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Abstract

High-strength steels (HSS) are produced using special chemical composition or/and manufacturing processes. Both
aspects affect their mechanical properties at elevated temperatures and after cooling down, and particularly the
residual strength and the ductility of the structural members. As HSS equates the design of lighter structural
elements, higher temperatures are developed internally compared to the elements designed with conventional
carbon steel. Therefore, the low thickness members, along with the severe effect of high temperature on the
mechanical properties of the HSS, constitute to the increased vulnerability of such structures in fire. Moreover, the
re-use and reinstatement of these structures are more challenging due to the lower residual mechanical properties
of HSS after the cooling down period. This paper presents a review of the available experimental studies of the
mechanical properties of HSS at elevated temperatures and after cooling down. The experimental results are
collected and compared with the proposed material model (reduction factors) of EN1993-1-2. Based on these
comparisons, modified equations describing the effect of elevated temperatures on the mechanical properties of
HSS are proposed. Also, the post-fire mechanical properties of HSS are examined. A comprehensive discussion on
the effect of influencing parameters, such as manufacturing process, microstructure, loading conditions, maximum

temperature, and others is further explored.

Keywords: Mechanical properties, High strength steel, Elevated temperatures, Post-fire residual strength

Introduction
High (HSS) and very high strength (VHSS) steels have
gained considerable attention in recent years. Increased
construction demands impose the need of improved ma-
terial properties. HSS contributes to reduced cross-
sectional area, resulting in lighter structures (or greater
strength to weight ratio), greater clearance heights and
easier fabrication and inspection. These reasons explain
why HSS has been preferred to a great extent in bridge
engineering and high rise buildings. Additionally, the use
of VHSS has been recently introduced in civil engineer-
ing applications, while it has already been widely used in
the automotive industry, due to its high tensile strength
and energy absorption (Azhari et al,, 2015).

Hitherto, there is some research activity in investigat-
ing the mechanical properties of high-strength steel
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under fire conditions and post-fire. However, given that
notable variances between the experimental results and
the design standards have been observed, studies that
combine these findings are yet limited in the literature.
This paper, firstly, presents a short review of the most
significant experimental studies, describing the main as-
pects as well as relevant, important observations for
each one. In addition, the key role factors influence the
mechanical properties of structural steel at elevated tem-
peratures and after cooling down are summarized. Sub-
sequently, following a proper classification the test data
recordings are comprehensively illustrated in a graphical
form and compared with the existed design codes. Fi-
nally, new simplified models are presented, predicting
the mechanical properties of high strength steels in fire
and post-fire conditions.
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Literature review

The need of use for high strength steel is highlighted by
Bjorhovde (2010), by discussing the performance de-
mands and the available steel grades productivity. The
historical development of the yield strength of structural
steel is schematically illustrated in Fig. 1, based on
Schréter (2003, 2006). Schroter notes that although
older productions of VHSS were observed brittle, im-
proved manufacturing processes nowadays make them
very competitive materials for structural use. The up-
dated figure illustrates the extents of mild, high and very
high strength structural steels according to the literature
and the most used standards (in terms of nominal yield
strength). The present work follows this protocol for the
following discussion.

As it is already known, most of the high and very high
strength steel grades derive their strength by quenching,
while ductility is provided by subsequent tempering. In
the recent study by Qiang et al. (2016), no brittle failure
has been recorded for stress levels up to 1000 MPa,
whilst necking characteristics have appeared for all spec-
imens before failure. Especially for HSS (i.e. yield stress
between 355 and 700 MPa), excellent toughness and
weldability properties are acquired through rolling pro-
cedures at relatively low temperatures. Since 2006,
general recommendations for the welding of VHSS are
available by welding institutes, as it was identified by
Pijpers (2011). On the other hand, during a fire event,
the attained temperatures coincide with the tempering
temperature, resulting in further decrease of the
strength. The aforementioned issues are thoroughly ad-
dressed in the following section.

