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OZET

FARKLI KALITEDEKI CELIK MALZEMELERIN YANGIN ETKISi
SONRASINDAKI DAVRANISI

Veysel POLAT

Yiiksek Lisans Tezi
Fen Bilimleri Enstitiisii
Insaat Miihendisligi Anabilim Dali
Tez Yoneticisi: Dr. Ogr. Uyesi Ozer ZEYBEK
Ortak Tez Yoneticisi: Dog. Dr. Yasin Onuralp OZKILIC
Haziran 2024, 66 sayfa

Geleneksel diisiik karbonlu yapisal gelik, diisiik karbon igerigi ile bilinen ve genellikle
yapi sektdriinde kullanilan gelik tiirtidiir. Kolay sekillendirilebilir ve kaynak yapilabilir
ozellikleri bu celigi, binalar, kopriiler ve ¢esitli insaat projelerinde yaygin olarak tercih
edilen bir malzeme yapar. Diisiik maliyeti ve iyi mekanik 6zellikleri nedeniyle, diisiik
karbonlu ¢elik yaygin bir sekilde kullanilmaktadir. Yiiksek dayanimli ¢elikler, yiiksek
dayanim/agirlhik orani ve iyi deprem dayanimi gibi istiin ozelliklere sahip
olduklarindan kopriilerde ve yliksek binalarda yaygin olarak kullanilmaktadir. Yiiksek
sicakliklara maruz kalmak bu malzemelerin mukavemetini ve rijitligini etkiler.
Yangin sirasinda c¢elikler, yiiksek sicakliklarin etkisiyle Onemli mikroyapisal
degisikliklere ugrar. Celiklerin mekanik ozellikleri, yiiksek sicakliklarin etkisiyle
genellikle zayiflar. Bu amagla diisiik karbonlu ¢elik ile yiiksek dayanimli geliklerin
yangin sonrast davraniglarinin degerlendirilmesi giivenlik agisindan 6nemli bir
konudur. Bu amagla yapi alaninin 6nemli bir konusu olan ¢elik binalarin yangin
hasarlarin1 degerlendirmek i¢in deneysel ve parametrik birlestirilmis bir ¢alisma
yapilmigtir. Oncelikle kalinliklart 2,5 mm ile 15 mm arasinda degisen yiiksek
dayanimli S7T00MC gelik saclardan kesilen ¢ekme testi kuponlari ile kalinliklar1 6 mm
ile 12 mm arasinda degisen diisiik karbonlu S235JR ¢elik ¢ekme testi kuponlar1 1200
°C'ye kadar farkli sicakliklara maruz birakilmistir. Bu numuneler daha sonra test
edilmeden once dogal hava sogutmasi yoluyla normal oda sicakligina sogumaya
birakilmistir. Elastisite modiilii, akma mukavemeti ve nihai ¢ekme mukavemeti gibi
yangin sonrast mekanik davranig parametrelerini belirlemek i¢in bu kuponlar iizerinde
bir dizi ¢ekme testi gergeklestirilildi. Test sonuglari, yikksek mukavemetli ST00MC
celigi ile diisik mukavemetli S235JR c¢eliginin yangina maruz kaldiktan sonraki
mekanik davraniglarinin, 1sitma sicakligi 600 °C'yi astiginda 6nemli 6l¢iide degistigini
gostermistir. S7T00MC celiginin akma dayamimi kaybi kalinlikla birlikte artma
egiliminde olsa da kalinligin S235JR c¢eligi lizerinde 6nemli bir etkisinin olmadig:
tespit edilmistir. En yiiksek akma dayanimi kayb1 S235JR ¢eliginde 8 mm kalinlikta
ve 1200 °C sicaklikta %50, S7T00MC c¢eliginde ise 12 mm kalinlik ve 1200 °C
sicaklikta %70 olarak oOlc¢lilmiistiir. Kalinligin en yiiksek ¢ekme dayanim kaybina
etkisi her iki celik i¢in de siurli oldugu gézlemlenmistir. Yiiksek sicakliklara maruz
kalma durumunda nihai dayanim kayb1 S235JR ¢eligi icin genellikle %30 civarinda
olurken, S700MC c¢eligi i¢in bu oran degigsmekle birlikte %50'ye kadar ¢iktig: tespit



edilmistir. Deneysel bulgulara dayanarak, S7T00MC ile S235JR ¢eliklerinin mekanik
parametrelerindeki degisiklikleri tahmin etmek i¢in yeni bir denklem seti
gelistirilmistir. Bu yeni tahmin denklemleri, yiiksek dayanimli S700MC c¢eligi ile
geleneksel diisiik karbonlu S235JR celiginden yapilmis binalarin yangin olaylarina
maruz kaldiktan sonra dogru sekilde degerlendirilmesine olanak tanir. Ayrica 6nerilen
bu ampirik denklemler geneldir ve akma dayanimi 235 MPa - 420 MPa araligindaki
diisiik karbonlu gelikler ile 700 MPa'ya kadar olan yiiksek dayanimli gelikler igin
gecerlidir. Onerilen denklemler, pratik tasarim standartlarina hemen uyarlanabilecek
bir bigimde sunulmustur.

Anahtar Kelimeler: Yiiksek mukavemetli yapisal ¢elik, geleneksel diisiik karbonlu
yapisal ¢elik, S700 MC, S235JR, mekanik davranis, yangin
sonrasi, ampirik denklemler
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Conventional carbon mild steel is a type of steel known for its low carbon content and
generally used in the construction industry. Its easily formable and weldable properties
make this steel a widely preferred material for buildings, bridges and various
construction projects. Due to its low cost and good mechanical properties, low-strength
steel is commonly employed. High-strength steels are widely utilized in bridges and
high-rise buildings since they have superior properties such as a high strength/weight
ratio and good earthquake resistance. However, exposure to high temperatures affects
the strength and stiffness of these materials. During fire, steels undergo significant
microstructural changes under the influence of high temperatures. The mechanical
properties of steels generally weaken under the influence of high temperatures. For
this purpose, evaluating the post-fire behavior of conventional structural mild steel and
high-strength steel is an important issue in terms of safety. For this purpose, a
combined experimental and parametric study was conducted to evaluate fire damage
of steel buildings, which is an important issue in the construction field. Tensile test
coupons were cut from high-strength S7T00MC steel sheets (thicknesses: 2.5 mm to 15
mm) and conventional structural S235JR mild steel sheets (thicknesses: 6 mm to 12
mm). These samples were exposed to varying temperatures up to 1200 °C. After
exposure, the specimens were allowed to cool to room temperature naturally through
air cooling before being tested. A series of tensile tests was conducted on these
coupons to identify the parameters of post-fire mechanical behavior such as the elastic
modulus, yield strength and ultimate tensile strength. Test results demonstrated that
the mechanical behavior of high-strength S7T00MC steel and conventional structural
S235JR mild steel after exposure to fire changed significantly when the heating
temperature exceeded 600 °C. It was observed that while the yield strength loss of
S700MC steel tends to increase with thickness, thickness has no significant effect on
the yield strength loss of S235JR steel. The highest yield strength loss for S235JR steel
was measured as 50% for a thickness of 8 mm at 1200 °C. For S7T00MC steel, the
highest yield strength loss was measured as 70% for a thickness of 12 mm at 1200 °C.
The effect of thickness on the ultimate tensile strength loss is limited for both steels.
In the case of exposure to high temperatures, the ultimate strength loss is generally
around 30% for S235JR steel, while for STO0OMC steel, it varies but can reach up to
50%. Based on experimental findings, a new set of equations has been developed to
estimate changes in the mechanical parameters of ST00MC and S235JR steels. These



novel predictive equations allow the accurate evaluation of buildings made of high
strength S7T00MC and conventional structural S235JR mild steel after exposure to fire
events. Furthermore, these proposed empirical equations are general and valid for low-
strength steels with yield strengths in the range of 235 MPa - 420 MPa and high-
strength steels up to 700 MPa. The proposed equations are presented in a form that is
immediately useful for adoption into practical design standards.

