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Abstract

During a fire hazard, when only partial damage or no damage occurs in the structure, it
might be possible to reuse the structural members. However, after a structure is cooled
down from a fire temperature, residual stresses/strains might be developed. In order to
conduct a rational thermal analysis in which the effect of residual stresses/strains are
taken into account, investigating the mechanical properties of the construction materials
under cooling phase of fire is essential. Ultra-high strength steels (UHSS) with nominal
yield strengths of up to 1200 MPa have shown great potential for application as
construction materials in civil engineering field. While many researchers have focused on
the mechanical response of mild carbon steel at fire temperatures, a few have
investigated the in-fire and post-fire mechanical behaviour of the UHSS material and thus,

its extent of application in civil engineering constructions has remained restricted.

In this study, the mechanical response of ultra-high strength steel at fire temperatures of
up to 800°C and after cooling to room temperature is studied. In order to investigate the
in-fire and post fire mechanical behaviour of UHSS, standard dog-bone coupons are taken
from UHSS tubes. The residual post-fire stress-strain curves, strength and ductility of the
UHSS material are discussed and compared to those of Grade 800 high strength steel
(HSS) and Grade 350 mild steel (MS) materials. To simulate a realistic fire condition, the
mechanical behaviour of UHSS standard coupons under a multi-phase loading scenario
including fire and creep is also evaluated and compared with those of HSS and MS

materials.

Based on the experimental tests results and by modifying the compound Ramberg
Osgood material model, an empirical stress-strain model is first developed in terms of the
maximum fire temperature for the UHSS cooled from fire temperatures to room
temperature. Afterwards, in order to consider the effect of creep strain, by employing the
Bernstain-Bézier functions, a material constitutive model which takes into account the
post-fire behaviour of UHSS material subject to fire and sustaining axial loads is
developed. This model is capable of extrapolating the stress-strain curves out of the range
of the available experimental tests data. The constitutive model has the potential to be
implemented into commercial finite element packages such as ANSYS and ABAQUS to

carry out a rational thermal analysis and perform fire safety design.
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Moreover, the mechanical response of UHSS under extreme cooling conditions is
evaluated. To achieve this, the mechanical properties of UHSS cooled from fire
temperatures with an extreme cooling rate or cooled from ambient state to sub-zero
temperatures are characterised. The results are then compared to HSS and MS and the

effect of steel grade is investigated.

The effect of manufacturing process on the post-fire mechanical response of thin-walled
UHSS tubesis also investigated. Post-fire tensile mechanical properties of direct
quenched UHSS material (UHSS-DQ) considered in the other parts of this study are
compared to those of quenched and tempered UHSS material (UHSS-QT) with similar
original room temperature stress-strain response. Then, a finite element model is
developed to compare the post-fire compression behaviour of UHSS-DQ tubular stub-
columns with those made of UHSS-QT material. For verification of the model, quasi-static
compression tests are conducted on UHSS-QT tubular stub columns cooled from different
fire temperatures to room temperature. It is shown that the manufacturing process
substantially affects the mechanical properties of UHSS stub-column under cooling phase

of a fire.

To interpret the experimental results, using optical and scanning electron microscopy
(SEM) methods, microstructure examination on the UHSS specimens cooled from
simulated fire temperatures is conducted at each stage. In addition, the plots of the
thermodynamic stability of the phases present in the tested materials (UHSS, HSS and
MS) are calculated. Based on these plots, the phase changes occurring during different
fire temperatures are discussed and a recommendation is made for separating studies of
the effect of simulated fire temperatures on the residual strength of steel into two classes
of low and high temperatures. It is shown that sensitivity of the post-fire mechanical
response of UHSS to the cooling rate and the time at the maximum fire temperature is

different for these two temperature regimes.