Studies on mechanical properties
The sequence of the studies reviewed herein are pre-
sented as follows. Firstly, significant works which
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addressed the experimental investigation of high and
very high structural steel are included. Subsequently,
several studies highlight the sensitivity of some parame-
ters (such as strain rate, pre-damage, highest attained
temperature, manufacturing process, and residual
stresses) on the mechanical properties. At last, the re-
view is focused on how different microstructure and
thermal properties affect HSS and VHSS material
properties.

Chen et al. (2006) were among the first researchers
who addressed the performance of high strength steel at
elevated temperatures. Firstly, the nominal yield stress
ranges defining the high-strength steel, according to sev-
eral standards, are noted. The experimental investigation
involved mild and high strength steel using steady and
transient-state test methods. The results revealed that
HSS differentiation from the mild steel is obvious for
temperatures above 500 °C.

An important discovery by Qiang et al. (2016) is re-
lated the failure of S960 grade steel, which is observed
from the transient state fire tests to reach its nominal
yield stress for temperatures up to 400 °C. In compari-
son with the design standards, a good relation is ob-
served for Eurocode 3 (2005) and AISC (2010) only for
the elastic modulus prediction. The investigation of
other mechanical properties obtained from test results
has shown no satisfactory compliance with the existing
guidelines, i.e., European (EN 1993-1-2, 2005 and EN
1993-1-12, 2007), American (AISC (American Institute
of Steel Construction), 2010), Australian (AS (Australian
Standard), 2012) and British Standards (BS (British
Standard), 1998) for steel structures. Therefore, it was
considered necessarily to derive new recommendations
for high strength steel grades.

Similar behaviour of the tested quenched and tempered
S960 with the corresponding results of Outinen (2007)
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and Qiang et al. (2012a, b), has been observed by Zhao
and Chiew (2013). The specificity of the air cooling condi-
tions has been also noted; the formulation of rust was not
allowed during the experiment, consequently, the exact
fire conditions could not be simulated.

The mechanical properties of VHSS both at elevated
temperatures (up to 600 °C) and after cooling down at
ambient temperature are observed by Azhari et al
(2015) for specimens taken from hollow tubular sections
and compared with corresponding ones from mild steel
and high strength steel. The results showed that contrary
to mild and high strength steel, the post-fire mechanical
properties of VHSS are significantly reduced for temper-
atures up to 600 °C. The variation of energy absorption,
after heated and cooled down, as well as the variation of
the corresponding ductility, are presented in tabular
form therein and compared with mild and high strength
steels. It was also recommended that the VHSS mate-
rial’s residual properties are sensitive to the maximum
attained temperature and heating duration only for tem-
peratures up to 650-700 °C.

Alike, Heidarpour et al. (2014) highlighted the differ-
entiation of VHSS compared to mild and high strength
steel, regarding the mechanical properties at elevated
temperatures. The behaviour of the modulus of elasticity
was reported to be similar to the corresponding ones of
mild and high strength steel. According to the literature,
this is attributed to the fact that, not the particular sensi-
tivity of the elastic modulus to the different microstruc-
tures between the steel grades is expected.

An elaborate work by Mirmomeni et al. (2015) which
is combining pre-deformation, the rate of loading, and
elevated temperatures is worth presenting. An interest-
ing attempt has been made to present the aspects of real
fire conditions, although it is related to mild steel. The
tests for the highest strain rate (10 s71) have shown 48%
increase of the yield strength with subsequent 88% re-
duction of the ultimate strain, compared to the slowest
loading case (0.00033 s™Y for room temperature. Fur-
thermore, the beneficial effect on yield and ultimate
strengths of the pre-damage has been highlighted, ran-
ging from 1.5 (high temperatures) to 2.5 (low tempera-
tures) times the corresponding strength of the material
without pre-damage. Generally, the higher the attained
temperatures are, the less susceptible the other parame-
ters become, while the sensitivity due to strain rate and
pre-deformation for the same temperatures was higher
for the retained yield stresses.