Keywords: High strength structural steel, conventional structural mild steel,
S700MC, S235JR, mechanical behavior, post-fire, empirical equations
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1. INTRODUCTION

Steel is a common construction material utilized in different applications such as
residential, commercial and industrial structures. The development of new design
procedures and architectural demands have led to the production of steels having high
strength. In addition, with the improvement in steel making and welding techniques,
steel producers offer high grade steels in the steel market (Shi et al., 2014; Tankova et
al., 2021). Steels with a nominal yield strength (fy) under 460 MPa are generally
categorized as conventional mild or low-carbon structural steels, including grades such
as ASTM A36, ASTM A572 (Grades 42 and 50), ASTM A992, S235JR, S275, and
S355, while those with a nominal yield strength above 460 MPa are considered high
strength steels. (Qiang et al., 2012; Shi et al., 2014). The conventional carbon mild
steel (CCMS) is widely used in the construction of buildings, bridges, industrial
machinery, pipelines, and various structural components. Low-carbon structural steels
are commonly employed in a variety of structures owing to their affordability and
simplicity of construction. These steels are commonly utilized in low to mid-rise
residential buildings, serving as primary structural elements such as columns and
beams. Industrial structures like warehouses and hangars often employ low-strength
steels providing an economical solution. Small-scale bridges and pedestrian bridges
incorporate low-strength steels as these structures do not require high load-bearing
capacities. Agricultural buildings such as barns, greenhouses, and poultry houses
frequently use low-strength steels, suitable for their large spans and minimal load
requirements. Prefabricated steel buildings and light steel frame systems also benefit
from the rapid and economical construction offered by low-strength steels. Examples
of such applications include small-scale rural bridges, various company warehouses
and logistics centers, and local sports halls and sports complexes. However, highly
renowned and iconic structures typically do not extensively use low-strength steels, as
these buildings often require high-strength steels and other high-performance
materials. Despite this, some historically significant structures or parts of larger

buildings may have utilized low-strength steels. For instance, the Eiffel Tower, built



in 1889, used steel that can be considered low strength by today’s standards but
remains an iconic landmark. Many factories and warehouses constructed during the
Industrial Revolution employed low-strength steels and are preserved as industrial
heritage sites, with some still in use today. Additionally, several old railway bridges
built with low-strength steels, designed for lower load capacities, are still in existence.
Thus, while low-strength steels are not typically used in modern high-profile projects,
their historical and practical significance remains evident in numerous structures
worldwide. The usage of high strength steel (HSS) is increasing in engineering
applications such as stadiums, transmission towers, offshore platforms, long-span
bridges and high-rise buildings, since it provides a higher strength-to-weight ratio and
good earthquake resistance, compared to CCMS (Li and Young, 2018; Wang et al.,
2018). With introduction of HSSs into structures, steel markets began to supply higher
performance steel materials through more efficient material production and
manufacturing process. The S690 (f,=690 MPa) grade was employed for the roof
trusses in the Sony Center in Berlin, Germany. On the other hand, S960 (fy=960 MPa)
and S1100 (fy=1100 MPa) were preferred for use in a military bridge in Sweden. Thus,
the increasing demand led to manufacturing of HSS with yield strengths of above 1000
MPa. However, the current version of European standard EN 1993-1-12 (2007)
proposes rules for building structures made of steel grades with up to a yield strength
of 700 MPa. On the other hand, a working group (WG12) planned to develop new
rules for high strength steels up to the steel grade S960 (Kuhlmann et al., 2021). Other
advantages of HSSs are that they could result in less total steel amount and carbon
dioxide emission in engineering practice (Collin and Johansson, 2005). This would
lead to environmental benefit, saving energy and less consumption of raw materials
(Qiang et al., 2012; Shi et al., 2014; Qiang et al., 2016). Despite the existence of HSSs
today, low-strength CCMSs are extensively utilized in the construction industry,
especially in the load-bearing columns and beams of buildings. These steels are

preferred due to their high ductility, easy machinability and economy.

There are many experimental and numerical studies investigating the performance of
members made of HSS and CCMS materials. A study performed by Outinen et. al.
(2001) focused on steel structures in fire conditions. It involves simulating steel and
steel-composite constructions under fire as well as material testing. Cold-formed
sections and steel grades S350GD+Z, S355, and S460M were subjected to



experimental testing. It also covered how to use the finite element code for structural
analysis of steel and steel-concrete composite frames, along with validation studies
and thermal load application techniques. Different cooling techniques are crucial for
steel post-fire (P-F) behavior. Steel samples are often cooled in various ways once they
have reached the appropriate temperature. Common methods include cooling in air,
water, foam, a furnace, or using a blanket. While research may be done using only one
of these cooling techniques, some studies attempt all of them at once and compare the
outcomes. (Ren et al., 2020; Yin et al., 2023; Kiran and Sajid 2019; Lu et al., 2016;
Glassman et al., 2020; Zhang et al., 2020; Molkens et al., 2021; Sajid and Kiran 2018).
Shi et al. (2021) tested Q235 base metal and weld coupons to determine their
mechanical performance after being exposed to fire using CIA and CIW cooling
procedures. Ren et al. (2020) examined the effects of fire and two distinct cooling
techniques (air and water) on the mechanical characteristics of Q235 cold-formed
steel. Tensile coupon tests were carried out at room temperature to evaluate the
qualities of the steel after the fire. Coupon samples with thicknesses of 1 mm and 2
mm were utilized. The mechanical characteristics of S355J2W bridge weathering steel
after fire were studied by Yin et al. (2023). They found that while cooling techniques
(air, foam, water) and temperature increases have little influence on the material's
elastic modulus, they have a major impact on its ultimate strength, yield strength, and
ductility. Sajid and Kiran (2019) investigated the P-F mechanical response of ASTM
A572 Gr. 50 steels under high stress triaxiality when they were cooled from high
temperatures using air-cooling and water-cooling techniques. The P-F mechanical
characteristics of hot-rolled Q235, Q345, and Q420 steels and also cold-formed Q235
steels that were subjected to temperatures reaching as high as 1000 °C and cooled with
either air or water were examined by Lu et al. (2016). Glassman et al. (2020) assessed
the mechanical characteristics of weathering steel (A588) at different temperatures and
with different cooling techniques in comparison to non-weathering steel (A709/A992).
Their findings show that A588 has a marginally higher reduction in ultimate stress at
high temperatures. However, if properly cooled, both steels can maintain similar
residual properties; excessive heat and water cooling may cause increased brittleness
and unanticipated changes in mechanical properties. Yazici (2024) evaluated the
impact of elevated temperatures on the mechanical characteristics of S235 cold-formed
steel with and without protection, in different thicknesses. According to the study,

exposed steel loses a substantial amount of strength at temperatures above 400 °C.



However, by lowering temperature exposure by about 200 °C, intumescent coatings
increase the strength of coated specimens between 500 and 900 °C. Up to a particular
temperature, thicker steel specimens likewise maintain a higher ultimate strength. In
order to help with the design of more fire-resistant steel structures, Yazict completed
with an approach for determining the ultimate strength of both coated and uncoated
steel based on temperature and thickness. Dan et al. (2022) examined the mechanical
properties of structural steels Q345, Q460, Q550, and Q690 after exposure to
temperatures ranging from 300 °C to 800 °C, followed by air cooling. Their analysis
revealed that mechanical properties, such as YS and UTS, decrease significantly when
temperatures exceed 600 °C. The residual factors show either exponential or linear
relationships with temperature. New predictive equations for these residual factors are
proposed based on experimental data, and a stress-strain model is introduced to
accurately represent the stages of the stress-strain curve under fire conditions. The P-
F mechanical properties of cold-formed steel members, which are essential for a
variety of building applications, were examined by Gunalan and Mahendran (2014).
Tensile coupons of various grades and thicknesses were subjected to temperatures as
high as 800 °C before being cooled to room temperature. The study found that steel
exposed to temperatures above 300 °C showed significant reductions in mechanical
properties. As a result, they developed new predictive equations for assessing P-F
strength, helping engineers evaluate the safety of fire-exposed cold-formed steel
structures. Balakrishnan et al. (2022) studied the residual properties of S355 J2 steel
joints after fire exposure up to 900 °C. The results showed a slight increase in YS,
UTS, and hardness at 300 °C, but significant deterioration above this temperature, with
strength reduction linked to microstructural changes in the steel. After studying the P-
F mechanical characteristics of Q355 steel, Zhang et al. (2020) discovered that cooling
techniques had a major impact on the material's strength and ductility following
exposure to temperatures beyond 600 °C. Water cooling boosted strength but
decreased ductility, while fire-extinguishing foam cooling resulted in decreased
strength and increased ductility. New predictive equations for Q355 steel were
developed based on these findings. Molkens et al. (2021) provide recommendations
on P-F material properties and safety factors for structural carbon steel, addressing
discrepancies between design and P-F assessment methodologies. Their study includes
a statistical evaluation of 718 tests from various sources and suggests adjusted safety