The outcomes of this study are not only beneficial for the fire-resistant design of UHSS
structures, but are also useful when it comes to assessing their post-fire capacity after
cooling to the ambient state. Using the results of this study, guidelines can be added to
the standards to take into account the in-fire and post-fire stress-strain response of UHSS

materials.
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1.1. Motivation

During the past decades, ultra-high strength steels (UHSS) with nominal yield strength
of up to 1200 MPa have been offered by steel manufacturing companies. One of the most
widespread applications of these materials is in the automotive industry [1-5]. The high
specific strength and energy absorption of these materials lead to weight and cost
reduction and improvement of road safety issues. Also, in the field of civil engineering,
the unique characteristics of these materials can be highly beneficial for construction of
sustainable and energy efficient structural members. The labour and transport costs can
be considerably reduced as lighter equipment and fewer people are needed at the
construction site. Considering these characteristics, innovative fabricated columns
composed of Grade 1200 UHSS tubes have recently been proposed [6, 7]. The superior
performance of these columns indicates their great potential to be used as a structural

material.

In order to ensure the safety and durability of the structural members composed of UHSS
material, it is necessary to evaluate the mechanical behaviour of this material under
extreme loading conditions, such as fire, blast, etc. Fire is a common severe hazard that
can damage the structural members and result in the failure of the whole structure during
its service life [8-17]. A fire has two main phases of heat-up and cooling. In the heat-up
phase, the temperature increases until it reaches its maximum and the fire is fully
developed. In the cooling phase, the temperature reduces until the fire is fully
extinguished. To perform a rational analysis of a structure subjected to fire, it is required
to investigate the mechanical response of the construction materials under the two
phases of fire. When a structural member is cooled to the ambient state after surviving
the heat-up phase of a fire, its residual mechanical properties determine whether it can
be reused in the structure. Therefore, in addition to the in-fire (elevated temperature)
mechanical response of construction materials of a structure, their post-fire (ambient)
mechanical response is of great importance. When a structure is subjected to fire, severe
thermal changes are not the only reason for the changes in mechanical properties of the
structural members. The sustaining loads, such as dead loads and live loads can also
considerably affect their in-fire and post-fire mechanical response due to the thermal
creep strain caused in the material during fire. Thus, in order to conduct a rational

thermal analysis on the structural members cooled from fire temperatures, it is necessary
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to develop a constitutive material model which is capable of considering the effect of both
severe temperature changes and the thermal creep strain on the post-fire mechanical
behaviour of the construction materials. Meanwhile, it is also important to investigate the
effect of cooling rate of fire and manufacturing process of the material as important
factors that can significantly change the microstructure of the material during cooling

phase of a fire.

1.2. State of the art

To date, some researchers have focused on the in-fire and post-fire mechanical behaviour
of structural steels [18-23]. They showed that there is a considerable change in the in-fire
and post-fire mechanical properties of steel materials depending on their original yield
strength, the maximum fire temperature, the cooling rate, etc. While most of this studies
are focused on mild steel (MS) and high strength steel (HSS) materials, there is a scarcity
of data on the in-fire and post-fire mechanical response of UHSS with nominal yield
strength of 1200 MPa [24]. In this study, a novel set of experimental tests are designed to
investigate the realistic in-fire and post-fire mechanical behaviour of Grade 1200 UHSS.
While the main purpose of this study is evaluation of the post-fire mechanical response
of UHSS, the in-fire mechanical behaviour of this material is examined for better

understanding of the effect of cooling phase of a fire.

The first set of experiments focuses on the effect of severe temperature changes on the
mechanical response of UHSS material subjected to fire. In these tests, standard dog-bone
specimens are extracted from the UHSS tubes and tensile coupon tests are carried out on
them at elevated temperatures (in-fire evaluation) and after cooling to room temperature
(post-fire evaluation). Another set of experiments are designed to simulate realistic fire
conditions by considering the effect of sustaining axial loads applied to the test specimen
during fire in addition to the severe temperature changes. In this set of experiments, a
sustained tensile axial load (Fs) is applied to the UHSS specimens during both heat-up and
cooling phases of a fire and tensile coupon tests are subsequently conducted on the test
specimens at room temperature. Again, to understand the effect of cooling phase of a fire,
similar experiments are carried out on UHSS specimens at fire temperatures before

cooling to the ambient state. A constitutive material model calibrated with the results of
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the afore-mentioned experimental tests, is then proposed to take into consideration the

realistic post-fire response of UHSS material.