Wang et al. (2015) investigated the Q460 grade steel,
which is produced by heat treatment using quenched
and tempered process, in contrary to the normalized
steel S460 NL, which has been explored by Qiang et al.
(2012b). Indeed, significant differences have been ob-
served on the retained elasticity between Q460 and
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S460, which emphasize the importance of the manufac-
turing process on the mechanical behaviour of steel after
subjected to fire and cooled down. Namely, the original
elastic modulus of the quenched steel has been observed
after cooling down from temperatures up to 800 °C,
while elastic modulus of the S460 decreases to 80%,
respectively. Yield and ultimate strength have similar
qualitative characteristics for the two steel grades. Fi-
nally, equations predicting the post-fire reduction factors
for high strength Q460 steel have been proposed.

Furthermore, some visual observations have been
demonstrated therein, depending on the surface colour,
as they are valuable for an approximate estimation of
the experienced temperature in steel. In particular, at a
temperature of 300 °C, blue colour has been observed
(blue brittleness phenomenon), while above 600 °C, the
surface becomes dark and the fire damage on the steel
specimens has been visible. In addition, the surface is
clean for specimens cooled in air, while rust has been
observed for the ones cooled by water.

The issues of residual stresses after the fire and subse-
quent natural cooling in welded H-sections have been
addressed by Wang and Qin (2016). The results showed
that the residual stresses decreased rapidly after the
member is exposed to temperatures greater than 400 °C
while only 10% of the residual stresses before heating re-
mains. This behaviour was observed both for mild steel
and high strength steel sections. Furthermore, a residual
stress model has been proposed for H-sections with
flange and web thicknesses around 8 mm. The import-
ance of the plate thickness on the magnitude of residual
stress has been highlighted as well. In particular, greater
residual stresses after constant welding heat have been
observed for thinner plates, probably due to the smaller
cross-sectional area.

The investigation of the microstructure alterations con-
tributes to a better understanding and offers insight into
the behaviour of steel during heating and cooling pro-
cesses. Interesting attempts have been implemented by re-
searchers (e.g., Cantwell et al., 2016 and Guo et al,, 2015),
who investigated the grain size variations through electron
scanning techniques. Also, studies in steel features under
fire conditions presented by Digges et al. (1966), Smith
et al. (1981), Kirby et al. (1986) and Tide (1998). A useful
discussion for the microstructure transformations is in-
cluded in a previous work of the authors, where more
details and illustrations are presented. One should have in
mind, that the time-temperature-transformation diagrams,
as presented by Maraveas et al. (2017), demonstrate the
resulting microstructures, taking into account the critical
cooling and isothermal curves for three different steel
types (hypereutectoid, eutectoid, and alloy steel).

The atoms transition, from a face-centered cubic
(FCC) to a body-centered cubic structure (BCC), is
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clearly illustrated in the thermal properties of high
strength steel at elevated temperatures. Choi et al.
(2014) confirmed the latter behaviour when they per-
formed experimental tests at elevated temperatures in
order to obtain the thermal and mechanical properties
of HSA800 high-strength steel. In particular, a 60% spike
of the specific heat of the material was observed between
700 and 800 °C, while the thermal conductivity also
changes trend at the same temperatures (Table 1). This
behaviour is addressed by EN1993 (2005) and ASCE
(1992) as well.

The main differences regarding the thermal properties
of conventional and high-strength steel are also noted by
Khaliq (2013). In general, vanadium steel displays higher
specific heat than the corresponding one of mild steel.
Regarding the thermal conductivity, no significant diffe-
rences between the two types of steel are noticed, al-
though the response of A36 steel is smoother. The
thermal expansion of the vanadium steel as a function of
temperature, records the same behaviour, compared with
the corresponding one of the HSA800 results by Choi
et al. (2014). Linear relationships, predicting the thermal
properties of vanadium steel, as a function of temperature,
have been proposed.