factors and a reduced reliability index to improve the assessment and retrofitting of



fire-damaged steel structures based on performance data and technical analysis.
Outinen and Makelainen (2004) conducted experimental research to investigate the
mechanical properties of structural steels S350GD+Z, S355, S460M, and cold-formed
S355J2H at elevated temperatures using transient state tensile tests. Their study
provided data on temperature-dependent properties such as YS, E, and thermal
elongation, comparing these results with the material model outlined in Eurocode 3.
Sajid and Kiran (2018) investigated how cooling techniques and stress triaxiality
affected the P-F response of ASTM A36 steels. They found that air-cooling from
temperatures above 700 °C resulted in a 14% drop in UTS and a 22% increase in
fracture strain, while cooling from 600 °C had no effect on mechanical parameters. On
the other hand, water cooling at high temperatures increased UTS by up to 146% while
decreasing fracture strain by 76%. High stress triaxiality further increased strength
while decreasing ductility. Numerous investigations have been carried out on diverse
steel types to comprehend the behavior of steel in the presence of fire. Some of these
focus on the behavior of steel at elevated temperatures. Other studies have attempted
to reveal the differences in the behavior of steel by focusing on different cooling
methods. Few research has examined the P-F behavior of steels with varying
thicknesses. In the literature, there are widespread studies on Q235 steel, which has a
yield strength close to S235JR steel. Although there are studies on Q235, choosing
S235JR steel is important due to its compliance with European standards (EN 10025-
2), which ensure consistency and reliability in structural performance, especially in
European construction projects. Incorporating the S235JR into fire behavior studies
provides valuable information regarding its performance under high temperatures,
which is necessary to increase structural integrity and meet European safety
requirements. Understanding the behavior of S235JR in fire scenarios contributes to
improved design guidelines and retrofit strategies for fire-damaged structures. Thus,
one of the steel grades considered in this thesis is S235JR.

One of the earliest studies on HSS was performed by Haaijer (1963). Some structural
members made of HSS were considered to explore their mechanical behavior. The
results of the study showed that utilization of HSS can reduce the number of materials
to build lightweight structures. A study performed by Adams (1966) also demonstrated
that the use of HSS resulted in lighter and slenderer members. After understanding the

applicability of HSS from previous studies, attention was paid to the mechanical



behavior of structural members made of HSS and this was explored in the following
categories: instability behavior (Nie et al., 2018; Chen et al., 2022), connection
performance (Qiang et al., 2014; Lee, 2017; Jiang et al., 2021; Jiang et al., 2021; Lin
et al., 2021) and seismic response (Wang et al., 2014; Hue and Wang 2023) of HSS
structures. It should be noted that usage of HS steels is not limited to building type
structures. Their superior mechanical properties make them preferred materials in the
oil and gas industries. However, cylindrical shell structures such as pressure vessels
and pipes are more prone to fire hazards. Likewise, there are times when it is inevitable
for the high-strength steel components of buildings of this kind to experience fire
incidents. Despite the fact that these steels are widely used in the civil engineering
industry, there was limited knowledge of how materials would behave under extreme
structural pressures, such as fire (Azhari et al, 2017). While most study has been done
on mild steels, very few studies have examined how high strength steel members react
to fire. Chen et al. (2006) conducted one of the earliest studies on the behavior of HSS
members at high temperatures. It was found that when temperature increased, HSS
specimens' yield strength and elastic modulus decreased. It was detected that the
behavior of HSSs at temperatures above 540 °C is quite different from that of
conventional carbon mild steel (CCMS) samples. The mechanical performance of
S690 steel grade was investigated by Qiang et al. (2012) at various temperatures
(ranging from ambient temperature to 700 °C), considering both transient state and
steady state processes. They claimed that there were no safe criteria for directing the
construction of steel structures with high yield strength that would ensure fire
resistance. Chiew et al. (2014) examined the behavior of grade S690 HSS at elevated
temperatures. It was revealed that HSS has minor degradation in strength at
temperatures below 400 °C, while it experiences a major reduction in some mechanical
properties at higher temperatures. Their study demonstrated that after a fire event the
mechanical performance of HSSs are different from those of CCM steels as stated the
study performed by Chiew et al. (2014). Qiang et al. (2012) explored changes in the
mechanical behavior of two different HS steels after fire events. It was demonstrated
that there was a significant effect of the steel grade on post fire performance of HSS.
Qiang et al. (2013) performed an experimental study to assess the structural and
material performance of S960 steel after fire. It was detected that there was no change
in the behavior of high strength S960 grade steel before a heating temperature of 600
°C. Wang et al. (2013) explored the influence of temperature change on the behavior



of Q460 grade steel. Their studies showed that the deterioration in the stiffness and
strength of Q460 HSS was different from that of CCMS at elevated temperatures.

The above-mentioned works mostly concentrated on the performance of HS steels at
elevated temperatures. However, the following studies concentrated on the response
of HSS after high temperature exposure. Li et al. (2017) evaluated the structural
performance of Q690 steel after a fire situation. The material properties of HSS were
found to be strongly impacted by the cooling approach as the temperature increased
above 500°C. It has been stated that even though the yield strength values for different
HSS grades (i.e. Q690 and S690) are the same, there are differences in their P-F
behavior. Zhou et al. (2019) used two distinct cooling methods (cooling by air and
cooling by water) to examine how the Q690 HSS grade responded to high
temperatures. Regardless of the cooling method, a slight loss of strength was observed
after the steel was subjected to temperatures up to 600°C. However, when temperatures
exceeding 700 °C were applied to the HSS specimens, it was found that the strength
deterioration worsened even more. Kang et al. (2021) conducted mechanical and
fracture behavior of Q460 steel grade after a fire situation. When the test specimens
were subjected to temperature values above 650 °C, strength values started to decrease.
However, no significant change in Poisson’s ratio and the E of Q460 steel grade was
noticed when the heating temperature reached 900 °C. Conversely, specimens that
underwent tensile testing subsequent to heating exhibited ductile fracture failure. Zeng
et al. (2021) examined the P-F mechanical characteristics of Q890 steel grade while
taking water- and air-cooling methods into account. It was shown that temperature
variations and cooling techniques both significantly affected the performance of high
strength steels. Research on how high-strength steels react to fire was done by Dan et
al. (2022). It was determined that when the heating temperature value increased above
600 °C, the deterioration in strength and stiffness became more evident. Zhou et al.
(2021) investigated how cooling techniques—such as air, water, and firefighting
foam—affect the mechanical properties of Q620 high strength steel. After cooling in
air and foam, the similar stress-strain behavior for Q620 high strength steel was
observed. Furthermore, they compared their results with other steel grades such as
Q460, S460, Q690 and S690. Their studies revealed that although P-F mechanical
parameters of Q620 high strength steel are similar to Q460 and S460, there was a
difference in these properties between the Q620, Q690 and S690 steel grades. Molkens



