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Abstract

A comprehensive understanding of the plastic deformation of material at high strain rates and elevated temperature is required
in steel structure design, particularly in special cases (e.g. off-shore, large span bridges, high-rise buildings). High Strength Steel
(HSS) and Very High Strength Steel (VHSS) are being used in increasingly modern and advanced structures. When compared to
traditional grade steel, they have superior mechanical properties, which result in weight savings and a lower life cycle cost (minor
costs for construction and maintenance). To produce these steels, they have to be quenched and tempered. It produces differentiation
between materials with martensitic microstructures on the outside and bainitic-ferritic microstructures on the inside. Due to their
differentiated microstructures, these steels behave as functional graded materials. Therefore, understanding the mechanical response
of homogeneous parts at various strain rates and temperatures is fundamental. The deformation mechanisms of these steels under
mentioned combined harsh conditions are complex and depend on the micro-structural features of the material. At high strain rates
and elevated temperatures, plastic deformation can occur through mechanisms such as dislocation slip, dynamic plasticity, and
dynamic strain ageing. The competition between these deformation mechanisms can lead to a significant change in the mechanical
behaviour of these advanced steels, particularly in the strain rate and temperature regimes where these mechanisms are active.
In this paper, we will review the recent state of knowledge developed at DynaMat Laboratory on the mechanical behaviour of
HSS and VHSS under combined conditions of elevated temperature and high strain rate, including its macro-structural features,
deformation mechanisms, and constitutive modelling. The tests were carried out in a wide range of temperature (20÷900◦C) and
strain rate (10−3÷103 1/s) by means of a Split Hopkinson Tensile Bar equipped with a water-cooled induction heating system on
round specimens having a diameter of 3 mm and gauge length of 5 mm. Both the core and the peripheral parts of the section of two
slabs 40 mm thick of S690QL and S960QL steels were investigated.
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1. Introduction

The increased strength properties of high-strength steel and very high-strength steel have led to their growing use
in civil, ship, and mechanical engineering over the past decades. Despite their advantages, these steel grades are not
so widely adopted due to their high costs, the lack of detailed design codes, and proper experimental data.

Many researchers (Kodur and Banthia (2015); Forni et al. (2016); Forni et al. (2017)) have concentrated their
attention in the last few years on constructions in urban habitats subjected to both natural and man-made strong
accidents. A few examples include catastrophic earthquakes (such as the Tohoku earthquake in 2011), severe fire
loadings (such as the Deepwater Horizon disaster in 2010), gas explosions (such as the BASF headquarters incident
in Ludwigshafen in 2016), wind storms, accidental or malicious impacts on critical infrastructures, and, last but not
least, terrorist attacks (such as the 2001 World Trade Center terrorist attacks).

Among these extreme acts, terrorism has increased dramatically in recent decades. As a result, structural systems’
ability to withstand these loads has gained considerable attention. Consequently, many researchers have studied how
to avoid the spreading of an initial local failure caused by extreme loadings. This failure results in the collapse of a
disproportionately large part of a structure (HMSO (2011); Ellingwood et al. (2007)). This topic, commonly known as
progressive or disproportionate collapse, has gained increasing attention since the early 1970s (Ronan Point building
collapse). However, a remarkable increase in knowledge has occurred in this field only since the 9/11 World Trade
Center tragedy. As a result, scientists have begun to explore ways to make buildings stronger and safer when they are
subjected to extreme conditions, such as fires and explosions.

As a result, materials knowledge under extreme loading conditions, e.g. blasts and fires, has become a relevant
problem, but some aspects require further investigation. For example, it is impossible to construct definite empiri-
cal equations for structural assessment. In addition, full-scale tests are almost prohibitively expensive, hardly repro-
ducible, and require a great deal of time as well. Depending on the level of risk assessment, numerical analyses of
increasing complexity are usually performed to study structural behaviour under extreme loading conditions. Never-
theless, a complex numerical simulation is highly dependent on how well the material behaviour is implemented along
with the appropriate computational algorithms. As a matter of fact, when considering blast effects, it is important not
to ignore the material’s performance at elevated temperatures as well. High temperatures and high strain rates have
not been studied much, except in the case of marine structural steels, but under limited temperatures (−100 ÷ 200◦C)
(Choung et al. (2013); Simon et al. (2018)).

In this paper, a review of recent findings is presented on how S690QL (HSS) (Cadoni and Forni (2019); Cadoni
et al. (2022)) and S960QL (VHSS) (Cadoni and Forni (2019)) steel perform under combined conditions of elevated
temperatures (20÷900◦C) in a wide range of strain rates (10−3÷103 1/s).