Focusing on VHSS, the effect of microstructure alter-
ations of each steel type on the resulted strength has
been discussed in detail by Azhari et al. (2015). In con-
trast to mild and high-strength steels, the kinetics of
tempering during the heat treatment of VHSS (relatively
fast grain growth), resulting in a quick loss of strength
for VHSS. The latter is described as "poorer thermal sta-
bility of the VHSS", in comparison with mild and high-
strength steels, by Heidarpour et al. (2014). In the latter
study, it is noted that the austenitization and subsequent
martensitization results in restoring the mechanical
properties of fire-damaged VHSS. However, the austenite
formulation requires that the steel exhibits very high
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temperatures (~1000 °C). Scanning electron microscope
images of the VHSS fracture surface are well illustrated
in the same study. The microstructure alterations are
easily observed for seven different temperatures (up to
600 °C), while significant differences are highlighted for
temperatures above 300 °C.

A noteworthy figure comparing representative micro-
structures for various steel grades is attached in the
NIST Report (2011). For completeness, it is regenerated
herein in Fig. 2. One can identify the differentiation of
the morphology as the yield strength increases (250—
420 MPa), which happens as micrographs are ordered
from (a) to (h). All steels have the ferrite(white)-pearli-
te(gray-black) microstructures, except (i) which is a
quenched and tempered steel (most possibly tempered
martensite morphology) with 690 MPa yield strength.
The detailed chemical composition and further descrip-
tion are also included in the corresponding Technical
Note, NIST (2011).

Studies on members and large-scale models

Many researchers have investigated, both experimentally
and computationally, the behaviour of steel members or
steel structures under fire conditions. Tondini et al.
(2013), Sun et al. (2014), Song et al. (2010) and Chen
and Young (2008) have focused on steel and composite
members as well as steel joints under combined fire and
loading conditions. Additionally, important large-scale
tests were performed lately by Vassart et al. (2012) and
Johnston et al. (2016). In all cases, the finite element
(FE) models have been developed and compared with
the corresponding experimental results. Almost every
study reviewed in the current section regards either
high-strength or cold-formed steel with strength greater
than 460 MPa. Furthermore, an evident disagreement is
observed for the predictions made by the existed stan-
dards. The last finding increases substantially the

Table 1 Summary of Test Data for HSS and VHSS at elevated temperatures

Source Number of specimens Number of curves Manufacture process Steel type  Average f, (MPa) T (°0)
Holt (Unknown) 10 - quenched and tempered ASTM A514 816 27-1038
uss (1972) 10 - quenched and tempered ASTM A514 803 27-1038
NIST TN1714 10 - quenched and tempered - 760 20-701
Chen et al. (2006) 34 12 quenched and tempered S690Q 789 60-940
Qiang et al. (2013a) 26 12 normalized S460 N 510 100-700
Choi et al. (2014) 10 10 quenched and tempered HSA 800 701 100-900
Wang et al. (2013) 22 11 alloy steel Q460 503 100-800
Heidarpour et al. (2014) 14 14 quenched and tempered VHS 1307 50-600
Chiew et al. (2014) 10 10 reheated, quenched and tempered  RQT-5690 773 100-800
Xiong and Liew (2016) 18 17 quenched and tempered RQT 701 740 100-800
Lazi¢ et al. (2016) 22 10 quenched and tempered S690QL 775 250-550
Qiang et al. 2016) 24 24 quenched and tempered S960QL 1045 100-700
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possibility of making the fire, a critical loading condition
during the design of structures made of high and very
high strength steels.

Wang'’s (2004) study has significantly contributed to-
wards the direction of the post-buckling behaviour of
axially restrained and loaded steel columns under fire
conditions. A translational spring was introduced in the
direction of the member, along with the loading condi-
tions (i.e., initial axial load and increasing temperature).
A parametric investigation followed for two cross-
sections, combining the initial column load magnitude,
the restraint stiffness, and the unloading restraint stift-
ness. Results have indicated that the post-buckling con-
tribution is significant, mostly for slender columns with
low initial load and high restraint stiffness (over 5% of

the column axial stiffness). A simplified analytical
method has been proposed therein, the reliability of
which has been also illustrated.

Several parameters have been investigated by Naser
and Kodur (2016) for the resultant failure capacity of
steel beams at fire conditions. An interesting observation
regards local web instabilities, which were found to be of
primary importance since they take place before flexural
failure. On the other hand, there is a significant differ-
ence on the deflection curve, taking into account the
concrete slab participation.