et al., (2021) attempted to develop a design guideline to assess and retrofit existing
steel buildings which suffered and survived a fire incident. Their study pointed out that
there is a difference between approaches utilized in the design phase and evaluation
procedures employed after a fire event. Considering the available data in the literature,
a reliability-based approach was proposed to predict the future service life of the
buildings after a fire incident. After exposing circular bar samples produced of Q690
HSS grade to a range of temperature conditions, Li et al. (2024) conducted
experimental research on them. They said that a P-F constitutive model for such steels
might be required to assess the service life of the buildings in addition to figuring out
the mechanical characteristics of HS steels following fire exposure. An elastoplastic
constitutive model that is temperature-dependent was created to approximate the P-F
mechanical behavior of high-strength steel Q690. These investigations demonstrate
how the mechanical behavior of HSS steel members varies following a fire hazard.
While some qualitive conclusions are available in the open literature about the
mechanical behavior of fire exposed mild steels, the widely used design specifications
British standard BS 5950 (2001) and European Standard EN 1993-1-2 (2007) provide
brief information about reuse of these types of steel after a fire event. Furthermore, no
detailed recommendation is given for them after P-F exposure in these design
standards. In other words, BS 5950 (2001) and EN 1993-1-2 (2007) only address mild
steels at elevated temperatures. On the other hand, there are some design treatments to
investigate the P-F behavior of high strength steels, but there are no design guidelines
regarding P-F response of HS steels. Previous studies (Qiang at al., 2012; Qiang at al.,
2016; Azhari et al., 2017; Xiong at al., 2017) also showed that there exists a lack of
knowledge about the effects of exposure to fire events on the performance of HS steels.
Furthermore, since the present standards' reduction factors are based on test results
from mild steel specimens, they should be revised when determining the material
properties of various HS steels at elevated temperatures, according to studies on HS
steels (Shakil et al., 2020). Previous research on the P-F mechanical characteristics of
high-strength steels has mostly focused on a yield strength of 690 MPa. Researchers
studied different steel grades such as S690, S690QL, Q690 and RQT 690. All these
grades have a minimum yield strength of 690 MPa. The experimental study conducted
by Li et al., (2017) revealed that the P-F mechanical behaviors of Chinese Q690 HSS
S690 HSS were quite different even though they both have the same nominal yield
strength (fy=690 MPa). Another widely used HSS grade is S700 MC. It is also a high



strength low-alloy steel grade like the abovementioned family of constructional steel
(5690, S690QL, Q690 and RQT 690) having yield strength of 690 MPa. Although
their yield strength values are close, there are significant differences between them,
such as chemical composition, mechanical properties and applications. S700 MC is
commonly preferred in good formability and high strength demand applications such
as cranes, trucks and bridges due to excellent weldability and high impact resistance
properties, while S690QL steed grade is widely used in energy, mining applications
such as load-carrying structures and lifting equipment since it has superior toughness
and high strength properties. Furthermore, S700 MC is resistant to heavy loads (static
and dynamic) and severe conditions, making it a popular choice for demanding
applications such as offshore platforms, pipelines and other critical infrastructure
applications. However, there are no studies on the P-F behavior of S700 MC steel
grade. Thus, an attempt has been done to explore the mechanical behavior of S700 MC
(minimum nominal yield strength of 700 MPa) high strength steel after exposure to
fire. As mentioned before, S700 MC steel grade was selected because there is almost
no research in the open literature investigating the P-F behavior of this grade. Thus,
the reuse of these materials after cooling down from the fire should be assessed by
taking into account reliable and rational approaches. This study is motivated by the

lack of a design standard for the reuse of HS steel members after a fire incident.

In this thesis, two different steel grades (S235JR and S700 MC) above-mentioned were
selected to investigate their mechanical performance after a fire accident. As
mentioned before, S235 is a low carbon structural conventional steel commonly used
in construction and machinery manufacturing, S700 MC is a high-strength low-alloy
steel employed in a wide variety of industries. The evaluation of their post-fire
performance is an important subject from the standpoint of safety. Pursuant to this aim,
a combined experimental and parametric study was performed to examine the post fire
response of HSS members.

While specimens with thicknesses ranging from 2.5 mm to 15 mm were selected for
S700 MC steel grade, specimens with thicknesses ranging from 6 mm to 12 mm were
selected for S235 JR steel grade. For P-F mechanical behavior, the following heating
temperatures were considered: 24 °C (ambient temperature), 200 °C, 400 °C, 600 °C,
800 °C, 1000 °C and 1200 °C, respectively.



Each group of test specimens was first placed in the furnace. Then, these specimens
were exposed to the target heating value. When the specimens reached the expected
temperature, they were kept for 30 minutes to distribute the temperature evenly over
the steel surface. After ensuring uniform temperature distribution, the specimens were
taken from the furnace and left to cool. Then, they were cooled down naturally to
normal room. In the next phase of the study, a tensile test was performed on coupon
samples to assess the mechanical behavior of high strength and conventional low
carbon steels after exposure to high temperatures. For the parametric study,
considering findings of the experimental part and data obtained from the literature, a
statistical analysis was conducted. Finally, empirical formulas were proposed to

estimate the changes in the mechanical parameters of both steel grades.
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2. EXPERIMENTAL STUDY

The experimental investigation consisted of three main stages, i.e. heating, cooling and
tensile tests. 9 different thicknesses tensile coupon specimens for S7T00MC and 4
different thicknesses tensile coupon specimens for S235JR were considered. Figure
2.1 depicts a representative test specimen of 2.5 mm and 8 mm for S7T00MC steel,
while Figure 2.2 shows specimens of S235JR steel in various sizes. Different
thicknesses for S235JR and S700MC steel grades were selected to examine the effect
of thickness change on mechanical behavior. Test specimens from each group were

kept at room temperature, while the remaining test specimens were heated to desired
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-

£
3
3

Figure 2.1. Test specimens with plate thicknesses of 2.5 mm and 8 mm for S700MC.
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Figure 2.2. Test specimens with different thicknesses for S235JR.

2.1. Test Specimens

2.1.1. High strength steel STO0MC

The S700MC steel grade was considered to investigate changes in mechanical
behavior of HS steels. STOOMC is a high-strength structural steel produced in
accordance with EN 10149-2 (2013). The chemical composition of the S7T00MC steel
grade is given in Table 2.1. The test samples were cut from steel sheets made from
S700MC steel grade. To explore the effect of thickness on behavior, nine different
thickness were chosen, from 2.5 mm to 15.0 mm, which are frequently used in
applications.

Table 2.1. Chemical composition of high strength S7T00MC steel

C Mn Si P S Al \% Ti Nb Mo |B

0.12 | 210 |0.60 |0.025|0.015|0.015|0.20 |0.22 |0.09 |05 |50

2.1.2. Conventional carbon mild steel S235JR

The investigation focused on evaluating the P-F mechanical performance of CCM
steels, employing S235JR steel as the test material. S235JR, renowned for its high

12



ductility, is widely employed in various construction applications. S235JR is a

conventional structural steel produced in accordance with EN 10149-2 (2013), the

European Standard for hot-rolled flat products made from low carbon component

thermo-mechanically rolled steels for cold forming. Detailed chemical composition
data for the S235JR grade is presented in Table 2.2.

Test specimens were meticulously extracted from steel sheets of the S235JR grade to

ensure consistency in material properties. The study aimed to elucidate how varying

thicknesses, ranging from 6 mm to 12 mm, impact the mechanical behavior of the steel

P-F. These thicknesses were chosen based on their frequent utilization across different

practical applications, aiming to provide insights into structural performance under fire

conditions.

Table 2.2. Chemical composition of conventional carbon mild steel S235JR

Element

C

Mn

Si

P

S

N

Min-max

0.0-0.12

0.0-1.4

0.0-0.30

0.0-0.045

0.0-0.045

0.0-0.009

2.2. Test Setup and Instrumentation

After the tensile test specimens were prepared, the heating process was initiated to

imitate the fire event. In the first phase of the study, the heating process was

conducted through a temperature-controlled furnace as shown in Figure 2.3.
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b) View of heating furnace for S235JR

Figure 2.3. View of heating furnace

For the heat treatment, a Nevola series temperature-controlled electric furnace with
a heating capacity of up to 1200 °C was employed. Test samples were positioned at
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the center of the furnace. In the study, six different heating temperatures, i.e. 200 °C,
400 °C, 600 °C, 800 °C, 1000 °C, 1200 °C were selected with a heating rate of 10
°C/ min. These test samples were heated from an ambient temperature to the

designated temperature.