Nomenclature

εI incident pulse (-)
εR reflected pulse (-)
εT transmitted pulse(-)
C0 elastic wave speed in the bar (m/s)
A0 cross section of the input and output bars (mm2)
A cross section of the specimen (mm2)
L specimen gauge length (mm2)
ε̇ strain-rate (s−1)
fy,dyn dynamic true yield stress (MPa)
fy,sta static true yield stress (MPa)
D, q Cowper-Symonds constitutive parameters.
ε0 true plastic strain (-)
ε̇0 Johnson-Cook reference strain-rate (s−1)
T ∗ Johnson-Cook homologous temperature (-)
A, B, n, c,m Johnson-Cook constitutive parameters.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.prostr.2023.07.090&domain=pdf
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2. Sample geometry

Starting from the initial section geometry, e.g. plate thicknesses (Fig.1.2), small prismatic samples with 6 x 6 mm
cross-sections were obtained from the peripheral and core samples area, respectively (Fig.1.1). The sample geome-
try, commonly adopted to perform tests at high strain-rates, was then obtained by turning the sample until the final
geometry: 3 mm in diameter and having a gauge length of 5 mm (Fig.1.3).

Fig. 1. Sample geometry. From Cadoni et al. (2022).

3. Mechanical tests under harsh combined conditions

To characterize the mechanical properties at high strain rates and elevated temperatures, a Split Hopkinson Tensile
Bar was equipped with an Ambrell compact EASYHEAT induction water-cooled heating system with a maximum
power of 2.4 kW able to locally heat the sample gauge length up to 900◦C. A high-speed camera (Photron FSTCAM
NOVA S12) was also used to record the whole deformation process. See Fig. 2

In Forni et al. (2016), an exhaustive description of SHTB equipped with a heating system is provided. It also
provides the general assumptions to be met to obtain an accurate measurement of a material’s mechanical properties
under dynamic loading by using the following equations:

Fig. 2. Setup for high strain-rate tests at elevated temperature: heating system (a), input (c) and output (b) bars, sample to be tested (d) high-speed
camera (e), and led lighting system (f).

4 Forni et al. / Structural Integrity Procedia 00 (2023) 000–000

Material S690QL S960QL
Specimens worked out from [-] C, P(1) C(1) C, P(1) C, P(1) C(1) C, P(1)

Testing conditions [-] v1 v2 v3 v1 v2 v3
Particle velocity [m/s] 2.67 3.26 4.68 3.36 4.00 5.47
Target strain rate at 20 ◦C [s−1] ε̇∗1 = 250 ε̇∗2 = 450 ε̇∗3 = 950 ε̇∗1 = 250 ε̇∗2 = 500 ε̇∗3 = 950
(1) C = Core, P= Peripheral.

Table 1. Dynamic tests programme carried out at the following target temperatures: 20 ◦C, 400 ◦C, 550 ◦C, 700 ◦C, and 900 ◦C.

σ(t) = E0 ·
A0

A
· εT (t) (1) ε(t) = −2C0

L

∫ l

0
εR(t) (2) ε̇(t) = −2C0

L
· εR(t) (3)

Detailed information on the dynamic testing plan under different conditions is provided in the following Table 1.

4. Results and discussion

This experimental investigation has demonstrated that peripheral and core materials are sensitive to high temper-
atures and strain-rates. Nevertheless, core and peripheral materials of S690 and S960 exhibit comparable flow stress
data (e.g. fp,0.2 and fu). Fig. 3 illustrates the effect of temperature on the mechanical properties of peripheral materials
(for brevity, only a specific loading condition and only peripheral materials are reported).

In terms of strain rate sensitivity, it has been observed that the core S690 material shows higher strain rate sensitivity
than the peripheral part. On the other hand, the peripheral S960 part has slightly higher strain rate sensitivity than the
core part.

The temperature effect is clearly visible in Fig. 3, where the flow stress of tests at increasing temperatures is
reported. More specifically, an increase in temperature leads to a general decrease in mechanical properties. For
example, Fig. 4 highlights the ultimate tensile strength decrease. The rate of decrease is slower up to 400◦C than above
550◦C, where the decrease rate is higher. Between 400◦C and 500◦C, a transition zone has been highlighted. Within
this temperature range, the strength decrease is limited, and some occasional increases are noted. This phenomenon
has been attributed to dynamic strain ageing.