The significance of using accurate mechanical proper-
ties at elevated temperatures is also highlighted by
Ranawaka and Mahendran (2010). The influence of the
residual stresses on the ultimate failure load, for the case
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of distortional buckling, has been found to be small (less
than 1%). For the simulation of the residual stresses at
elevated temperatures, a linear reduction relationship,
proposed by Lee (2004), has been adopted.

Choe et al. (2016) compared detailed test data of
temperature and axial load histories (including high-
strength steel specimens with yield stress up to 520 MPa
for the virgin material) with the corresponding stress-
strain models proposed by the NIST and Eurocode 3.
The results indicated that the Eurocode is more conser-
vative on predicting the buckling behaviour since its
retained elastic moduli at elevated temperatures are
smaller than those of the NIST model. Moreover, up-
dates have been proposed for AISC specifications, by
replacing the yield strength and modulus of elasticity
retention factors based on the NIST stress-strain model.

Heva and Mahendran (2008) have highlighted the need
for new design guidelines predicting the behaviour of
cold-formed steel at elevated temperatures since hitherto
the capacity has been determined according to the ambi-
ent temperature guidelines using the corresponding re-
duced mechanical properties. This is not a formalised
design procedure, taking into account that cold-formed
members behave differently than the hot-rolled steel
members. Indeed, this approximate approach appears to
be conservative for unstiffened sections, according to
the experimental investigation that has been followed by
Heva and Mahendran. As a result, the critical limit of
350 °C recommended by the Eurocode (EC3-Part 1.2),
while using the effective width with the corresponding
retained mechanical properties at ambient temperatures,
contribute to completely uneconomical design.

Another important large-scale test has been performed
by Johnston et al. (2016). The failure through in-plane, in-
ward collapse mechanism has been clearly provided by the
side rails and the cladding, herein, while the asymmetric
mode is attributed to the non-uniform loading condition of
the fire. The columns buckled at a distance offset from the
joints while the screwed joints have not failed. In addition,
the effect of joint stiffness on the collapse temperature has
been studied through FE analyses. The lack of any guidance
for the design of cold-formed steel portal frame structures
in fire boundary conditions has also been noted.

It is worth to mention, that current codes should take
into account the behaviour of the structure, along with a
realistic material model prediction. A motivating work
towards this direction has been published recently by
Maraveas et al. (2017), describing the major aspects of the
post-fire assessment and reinstatement of steel structures.

Mechanical properties of HSS at elevated
temperatures

The above studies mainly focused on the mechanical
properties of steel since many tests have been conducted
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on high-strength steel coupons after heating and cooling
treatment. The present work is a comprehensive insight
of the extensive literature review. Numerous test data
are compared following accurate classification; while the
retained mechanical properties are presented and the
post-fire mechanical properties are examined separately.
For every case, efficient proposed equations found in the
literature are presented.

Experimental results

The details of the considered tests for coupons heated to
specific temperatures (i.e., numbers of specimens and
stress-strain curves, manufacturing, and steel type infor-
mation and temperature range), are summarized in
Table 1. Subsequently, all the available test data are illus-
trated in Fig. 3, for the case of yield stress (a), ultimate
stress (b) and modulus of elasticity (c). Where f,, f, and
Eg are the reference yield strength, ultimate strength and
elastic modulus, respectively (i.e., before the fire expo-
sure), while those with the subscript T are the corres-
ponding temperature dependent values. For comparative
reasons, some predictive models of existing codes are also
illustrated. The investigation of the stress-strain curves
exceeds the limits of the present study. As an important
aspect of the design, the necessity for future work emerges
for the development of a generic stress-strain model for
high-strength steel. However, a representative drop of the
curves with increasing temperature can be observed in
Fig. 4, through the elaborate experimental works by
Qiang et al. (2016) and (2013b), for S690 structural steel
at elevated temperatures and after cooling down (Figs. 4a
and b, respectively).

Initially, one can easily notice that a substantial deteri-
oration of all mechanical properties is demonstrated for
temperatures above 500 °C, while the variance of the
results is significant too. Also, the grade of high-strength
steel (460 or 690 MPa) cannot be considered as a key
aspect for distinction purposes.