Heating and Cooling Procedure
1400

1200 1200 °C

0 °C

1000

Temperature (°C)

24°C
{Normal ; :
room 0 50 100 150 200 250 300
temperature )
Time (min)
Heating process for Soaking process for Cooling process for
1200 °C {10 °C/min} 1200 °C {30 min} 1200 °C (Cooling in air)

Figure 2.4. Heating and cooling procedures

After heating, as shown in Figure 2.4. they were held in the furnace for 30 minutes
at the desired temperatures to render them stable. After that, they were removed from
the furnace to cool in the air. The test samples cooled down to room temperature on
their own. Tensile tests were performed at room temperature upon cooling. For this
purpose, a Zwick/Roell Z250 materials testing machine with a capacity of 250 kN
was employed as depicted in Figure 2.5. All the tests were carried out at ambient
temperature with the loading strain rate of 0.002/sec. To identify the mechanical
behavior of specimens, the testing machine recorded stress-strain values for each

specimen.
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a) Tensile testing machine for STOOMC

b) Tensile testing machine for S235JR

Figure 2.5. Tensile testing machine
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3. EXPERIMENTAL RESULTS

After being subjected to elevated temperatures, the mechanical behavior of S7T00MC
and S235JR specimens was determined by conducting tensile tests. A representative
stress-strain curve for ST00MC and S235JR test specimens was plotted as shown in
Figure 3.1. Changes in strength and elastic modulus values were then determined by
considering these curves. Test results of both steel grade showed that when the
specimens are subjected to temperatures below to 600 °C, the effect of temperature on
the P-F stress-strain curve is slight. However, the impact of temperature on stress-
strain behavior is more pronounced when the heating temperature exceeds 600 °C.
Furthermore, a better ductility was detected with increasing temperature for the high
temperature treatment (T>600 °C). To identify changes in the strength, different strain
levels were considered. As depicted in Figure 3.2. strength values for ST00MC were
identified by considering different strain levels, i.e., 0.2%, 0.5%, 1.5% and 2.0%. It
should be noted that the 0.2% yield strength (fy,0.2) was determined by using the offset
strength and it was calculated from the stress-strain curve which is intersected by a
line that has a slope equal to the modulus of elasticity of the steel material and starts
at a strain of 0.2%. The yield strengths of fyos, fy15and fy2o at the strain levels of
0.5%, 1.5% and 2.0% were determined using the proof strength. These values are the
stresses on stress-strain curves at their intersection with the indicated vertical lines at
the above-mentioned strain levels. In the same manner, the ultimate strength (f,) values
were determined as depicted in Figure 3.2. Similarly, fy, fu and E values for S235JR
steel were determined as in figure 3.3. Furthermore, failure modes of the test samples
are presented in Figure 3.4.
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b) Stress-strain curves for S235JR steel grade.

Figure 3.1. Stress-strain curves for 8 mm specimen.
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Figure 3.2. Symbols to identify mechanical properties of STO0OMC.
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Figure 3.3. Symbols to identify mechanical properties of S235JR.
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a) Failure modes of tension test specimens for ST00MC steel grade

b) Failure modes of tension test specimens for S235JR steel grade

Figure 3.4. Failure modes of tension test specimens
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3.1. Modulus of Elasticity

Based on the measured stress-strain diagram, the modulus of elasticity, one of the most
important parameters representing load-bearing capacity, can be estimated. In addition
to the ambient temperature (24°C), the Young’s modulus of steels after being subjected
to fire (200°C-1200°C) was determined by considering the slope of linear region of
the stress-strain curves. The tangent modulus of the initial linear-elastic part is equal
to the elastic modulus. Elastic modulus values recorded from steels exposed to
different temperatures ((E)t) were compared with values in ambient temperature cases
(E)t=24. In this way, changes in the elastic modulus were calculated. Based on
temperature variation, the normalized value ((E)t/(E)t=24) for each specimen of
S700MC is shown in Figure 3.5, and for each specimen of S235JR is shown in Figure
3.6. It should be noted that the Resonance Frequency and Damping Analysis (RFDA)
widely used experimental technique was employed to measure elastic modulus of
S235JR steel. Rectangular samples were prepared according to ASTM E1876-15. Test

samples and RFDA are presented in Figure 3.5.

Figure 3.5. RFDA machine and test samples for S235JR steel grade

21



e Experimental (t=2.5 mm) -- Proposed (t=2.5 mm)
1.2

24
!
!
]
1
e

]

0.8 ~—e
0.6 ~<

(E)y/(E)y

0.4
0.2

0 200 400 600 800 1000 1200
Temperature (°C)

a) Assessment of elastic modulus properties of test samples with a thickness of 2,5 mm

e Experimental (t=3 mm) -- Proposed (t=3 mm)
1.2
- 1 e--"""" .- T -. _______ - =--_ _ _®
) Tl
~ 08 Tte. .
:_T: 0.6 =3
=
~ 04
0.2
0
0 200 400 600 800 1000 1200

Temperature (°C)

b) Assessment of elastic modulus properties of test samples with a thickness of 3 mm

¢ Danetal, (2022)-Q460 (fort=4 mm) A Danetal., (2022)-Q550 (for t =4 mm)
m Danetal, (2022)-Q690 (fort =4 mm) @ This study - S700 MC (for t =4 mm)
- - Proposed (t=4 mm)
1.2
1l ®»----- - ----= - u
0.8
0.6
0.4
0.2

0
0 200 400 600 800 1000 1200

Temperature (°C)

(E)+/(E)rr

¢) Assessment of elastic modulus properties of test samples with a thickness of 4 mm

22



¢ Qiangetal., (2012)-Q460 (fort =5mm) a Qiang et al., (2012)-Q690 (for t =5 mm)

® This study - S700 MC (for t =5 mm) - - Proposed (t=5 mm)
1.2
l O-b A - - -y — - _____
N é ¢ O----—- T ---=-—_
& o8 LS t e L
m ‘at
:l: 0.6
W o4
0.2
0
0 200 400 600 800 1000 1200

Temperature (°C)

d) Assessment of elastic modulus properties of test samples with a thickness of 5 mm

e Liand Young (2018)-Q460 (fort =6 mm) @ This study - S700 MC (for t =6 mm)
- - Proposed (t=6 mm)

(E)+/(E)rr

1.2
1] e----- S---0----0---@¢--_ 4 9
0.8
0.6
0.4
0.2

0
0 200 400 600 800 1000 1200
Temperature (°C)

e) Assessment of elastic modulus properties of test samples with a thickness of 6 mm

¢ Wang et al., (2015)-Q460 (for t = 8 mm) m Chiew et al., (2014)-RQT 690 (for t = 8 mm)

® This study - S700 MC (for t = 8 mm) - - Proposed (t=8 mm)
1.2
______ ® __ o __@___

_ 1 = »> = t--_}___o___j___z___: _____
X 08 .
=
,\': 0.6
W o4

0.2
0
0 200 400 600 800 1000 1200

Temperature (°C)

f)  Assessment of elastic modulus properties of test samples with a thickness of 8 mm

23



¢ Kang et al., (2018)-Q690 (for t =10 mm) @ This study - S700 MC (for t = 10 mm)
- - Proposed (t=10 mm)
1.2

1 o—-g—--;‘":"'3“-;-:—0—&-2-3-3-8-3--- ------- °
0.8
0.6
0.4
0.2
0

=24

(E)r/(E)r

0 200 400 600 800 1000 1200
Temperature (°C)

g) Assessment of elastic modulus properties of test samples with a thickness of 10 mm

e Experimental (t=12 mm) -- Proposed (t=12 mm)
1.4

1.2 Y N

24
A
I

1

L ]
[}
[}
[}
[}
[}
|
|
|
|
[}
[}
]
\
\
1
]
1
1
]
L
L]

0.8
0.6
0.4
0.2

(E)y/(E)y

0 200 400 600 800 1000 1200
Temperature (°C)

h)  Assessment of elastic modulus properties of test samples with a thickness of 12 mm

e Experimental (t=15mm) -- Proposed (t=15 mm)
1.4
1.2 o« 4 . 5 3
A T e e +
’-\[_.I:
= 08
=
= 0.6
=
< 04
0.2
0
0 200 400 600 800 1000 1200