Fig. 3. Engineering stress vs strain diagrams: comparison between S355 (Forni et al. (2016)), S690QL (Cadoni et al. (2022)) and S960QL (Cadoni
and Forni (2019)) peripheral materials.
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Fig. 4. Ultimate tensile strength reduction trends. Comparison between S355 (Forni et al. (2016)), S690QL (Cadoni et al. (2022)) and
S960QL (Cadoni and Forni (2019)) structural steels.

4.1. Material constitutive models

Following the recommendation suggested by Eurocode 3 (EN 1993-1-2), at elevated temperatures, a linear-elliptic-
perfectly plastic model followed by a linear descending branch should be adopted. Therefore, the approach of the
linear-elliptic-perfectly plastic model has been adopted, and the corresponding stress-strain diagrams have been cali-
brated from experimental data collected at high strain rates and temperatures. In Fig. 5 a comparison among diagrams
calibrated for the S355, S690L and S960QL structural steels has been reported. The main hypotheses and assumptions
have been reported in Cadoni et al. (2022).

The experimental data also allowed the calibration of two material constitutive models widely adopted in the
numerical simulation of dynamic events. The first represents the dynamic to quasi-static yield stress ratio (eq. 4). It
was proposed by Cowper and Symonds. The second is a material constitutive strength model proposed by Johnson
and Cook able to represent the whole true plastic behaviour (eq. 5). The constitutive parameters of both models and
the specific conditions to be used within numerical simulations were reported in Cadoni and Forni (2019), Cadoni and
Forni (2019); Cadoni et al. (2022).

fy,dyn

fy,sta
= 1 +

(
ε̇

D

)(1/q)
(4) σeq = (A + B · εnp) · (1 + c · ln ε̇

ε̇0
) · (1 − (T ∗)m) (5)

5. Conclusions

The use of modern quenching techniques makes it possible to produce high-strength steel that performs better while
being lighter and less expensive. For these reasons, cranes, trucks, dumpers, temporary bridges, and other products are

6 Forni et al. / Structural Integrity Procedia 00 (2023) 000–000

Fig. 5. Modified EN 1993 elastic-elliptic-perfectly plastic model at 250s−1 for S355 (Forni et al. (2016)), S690QL (Cadoni et al. (2022)) and
S960QL (Cadoni and Forni (2019)) structural steels.

made of HSS and VHSS. However, despite the benefits of using high-strength steel, further experimental research is
more than necessary. Exploiting its full potential will require experimental investigations. The behaviour of HSS and
VHSS at high temperatures and high strain rates is important when it comes to their application in civil engineering,
and data are therefore required. S690QL and S960QL are being investigated as part of this investigation campaign
in order to reveal more information and facilitate their widespread use, which is currently hampered by the lack of
suitable constitutive mechanical models.

It is also important to consider the ability of the material to dissipate the blast’s energy through plastic deformation
and its strength characteristics. Therefore, further research in this area is required. Moreover, in view of a correlation
between fracture strength and the overall behaviour of HSS after yield and before failure, taking a closer look at the
phenomena that occur in the microstructure during testing should be of particular interest.
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Fig. 4. Ultimate tensile strength reduction trends. Comparison between S355 (Forni et al. (2016)), S690QL (Cadoni et al. (2022)) and
S960QL (Cadoni and Forni (2019)) structural steels.

4.1. Material constitutive models

Following the recommendation suggested by Eurocode 3 (EN 1993-1-2), at elevated temperatures, a linear-elliptic-
perfectly plastic model followed by a linear descending branch should be adopted. Therefore, the approach of the
linear-elliptic-perfectly plastic model has been adopted, and the corresponding stress-strain diagrams have been cali-
brated from experimental data collected at high strain rates and temperatures. In Fig. 5 a comparison among diagrams
calibrated for the S355, S690L and S960QL structural steels has been reported. The main hypotheses and assumptions
have been reported in Cadoni et al. (2022).

The experimental data also allowed the calibration of two material constitutive models widely adopted in the
numerical simulation of dynamic events. The first represents the dynamic to quasi-static yield stress ratio (eq. 4). It
was proposed by Cowper and Symonds. The second is a material constitutive strength model proposed by Johnson
and Cook able to represent the whole true plastic behaviour (eq. 5). The constitutive parameters of both models and
the specific conditions to be used within numerical simulations were reported in Cadoni and Forni (2019), Cadoni and
Forni (2019); Cadoni et al. (2022).
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5. Conclusions

The use of modern quenching techniques makes it possible to produce high-strength steel that performs better while
being lighter and less expensive. For these reasons, cranes, trucks, dumpers, temporary bridges, and other products are
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