The data for the yield and ultimate stresses of very
high-strength steel (Fig. 3a and b) were collected from
two studies. The results of the work by Heidarpour et al.
(2014) are particularly deteriorated (triangle marker style);
thus, they are distinguished and investigated separately
from the ones resulted by Qiang et al. (2016). The latter
observation cannot be attributed to the loading proce-
dure, since the same strain rates have been implemented
for the corresponding steady-state tests conducted on
S960 by Qiang et al. (2016), namely 0.005 min~. The
importance of the strain rate on the strength results has
been highlighted in the previous section. It is rather
attributed to the fact that, as observed in the microstruc-
ture pictures, above 350 °C, "the carbide particles con-
tinue to coarsen" leading to lower thermal stability, which
further deteriorates the strength properties. In any case,
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very high strength steel at elevated temperatures is
recommended for further experimental investigation.

Furthermore, in Fig. 3c, the retained elastic modulus can
be easily clustered in two groups. The group with lower
degradation regards the steels Q460 (by Wang et al., 2005)
and S690Q (by Chen et al., 2008). The elastic modulus in
the first study was obtained from steady-state tests (through
the frequency approach) and in the second one from both
steady-state and transient tests. It is also reported by Chen
et al. (2008) that the elastic modulus calculated by the
steady-state tests exhibited lower reduction than those from
the transient tests. However, although the first ones are not
included in the study in a tabulated form, the reduction be-
tween the two cases is more than obvious in the graphical
form. From the authors’ point view, more experimental
data for the retained elastic modulus of high-strength steel
are required before drawing a safe reduction model in the
form of design guidelines.

Comparison with existing codes

As it is already known, all predictive models for the beha-
viour of steel at elevated temperatures suggested by the
current codes, are based on mild steel test coupons, except
the NIST report, which includes specimens with yield
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stress up to 500 MPa. Thus, the disagreement of the exist-
ing guidelines with the test results is simply confirmed,
rather than expected. It should be noted that since almost
every collected yield strength data implies the 0.2%-offset
yield strength, the corresponding curves are referred to
the same material property. In addition, the most recent
report of the NIST TN 1907 (2016) is taken into account
for the comparison of the corresponding material models.

Although some existing codes have been reported conser-
vative even for mild steel, this is not the case when they are
used for high strength steel. In Fig. 3a, one can observe the
overestimation of the NIST at 700 °C for the yield stress
while Eurocode 3 is significantly conservative for tempera-
tures between 350 and 600 °C (Fig. 3c). Similar observations
apply to the American organizations (i.e. AISC and ASCE).
As mentioned previously, some researchers have already
highlighted the inconsistencies of several guidelines with
the experimental results [Chen et al. (2006), Heva and
Mahendran (2008), Qiang et al. (2016), etc.].

Proposed model

A simplified proposed model, predicting the mechanical
properties of high-strength steel at elevated tempera-
tures, is depicted in Fig. 5.
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The proposed nonlinear model is based on the test
data presented in section 3.1, which are also illustrated
in the same figures. The reduction factors for each
mechanical property (i.e. proportional yield strength, ul-
timate strength, and elastic modulus) are determined via
Egs. (1-2), for i = (y, u, E). Specifically, two alternative
formulas are proposed, namely using exponential and
summation of sines forms respectively. To this end, a
nonlinear fitting method was followed using Matlab.
The estimated R-square for the yield and ultimate
strengths and the elastic modulus fitting analyses were
observed around 0.88 (1.7), 0.91 (1.2) and 0.79 (1.9) re-
spectively. Towards a better understanding, R-square
with a value closer to 1 indicates that a greater propor-
tion of variance is accounted for by the model. The sum
of squares due to error (SSE) are also given for each
property in the brackets. The parameters a, b and c are
summarized in Tables 2 and 3 for the determination of
the reduced mechanical properties at elevated tempera-
tures. The efficiency of the proposed formulas should be
highlighted since the user is able to calculate the
retained properties for the entire range of temperatures
by a single formula.