Temperature (°C)

i) Assessment of elastic modulus properties of test samples with a thickness of 15 mm

Figure 3.6. Changes in the modulus of elasticity of HSS S700MC at different temperatures
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Figure 3.7. Changes in the modulus of elasticity of CCMS S235JR at different temperatures
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Figure 3.8. Assessment of modulus of elasticity of different CCM steels at different temperatures

Figure 3.6 - Figure 3.8. depict the changes in the E of steels with different thicknesses
after exposure to a variety of different temperatures up to 1200°C. As depicted in
Figure 3.6. a minor change in the modulus of elasticity of the STOOMC test specimens
was detected when the specimens were heated to 600°C. As shown in Figure 3.6. It is
observed that when the S235JR samples are heated, there is no significant change in
the modulus of elasticity up to 800°C. After this temperature, E values for S235JR
started to decrease. Furthermore, these decreases are more evident in thinner

specimens for both steel grades.
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3.2. Yield Strength and Ultimate Tensile Strength

3.2.1. Yield strength for ST00MC

As mentioned earlier, the YS at different strain points, i.e., 0.2%, 0.5%, 1.5% and 2.0%
were examined considering stress-strain curves. These parameters at different strain
points are presented in Figure 3.2. For comparison, yield strength values for four strain
levels were determined by considering the stress-strain behavior of different test
samples. Subsequently, these values were compared with values at normal room
temperature. The relation between four yield strength values obtained from elevated
temperatures and the values at normal room temperature (RT) was examined. The
normalized values ((fy02)7/( fyo2)rt, (fy05)T/( fyos)rRT, (fyr,15)T/( fy.i5)rT, ,(fy2.0)7/(
fy2.0)rT,) for test specimens of each thickness have been presented in Figure 3.9- Figure

3.12 as a function of temperature.
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Figure 3.12. Assessment of the Y'S of different (2.0% proof strength) HSS

3.2.2. Yield strength for S235JR

The determination of the YS of the S235JR steel, selected to represent CCM steels, is
shown in Figure 3.2. The YS changes of S235JR steel at different temperatures for
thicknesses ranging from 6 mm to 12 mm, are shown in Figures 3.13. The assessment
of yield strength of different CCM steels at different temperatures is shown in Figures
3.14.
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Figure 3.14. Assessment of YS of different CCM steels at different temperatures

As shown in Figure 3.6. — Figure 3.14. it has been observed that the YS of most test
samples is not affected when the heating temperature does not exceed 600°C in both
S700MC and S235JR test samples. This result thereby confirmed a study conducted
by Qiang et al. (2012). However, the deterioration in strength was more pronounced

at temperatures above 600°C.
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3.2.3. Ultimate strength for S7T00MC

Changes in the ultimate tensile strength values after specimens were subjected to high
temperatures were calculated. In order to find the ultimate tensile strength (UTS) of
test samples, a tensile test was carried out until fracture. The UTS values of the test
samples after fire exposure were identified. The relation between yield strength values
obtained from high temperatures and the values at normal room temperature was
examined. The normalized values ((fu)1/(fu)r=24 for each thick specimens are shown in
Figure 3.15.
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Figure 3.15. Assessment of Ultimate Tensile Strengths of Different HSS

As shown in Figure 3.15. the UTS of most test specimens was not affected until the
temperature reached 600°C. However, a decrease in the UTS of the test samples was
observed when the heating temperature exceeded 600 °C.

3.2.4. Ultimate strength for S235JR

As shown in Figure 3.16. in experiments using S235JR steel samples, the UTS value
starts to decrease mostly at 400 °C, but the rate of decrease is sharper at 600 °C. When
figure 3.16 is examined, as the thickness of S235JR steel coupon samples increases,
the UTS of the steel tends to decrease even when heated at low temperatures. For
example, as can be seen in figure 3.16.a, although the UTS of 6 mm samples does not
show a meaningful change when heated to 600 C, it can be observed in figure 3.16.d
that the UTS of 12 mm samples decreases even though they are heated at low
temperatures. In figure 3.17, a comparison of the results of this study with the studies

carried out on CCM steels related to UTS can be seen.
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Figure 3.16. Assessment of Ultimate Tensile Strengths of CCMS
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4. COMPARISON OF EXPERIMENTAL RESULTS WITH
AVAILABLE RESULTS IN THE LITERATURE AND PROPOSED
PREDICTIVE EQUATIONS

In order to evaluate the experimental test results conducted in this study, mechanical
parameters obtained from other researchers were considered. Pursuant to this goal, test
data on different high strength steels such as Q235, Q345, S355J2, Q420, A709, A36,
A572, A992, G300, Q460, Q550, Q690 and RQT-690 was collected. The test results
of CCMS conducted by Yin et al. (2023), Balakrishnan et al. (2022), Lu et al. (2016),
Dan et al. (2022), Glassman et al (2020)., Kiran and Sajid (2019), Sajid and Kiran
(2018), Ren et al. (2020), Gunalan et al. (2014), and Lee et al. (2012), as well as the
test results of HSS conducted by Qiang et al. (2012), Chiew et al. (2012), Wang et al.
(2015), Dan et al. (2022), and Li and Young (2018), were compared with the results
from the present study. Based on the test specimen thickness, Figure 3.5 - Figure 3.16.
represents the comparison of mechanical properties between different HS and CCM
steels as a function of temperature. It should be noted that the S235JR and S700MC
steel grades were used in this study. S235JR test specimens with thicknesses ranging
from 6 mm to 12 mm and S700MC test specimens with thicknesses ranging from 2.5
mm to 15 mm were heated up to 1200 °C, but in the available literature studies, the
exposure temperature of the test specimens, which were prepared considering a single
thickness, was mostly below 1000 °C. As shown in Figure 3.5 - Figure 3.16. data
representing P-F mechanical properties mostly follow similar trends. The data points
for the elastic modulus, yield and ultimate strengths each fall within a narrow band.
The changes in the response quantities can be accurately and directly represented as a
function of the temperature. By applying curve-fitting to the data presented in Figure
3.5 - Figure 3.16. the following relationship between response quantities and
temperature (T) has been developed:

(E). :{c1+cz>< EXP{-0.5x[(T —Cg)/CJZ}}x(E) (4.1)

RT

46



where C1, C2, C3 and C4 = the coefficients given in Table 4.1 for STO0MC.

Table 4.1. Constants for the ST00MC modulus of elasticity used in Equation (4.1)

Thickness of C: C. Cs Cs
plate (mm)

25 -848.74 849.8 318 24730
3 -185.22 186.3 354.7 11914

4 1.007 -0.53 1647.7 530.3
5 -28.3 29.3 120 11900
= 6 -488.58 489.6 370 37241
- 8 -8.7 9.71 47 6447
10 0.969 0.079 299.5 198.86

12 1 0.22 775 106

15 0.92 0.265 690 407.7

(4.2)

where C5, C6, C7 and C8 are the coefficients given in Table 4.2 - Table 4.9.

Egs. (4.1) indicate that expressions for the P-F mechanical properties were derived
considering four different coefficients given in Table 4.1 - Table 4.9. As shown in Eqg.
(4.1), the P-F modulus of elasticity ((E)7) is given as a function of the temperature (T),
E value at room temperature ((E)rt) and exposure temperature (T in °C) value of the
HSS. It should be noted that Equation (4.2) provides changes in the elasticity modulus
of CCMS, as well as changes in the yield strength and ultimate strength of HSS and
CCMS after exposure to fire. As shown in Eq. (4.2), P-F yield strength values ((fy,0.2)t
, (fyos)T, (fys)T, (fy20)T, (fy)7) and P-F ultimate tensile strength ((f)rT) values are

given as a function of the temperature (T in °C), and corresponding strength values at
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room temperature ((f)rt). The coefficients Cs, Cs, C7 and Cg are given in Table 4.2 -
Table 4.9. The elasticity modulus of S235JR steel does not show significant changes
until it reaches 800°C. However, after heating to temperatures above 800°C, the elastic
modulus decreases, with a loss reaching up to 35% at 1200°C for 6 mm and 8 mm
thicknesses. The maximum modulus of elasticity loss is about 20% at 1200°C for 10
mm and 12 mm thicknesses. This indicates that the elasticity modulus loss is higher at
elevated temperatures for smaller thicknesses. As mentioned earlier, these values were
measured by RFDA.

