33 3.00 7.84 9.00 2581 0.54
$890Q/QL/QL1 210000 890 940 0.42 - 5.77 - - -
5$960Q/QL/QL1 210000 960 980 0.46 5.23 - - -

steels exhibiting a rounded stress-strain response, the two-stage Ram-

berg-Osgood model is utilised. The comparisons assess the accuracy of £sh = 0_1f_y — 0.055, but 0.015 < &g, < 0.030 for hot — rolled steels

the predicted curves under two different conditions of known informa-
tion: (1) when all measured material properties, including E, fy, fu, €u
&sh, n and m, are known, and (2) when only the measured value of fy is
known, with the remaining parameters f,, &y, €n, n and m predicted
using the relevant predictive equations.

As shown in Fig. 16, both the quad-linear and bilinear plus nonlinear
hardening models [4] for hot-rolled steels with a clearly defined yield
point, as well as the two-stage Ramberg-Osgood model [3,6] for
hot-rolled steels with a rounded stress-strain response, provide an ac-
curate representation of the experimental stress-strain curves. Although
full stress-strain curves can be established with reasonable accuracy
using the measured yield strength along with other predicted values
using the predictive equations (as summarised in the subsequent sec-
tion), it is evident that greater accuracy is consistently achieved when
additional measured input parameters are available.

7. Summary of recommended stress-strain material models

For hot-rolled steels with grades up to and including S460, as well as
grades between S460 and S890 with a carbon content of C > 0.2%, the
stress-strain curves may be assumed to exhibit a sharply defined yield
point with a distinct yield plateau. In contrast, hot-rolled steels with
grades S890 and above, as well as those between S460 and S890 with a
carbon content of C < 0.2%, may be assumed to exhibit a rounded stress-
strain response, characterised by the absence of a yield plateau. Addi-
tionally, all cold-formed steels, provided they have been subjected to
sufficient cold working, may be assumed to exhibit a rounded stress-
strain response. The recommended values and predictive expressions
for the key material parameters are summarised below:

The ultimate tensile strength f;, if unknown, may be determined
using the following predictive expressions:

fu / fy=1+ (200 / £;)"7®, for hot — rolled steels (7)

fu/fy =1+ (130/fy)1‘40, for cold — formed steels ®

The ultimate strain ¢, corresponding to the ultimate tensile strength
fu may be obtained from:

-1.55

ey = (1 + OOJ(C)%') , for hot — rolled steels 13)
f -1.65

£y = <1 + m) , for cold — formed steels a4

The strain hardening strain &g, corresponding to the end of the yield
plateau may be obtained from:

16

fa
(15)

The first strain hardening exponent n may be determined using Eq.
(18) if the 0.05% proof stress 69 s is known; otherwise, representative
values for n can be obtained from Table 20.

1
no & 18)
1Il(fy / 0'0.05)

The second strain hardening exponent m may be determined using
Eq. (19) if the 1% proof stress o7 is known; otherwise, representative
values for m can be obtained from Table 20.

ln<0‘008 + GI'OT_fy - M) — ln<eu — €02 7@>

- Eo,z EO.Z
m=
In(o10 ~f,) ~In(fu ~ ) 19
for &, > max (90,2 + fu 7fy7 81.o>
Eop

The values of the key material parameters (ey, &, Esn and Cyp),
calculated using the developed predictive expressions based on the
fundamental material properties (i.e. E, fy and f,), for a series of standard
hot-rolled structural steel grades, are provided in Table 21. The fy and f,
values listed in Table 21 correspond to the nominal values given in EN
1993-1-1 [155] for steels with thicknesses t < 40 mm and EN 10025-6
[159] (considering the lower value of the f, range) for steels with
thicknesses 3 mm < t < 50 mm, noting that no yield plateau is expected
for steel grades of S890 and above, as explained in Section 4.

8. Conclusions

A comprehensive study into the material modelling of hot-rolled and
cold-formed steels across the full range of normal and high strength steel
grades has been presented. Existing stress-strain models for both hot-
rolled and cold-formed steels have been reviewed and their accuracy
has been assessed based on an extensive experimental dataset compiled
herein. This dataset comprises results from more than 2850 tensile
coupon tests reported in over 200 independent studies. The dataset was
used to investigate factors influencing the presence of a yield plateau in
hot-rolled steels, leading to the development of refined criteria for
predicting the existence of a yield plateau based on the measured yield
strength and carbon content. The proposed criteria achieve an overall
predictive accuracy of 92%. When the measured yield strength and
carbon content are unavailable, the criteria maintain an overall accu-
racy of 91% by utilising the nominal yield strength and maximum car-
bon content of the corresponding steel grade. Existing predictive
equations for various key material parameters were assessed using the
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extensive database compiled in this study, with modifications made
when necessary to enhance their accuracy. The accuracy of the proposed
material models was illustrated by comparing the predicted stress-strain
curves with experimental curves from hot-rolled of various grades and
carbon content. This comparison demonstrated excellent agreement,
particularly when key measured material properties are available. In
conclusion, the recommended stress-strain models are deemed suitable
for integration into analytical, numerical and design models for hot-
rolled and cold-formed steel elements and structures across the full
range of strength classes.
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