B (*’7;.1) ’ B ("*’%.2) ’
k(i:y,u,E) = ;1€ il -+ a;2€ 2 (1)

K(i=yup) = ai,le(bi,1x + Ci.l) +ai2 Sin(bi,zx + Ci.z)

(2)

The predictability of the proposed model using Eq. (1),
can be easily observed through the residuals plot
(namely the deviations of the literature data from the
fitted retained properties), in Fig. 6. Mathematically, the
residual for a specific predictor value is the difference
between the response value R and the predicted response
value R. For a better understanding of the regression, a
5-order polynomial trend line (solid curve) is added in
every figure. It is obvious that the best accuracy is observed
for the ultimate strength, where the trend line approaches
zero at the greatest extent of the temperatures range.

In Fig. 7, one can observe the formula differentiations
between Egs. (1) and (2). For the formula based on the

Table 2 Parameters for Eq. (1) of the proposed model

parameter ky k, ke

aj —85.81 0.9878 0.1871
b, 1844 4068 -12.96
G 297.7 469.1 132

a, 86.73 0.3482 0.9199
b, 184.2 4379 1816
C 299.8 2059 4839
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Table 3 Parameters for Eq. (2) of the alternative proposed

model

parameter k, k, ke

a; 7.565 4.193 2.542

b, 0.0001617 0.000294 0.000287
Gy 2.984 2.853 2771

as 0.1442 0.1515 01714
b, 0.008655 0.008375 0.005308
C —-1.958 -1673 03929

summation of sines (dashed lines), a sudden drop is ob-
served for temperatures up to 100 °C, for the cases of
yield strength and elastic modulus. According to the au-
thors’ point of view, an ideal case is the calculation
through Eq. (1) (Gaussian fit). However, it is left to the
user to make a decision.

Post-fire properties of HSS

The details of the tests that have been conducted on
coupons after heating and subsequent cooling at ambi-
ent temperature are summarized in Table 4. The cooling
method is also included, whereas the heating was per-
formed through furnaces.

The available test data are illustrated in Fig. 8(a-c).
The predictive factors are also presented in the same
figures for each mechanical property, as they have been
proposed by Maraveas et al. (2017). For the case of post-
fire material properties, a simple tri-linear model is
proposed. It is important to note that, although Egs.
(3)—(5) have been established for heat-treated steel, in
general, they are in agreement with the test results for
high-strength steel. Therefore, the predictive Egs. (3)—(5)
can be used for the post-fire properties of high-strength
steel as well, i.e. the yield and ultimate stresses and
elastic modulus respectively.

For the case of post-fire retained elastic modulus, one
can observe the deviations between the experimental data
in Fig. 8c. More specifically, for temperatures above 700 °C,
some experimental results (red-coloured) are obtained
almost to retain their initial elastic modulus. These data
correspond to Q460 and RQT-S690 structural steels.
Regarding the first steel, the specimens were cooled in
water, so the insignificant reduction of the property is
expected because of the quenching and tempering proce-
dures. On the contrary, the specimens cooled in a furnace
(S355J2H steel) are characterized by large dispersion, while
significant reduction is observed in medium temperatures
(500—-600 °C). As for the reheated, quenched and tempered
steel (RQT-S690), an important discussion is followed by
Chiew et al. (2014) comparing their findings with the corre-
sponding ones for S690QL steel, published by Qiang et al.
(2012a). In addition, from the investigation at elevated tem-
peratures followed in the same study, the elastic modulus
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Table 4 Summary of Test Data for HSS and VHSS after heated and cooled down
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Source Number of Number of Manufacture process  Steel type  Average f, T(°0) Cooling
specimens curves (MPa) method
Outinen and Makeldinen 14 - Cold worked S355J)2H 566 464-538 CIF?
(2004)
Qiang et al. 2012b) 11 11 Hot rolled S460 490 300~ CIAP
1000
13 13 Heat treated S690 789 100- CIA
1000
Qiang et al. (2013) 11 11 Heat treated S960 1045 100~ CIA
1000
Chiew et al. (2014) 6 6 quenched and RQT-S690 773 100- CIA
tempered 1000
Gunalan and Mahendran 30 30 Cold-formed G500, G550 664 300-800 CIA
(2014)
Wang et al. (2014) 20 20 Stainless Grade 623 200- CIF
14301 1000
Wang et al. (2015) 48 48 quenched and Q460 513 300-900 CIA, CIW©
tempered
Azhari et al. (2015) 12 12 quenched and VHS 1200 150-600 CIA

tempered

2cooling in furnace; Pcooling in air; “cooling in water

T(°C)