Table 4.2. Constants for the S235JR modulus of elasticity used in Equation (4.2)

Thickness of Cs Cs C; Cs
plate (mm)
6 0.664 0.336 996.9 87.8
8 0.415 0.585 1167 8.58
m
- 10 0.8 0.2 1000 9.68
12 0.535 0.465 1290 6.21

Table 4.3. Constants for the S7T00MC yield strength of (fy0.2)T used in Equation (4.2)

Thickness of plate (mm) Cs Cs Cs Cs

2.5 0.20 0.80 838 6.91

3 0.34 0.66 796.8 34.9

4 0.26 0.74 804.3 15.3

5 0.35 0.65 812.5 12

)é-_ 6 0.32 0.68 800 7.8
< 8 0.44 0.56 798 148.5
10 0.446 | 0.554 772.05 154

12 0.31 0.69 744 13.3

15 0.39 0.61 738 12
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Table 4.4. Constants for the S7T00MC vyield strength of (fyos)T used in Equation (4.2)

Thickness of plate (mm) Cs Cs Cs Cs

2.5 0.20 0.80 838 6.91

3 0.34 0.66 796.8 34.9

4 0.26 0.74 804.3 15.3

5 0.35 0.65 8125 12

’:ZT_ 6 0.32 0.68 800 7.8
= 8 0.44 0.56 798 148.5
10 0.45 0.55 787 41

12 0.31 0.69 744 13.3

15 0.39 0.61 738 12

Table 4.5. Constants for the ST00MC yield strength of (fy15)T used in Equation (4.2)

Thickness of plate (mm) Cs Cs Cy Cs
25 0.20 0.80 838 6.91
3 0.34 066 | 7968 | 349
4 0.26 074 | 8043 | 153
i 5 0.35 065 | 8125 12
E 6 0.32 0.68 800 78
= 8 0.44 0.56 798 1485
10 0.45 0.55 787 41
12 0.31 0.69 744 133
15 0.39 0.61 738 12
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Table 4.6. Constants for the ST00MC vyield strength of (fy20)T used in Equation (4.2).

Thickness of plate (mm) Cs Cs Cs Cs
25 0.20 0.80 838 6.91
3 0.34 0.66 796.8 34.9
4 0.26 0.74 804.3 15.3
5 0.35 0.65 812.5 12
’E; 6 0.32 0.68 800 7.8
= 8 0.44 0.56 798 | 1485
10 0.45 0.55 787 41
12 0.31 0.69 744 13.3
15 0.39 0.61 738 12

Table 4.7. Constants for the S235JR vyield strength of (fy)T used in Equation (4.2).

Thickness of plate (mm) C5 C6 c7 C8
6 0.6488 0.3652 799 83.28
. 8 0.05975 | 1.08025 1134 5.64
S 10 0.2389 0.7821 1006 4.815
12 -0.309 1.327 1409 4.14

Table 4.8. Constants for the ST00MC ultimate tensile strength of (fu)T used in Equation (4.2).

Thickness of plate (mm) Cs Cs Cs Cs
2.5 0.35 | 0.65 850 6.9
3 0.40 | 0.60 944.4 9.8
4 0.39 | 0.61 925.6 11.4
5 0.43 0.57 937.3 111
S 6 061 | 039 | 746 17.6
- 8 049 | 051 905 9.9
10 0.65 | 0.35 820 60.25
12 046 | 054 722 11.9
15 0.60 | 0.40 688.6 12.64
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Table 4.9. Constants for the S235JR ultimate tensile strength of (fu)T used in Equation (4.2).

Thickness of plate (mm) Cs Ce Cs Cs
0.76833 0.23014 | 769.3 16.27 83.28
_ 0.72 0.288 818.3 6.17 5.64
g 0.47 0.534 1107.75 3.45 4.815
-8.087 9.084 6667.2 2.07 4.14

The statistical measures of the predicted quantities, normalized by the test results, are
given in Table 4.10- Table 4.18 for ST00MC steel and Table 4.19- Table 4.22 for
S235JR steel.

Table 4.10. Statistics for the ratio of estimated to test values for t = 2.5 mm specimens

P-F Mechanical Properties
fyo2 | fyos | fyis fy2.0 fu E
Average 0.98 | 0.98 | 1.00 1.00 1.00 1.02
Standard deviation | 0.05 | 0.06 | 0.04 0.05 0.03 0.05
Maximum 1.07 | 1.08 | 1.06 1.07 1.03 1.11
Minimum 0.91 | 0.90 | 0.93 0.93 0.96 | 0.96

Table 4.11. Statistics for the ratio of estimated to test values for t = 3.0 mm specimens

P-F Mechanical Properties
fyo2 | fyos | fyis fy2.0 fu E
Average 0.98 | 0.96 | 0.98 0.99 1.00 1.03
Standard deviation | 0.09 | 0.10 | 0.05 0.06 0.04 | 0.05
Maximum 1.13 | 1.14 | 1.05 1.05 1.04 | 1.11
Minimum 0.86 | 0.83 | 0.88 0.88 091 | 0.95

Table 4.12. Statistics for the ratio of estimated to test values for t = 4.0 mm specimens

P-F Mechanical Properties
fyo2 | fyos | fyis fy2.0 fu E
Average 0.97 | 096 | 0.97 0.98 0.99 | 0.99
Standard deviation | 0.11 | 0.07 | 0.04 0.05 0.01 0.03
Maximum 1.19 | 1.06 | 1.00 1.04 1.00 1.03
Minimum 0.83 | 0.85 | 0.88 0.89 0.98 | 0.94
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Table 4.13. Statistics for the ratio of estimated to test values for t = 5.0 mm specimens

P-F Mechanical Properties
fyoo | fyos | fyis fy.2.0 fu E
Average 0.99 | 0.97 | 0.98 0.98 0.98 1.03
Standard deviation | 0.10 | 0.06 | 0.04 0.04 0.04 | 0.03
Maximum 1.19 | 1.04 | 1.02 1.02 1.01 1.07
Minimum 0.83 | 0.85 | 0.89 0.90 0.91 1.00

Table 4.14. Statistics for the ratio of estimated to test values for t = 6.0 mm specimens

P-F Mechanical Properties
fyoo | fyos | fyis fy.2.0 fu E
Average 0.99 | 0.97 | 0.98 0.98 0.99 1.00
Standard deviation | 0.10 | 0.04 | 0.06 0.01 0.03 0.01
Maximum 1.16 | 1.04 | 1.09 1.00 1.05 1.01
Minimum 0.84 | 091 | 0.91 0.96 0.94 | 097

Table 4.15. Statistics for the ratio of estimated to test values for t = 8.0 mm specimens

P-F Mechanical Properties
fy,0.2 fy,0.5 fy,1.5 fy,2.0 fu E
Average 0.98 | 0.96 | 0.97 0.97 0.98 1.00
Standard deviation | 0.02 | 0.06 | 0.05 0.05 0.04 0.02
Maximum 1.00 | 1.00 | 1.02 1.02 1.02 1.04
Minimum 0.95 | 0.83 | 0.86 0.87 0.89 0.97

Table 4.16.. Statistics for the ratio of estimated to test values for t = 10.0 mm specimens

P-F Mechanical Properties
fy,0.2 fy,0.5 fy,1.5 fy,2.0 fu E
Average 0.98 | 0.96 | 0.96 0.98 1.01 1.00
Standard deviation | 0.03 | 0.05 | 0.06 0.03 0.02 0.01
Maximum 1.04 | 1.02 | 1.01 1.02 1.06 1.02
Minimum 094 | 0.86 | 0.87 0.92 0.98 0.98

Table 4.17. Statistics for the ratio of estimated to test values for t = 12.0 mm specimens

P-F Mechanical Properties
fy,0.2 fy,0.5 fy,1.5 fy,2.0 fu E
Average 1.01 | 1.00 | 1.00 1.00 | 1.00 | 1.00
Standard deviation | 0.02 | 0.01 | 0.01 0.01 0.01 0.02
Maximum 1.04 | 102 | 101 1.02 1.02 1.04
Minimum 0.98 | 0.98 | 0.98 0.98 0.99 0.99
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Table 4.18. Statistics for the ratio of estimated to test values for t = 15.0 mm specimens

P-F Mechanical Properties
fyoo | fyos | fyis fy.2.0 fu E
Average 1.00 | 1.00 | 0.97 1.00 1.00 1.00
Standard deviation | 0.02 | 0.01 | 0.09 0.02 0.01 0.02
Maximum 1.03 | 1.03 | 1.08 1.04 1.02 1.03
Minimum 0.97 | 0.98 | 0.80 0.96 0.98 | 0.97

Table 4.19. Statistics for the ratio of estimated to test values for t = 6.0 mm specimens of CCMS

S235JR
P-F Mechanical Properties
fy fu
Average 1 1
Standard deviation 0.03 0.00
Maximum 1.01 1
Minimum 0.95 0.99

Table 4.20. Statistics for the ratio of estimated to test values for t = 8.0 mm specimens of CCMS
S235JR

P-F Mechanical Properties
fy fu
Average 1 1
Standard 0.07 0.02
deviation
Maximum 1.04 1.02
Minimum 0.95 0.97

Table 4.21. Statistics for the ratio of estimated to test values for t = 10.0 mm specimens of CCMS

S235JR
P-F Mechanical Properties

fy fu
Average 1 1
Standard 0.04 0.02
deviation
Maximum 1.07 1
Minimum 0.95 0.97
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Table 4.22. Statistics for the ratio of estimated to test values for t = 12.0 mm specimens of CCMS

S235JR
P-F Mechanical Properties

fy fu
Average 1 1
Standard 0.00 0.02
deviation
Maximum 1.01 1.03
Minimum 0.98 0.98

The normalized value averages are generally near unity, suggesting the viability of the
suggested models. The range of standard deviations is 0.02 to 0.11. All normalized
values lie between 0.80 and 1.19, which shows that the proposed models give an
accurate model for practical design purposes. These results show that developed
expressions can accurately describe experimental results.

These newly proposed expressions based on experimental investigation and previous
results conducted by other researchers can be employed to estimate changes in the
mechanical parameters of HSS and CCMS after experiencing high temperatures.
These equations are valid when HS steels with yield strengths up to 700 MPa and CCM
steels with yield strengths up to 420 MPa are exposed to temperatures of 1200 °C and
lower.

As shown in Figure 4.1, no significant changes occur in the yield strength of both
S235JR and S700MC steels when heated to temperatures up to 600 °C and cooled in
air. However, when temperatures exceed 600 °C, the yield strength loss becomes
significant. For a thickness of 6 mm, S235JR steel experiences a strength loss of up to
40%, while STO0MC steel experiences a strength loss of up to 10%. It can be observed
that the vyield strength loss of S7T00MC steel tends to increase with thickness.
Specifically, for a thickness of 12 mm, the strength loss of S235JR steel remains
around 40%, whereas the strength loss of S7T00MC steel can reach up to 70%. When
Figure 4.2 is examined, a similar situation is observed for ultimate strength. It can be
observed that although the yield strength loss of S7T00MC steel tends to increase with
thickness, thickness has no significant effect on S235JR steel. The highest yield
strength loss for S235JR steel was measured as 50% for 8 mm thickness and 1200 °C
temperature, and for ST00MC steel it was measured as 70% for 12 mm thickness and
1200 °C temperature. There are no significant changes in ultimate strength up to 600

°C, but temperatures exceeding 600 °C cause significant damage to the steel. The
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effect of thickness on ultimate strength loss is limited. In the case of exposure to high
temperatures, the ultimate strength loss is generally around 30% for S235JR steel,
while for S7T00MC steel, it varies but can reach up to 50%. When Figure 4.3 is
examined, it can be seen that the damage caused by high temperatures to the YS and
UTS values does not occur in the modulus of elasticity. The change in the modulus of
elasticity (E) is limited until 800°C for S235JR steel, whereas for ST00MC, it remains
limited until 600°C but then linearly decreases above this temperature for both steels.
The maximum loss in the modulus of elasticity for S235JR is approximately 20% for
10 mm and 12 mm thicknesses, and about 35% for 6 mm and 8 mm thicknesses at
1200°C. For S700MC, the maximum loss in the modulus of elasticity reaches up to
40% for smaller thicknesses (2.5 mm, 3 mm, 4 mm) at 1200°C, while for larger

thicknesses, the maximum loss does not exceed 20%.
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S. CONCLUSIONS AND FUTURE RESEARCH NEEDS

A combined experimental and parametric research study on the response of the
S700MC and S235JR steel grade subjected to different high temperatures was
performed. The experimental study consisted of S700MC tensile test coupons
extracted from steel plates with thicknesses ranging from 2.5 mm to 15 mm and
S235JR tensile test coupons extracted from steel plates with thicknesses ranging from
6 mm to 12 mm. These specimens were subjected to different high temperatures up to
1200 °C and then permitted to cool to normal room temperature by natural air cooling.
The mechanical behavior of each test sample was identified by tensile tests. The results
indicated that the strength and stiffness of most S7T00MC test specimens was not
affected much until the temperature reached 600°C. However, the exposure
temperature dramatically influences the behavior of S7T00MC when the temperature
exceeds 600 °C. According to the research, it has been observed that YS and UTS may
decrease even at low temperatures as the sample thickness increases in S235JR steel.
It has been observed that after exposure to elevated temperatures (600 °C and higher),
the strength values decrease, but the ductility increases. The yield strength of S235JR
and S700MC steels remains stable up to 600°C. Beyond this temperature, significant
yield strength loss occurs. For S235JR steel with a 6 mm thickness, the loss is up to
40%, and for STO00MC, it is up to 10%. At 12 mm thickness, S235JR's strength loss
remains around 40%, but ST00MC's loss can reach up to 70%. Ultimate strength shows
similar trends, with significant loss beyond 600°C. S235JR steel loses about 30% of
its ultimate strength, while S7T00MC's loss can reach up to 50%. The elasticity modulus
for both steels shows negligible changes. P-F mechanical properties of the high-
strength ST00MC and conventional carbon mild S235JR steels are mostly different
from each other depending on the specimen thickness. In the second phase of the study,
a parametric study was conducted to propose more generalized assessment criteria for
the HS and CCM steels after experiencing the fire event. A novel set of empirical
expressions was developed to accurately predict the yield strength, ultimate tensile

strength, and elastic modulus of tested steels after exposure to fire. Good agreement
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was observed between the developed expressions and the tensile test results. The
simple expressions developed for high strength S700 MC and conventional carbon
mild S235JR steels can be employed to assess the fire resistance of buildings
constructed with HSS with a yield strength of up to 700 MPa and CCMS with a yield
strength of up to 420 MPa. Since the proposed expressions are quite general, they are
suitable for direct adoption into design specifications.

This study is limited to HSS with nominal yield strengths up to 700 MPa and CCMS
with nominal yield strengths up to 420 MPa. There is a lack of information on the
mechanical properties of ultra-high strength steels (UHSs) with a yield strength greater
than 700 MPa. Future studies need to focus on UHSs, as other steels with YSs above
700 MPa have different chemical compositions. On the other hand, it was observed
that different cooling methods had also different effects on the P-F mechanical
properties of HS and CCM steels. In this study, natural air cooling was utilized to
mimic the P-F state, and therefore different cooling techniques such as water, foam
and CO:; fire extinguisher should also be the subject of future research. Although it is
important to determine the mechanical properties of HS and CCM steels after fire in
order to evaluate the service life of buildings more rationally, the next phase of this
work will address the constitutive models of such steels after exposure to fire.
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