Fig. 8 Reduced post-fire ratios of a) f,i/f,, b) f/f, and ¢) Eq/E as a function of temperature
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was attained poorer deterioration, compared to other mate-
rials referenced therein, while the strengths were drastically
reduced. From the aforementioned, it is clear that the re-
fined quenched and tempered product is another special
case of high-strength steel, which should be taken into con-
sideration in particular, with the aid of more experimental
data.

The case of cold-form steel has been investigated sep-
arately since the behaviour is evidently different in terms
of yield and ultimate strength. Specifically, the corre-
sponding strengths are reduced by half in the range 500
and 600 °C. Similarly, post-fire mechanical properties for
VHSS can be predicted according to the latter case;
namely, by using Eq. (5) for the elastic modulus and Egs.
(6)—(7) for the yield and ultimate stresses respectively.

The rapid strength reduction of the cold-form steel is
undoubtedly attributed to the different manufacturing
process. In the microstructure level, the strength enhan-
cing martensite phase, which is gained from large plastic
deformation and high strain rate at low temperatures
(cold-forming), obviously reverts to the lower strength
austenitic phase. This phenomenon could be linked to the
corresponding “return back” of the heat treated steels into
their “parent” steel before hardening if heated properly.

Residual factors of heat-treated steel:

f 1 T<600°C

fLT = { 2.258-T/480, 600°C < T < 900°C  (3)
y 0.371 T>900°C

s 1 T<600°C

fﬂ ={ 2.0-T/600, 600°C < T < 900°C (4)
“ 0.500 T>900°C

1 T<600°C
EST
- = 1.702-T/85, 600°C < T < 900°C (5)

0.649 T=900°C

Residual factors of cold-worked steel:

fyT B T < 500°C
Iy {0.65 - (500/T)" + 0.35, T > 500°C
(6)
fo 1 T < 500°C
fu 055.(500/T)° + 045, T >500°C

(7)

Conclusions

This study addresses the mechanical properties of high-
strength steel at elevated temperatures and after cooling
to ambient temperature. An attempt to understand the
behaviour of HSS and VHSS, as well as their disparity
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against mild steel, at elevated temperature is firstly pre-
sented. A thorough review is followed, presenting the
findings of experimental tests conducted on HSS and
VHSS coupons or column members and large-scale
frames at fire conditions. Major parameters, such as the
microstructure particularity and the manufacturing
process are highlighted.

Given that the grade of high-strength steel is used for
high strength-to-weight ratio demands, thinner structural
elements are used for the optimal weight of the structure.
Thus, the greater section factor results in a more critical
design capacity. Additionally, as illustrated in this study,
high-strength steels exhibit more unstable conditions dur-
ing heating than that of conventional steel. These facts
imply the case of fire design as a crucial loading condition
when using high-strength steel.

Mechanical properties from the experimental tests are
summarized and presented in graphical forms. The dis-
agreement of the available results with the existing codes
of practice implies the necessity of the appropriate up-
dates. Therefore, a sophisticated but simple-to-use nonlin-
ear model is proposed for predicting the retained strength
factors for high-strength steel at elevated temperatures.

In addition, post-fire properties of HSS and VHSS are
examined in this paper. A tri-linear formula is found ad-
equate for this scenario and an exponential one for the
cold-formed steel. The results indicate good agreement
with the proposed equations earlier presented by the au-
thors (Maraveas et al., 2017). At last, it is suggested that
the fire and the post-fire elastic modulus of HSS need
further experimental investigation.
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