From the results provided in the literature, it can be understood that after exposure to a
certain temperature, the cooling rate of fire can significantly affect the post-fire
mechanical response of steel materials [23, 25]. Therefore, in this study, the effect of
cooling rate of fire on the post-fire mechanical behaviour of UHSS material is
experimentally investigated. To achieve this, the post-fire mechanical properties of UHSS
specimens cooled from fire temperatures with an extremely high cooling rate are
compared to those of the air-cooled specimens. In addition, to simulate another extreme
cooling condition, tensile coupon tests are carried out on UHSS cooled from the ambient

state to harsh low temperatures (down to -80°C).

For comparison purposes, all the aforementioned experiments are also carried out on
lower grades of structural steels, i.e. Grade 800 HSS and Grade 350 MS and the effect of
steel grade is discussed. Moreover, using the optical and scanning electron microscopy
(SEM) methods, and also the thermodynamic stability plots of the phases present in the
tested materials, the mechanical properties obtained from the experimental tests are

justified.

The literature shows that manufacturing process of steel materials can greatly affect their
mechanical behaviour under fire conditions [18, 26]. UHSS materials attain their high
strength by very fast quenching techniques either in water or oil. However, they lose
ductility during the quenching process and different manufacturing companies use
different methods to compensate this loss. Two very famous manufacturing techniques
used for UHSS materials are the conventional quenching and tempering technique (QT),
and the direct quenching technique (DQ). The UHSS material used in all stages of this
study is manufactured by SSAB manufacturing company using the second method (i.e.
DQ). In this study, to understand the effect of manufacturing process on the post-fire
mechanical response of UHSS material, standard tensile coupon tests are conducted on
direct-quenched, and quenched and tempered UHSS specimens (labelled as UHSS-DQ and
UHSS-QT, respectively) at fire temperatures and after cooling to the ambient state.
Afterwards, a finite element (FE) model is developed to compare the post-fire

compression behaviour of tubular stub-columns made of UHSS-DQ and UHSS-QT
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materials. For verification of the FE model, quasi-static compression tests are conducted
on UHSS-QT tubular stub columns cooled from different fire temperatures to room
temperature. It is shown that the manufacturing process substantially affects the

mechanical properties of UHSS stub-columns under cooling phase of a fire.

1.3. Thesis objectives

1.3.1. Experimental investigations

In-fire/ Post-fire tensile mechanical properties of UHSS:

To perform a rational global analysis on a structure subjected to fire, it is important to
understand the mechanical behaviour of the construction materials at elevated
temperatures (in-fire evaluation) and after cooling to room temperature (post-fire
evaluation). To this end, two sets of experimental tests are conducted in the in-fire (i.e.

heat-up tests) and post-fire stages (i.e. cooling tests).

The nonlinear stress-strain curves obtained from the heat-up and cooling tests provide
basic information representing the strength and ductility of the Grade 1200 UHSS tube
specimens tested at fire temperatures and after cooling to room temperature. In order to
investigate the effect of steel grade on the in-fire/post-fire mechanical behaviour of steel,
the stress-strain response of Grade 800 HSS and Grade 350 MS tube specimens
undergone similar experimental tests are compared to that of UHSS tube specimens.
Considering that the main focus of this study are the cooling tests, the effect of the
elevated temperature exposure on the microstructure of the specimens undergone these
tests are examined using optical microscopy and SEM methods. In addition, the
thermodynamic stability diagrams of the phases present in the tested materials are
plotted. Based on the microstructural evaluation performed in this study, a
recommendation is made for separating studies of the effect of elevated temperatures on
the residual strength of steel into two classes of low and high fire temperatures.
Therefore, in this thesis, evaluation of the in-fire/post-fire mechanical response of UHSS
subjected to low and high fire temperature regimes are conducted in two separate

chapters (chapters 2 and 3).
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Effect of creep strain on the in-fire/post-fire tensile mechanical properties of UHSS:

As mentioned in the previous section, sustaining loads can seriously affect the mechanical
properties of steel materials under fire. To investigate this, two sets of experimental tests

are conducted: Creep-Heat-up tests and Creep-Cooling tests.

In the Creep-Heat-up tests the effect of creep on mechanical behaviour of UHSS (Grade
1200) at elevated temperatures is investigated. The mechanical properties of UHSS
specimens heated up to elevated temperatures while subjected to the sustained tensile

axial load of F, were discussed. In these tests F, is defined as: F, = #f, ; S;, where, £ is

S

the sustained axial load ratio, fu’T is the ultimate tensile strength of the test material at

elevated temperature T, and S, is the cross sectional area of the specimen. In the Creep-

Cooling tests, which are the main focus of this study, a multi-phase evaluation of creep
and cooling phase of a fire is performed. The test procedure is similar to the Creep-Heat-
up tests except that after stabilisation of the temperature of the test specimen, it is air-
cooled to room temperature under load control. Then, once the specimen reaches room

temperature, tensile loading is continued under strain-controlled conditions until failure.

All these tests are conducted for different values of maximum fire temperature (7) and
sustained axial load ratio ( #). From the results obtained from the Creep-Heat-up and
Creep-Cooling tests, the variation in creep strain, the stress-strain curves and the residual

strength of the UHSS specimens are discussed.

Also, to evaluate the effect of steel grade, the Creep-Heat-up tests and Creep-Cooling tests
with maximum fire temperature of T=700°C and £ =0.8 are conducted on Grade 800 HSS
and Grade 350 MS tube specimens. In order to discuss the microstructural origin of

accelerated softening in UHSS due to the creep strain, SEM method is used.
Tensile mechanical properties of UHSS under extreme cooling conditions:

In order to perform a comprehensive study, the mechanical behaviour of UHSS under
extreme cooling conditions is also investigated in this thesis. These conditions are defined
as cooling from fire temperatures with an extreme cooling rate, which is the main focus

of this part of the study, and cooling from the ambient state to sub-zero temperatures.
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For simulation of the extreme cooling rate, Grade 1200 UHSS standard dog-bone
specimens are heated up to different fire temperatures (up to 800°C) and cooled to room
temperature using water-quenching (WQ) technique. Thus, the effect of extreme cooling
rate on the post-fire mechanical response of the tested materials is evaluated by
comparing the residual mechanical properties of water-quenched specimens
(~3500°C/min average cooling rate) to those of the air-cooled (AC) specimens
(~20°C/min average cooling rate). To simulate extreme cooling temperatures, the test
specimens are cooled to sub-zero temperatures of down to -80°C using Liquid Nitrogen
(LN) injection. To understand the effect of steel grade on mechanical behaviour of steel
under extreme cooling conditions, both set of experiments are carried out on Grade 800
HSS and Grade 350 MS structural steels. To interpret the microstructural changes

occurred in the tested UHSS specimens, optical and SEM techniques are used.

The effect of manufacturing process on the post-fire mechanical response of

UHSS tubes:

Following the significant effect of the manufacturing process on the residual mechanical
properties of high strength steel materials [18, 26], this part of the research work aims to
investigate this effect on Grade 1200 UHSS material. To achieve this, heat-up and cooling
tests are conducted on standard specimens extracted from two UHSS tubes with different
manufacturing processes, i.e. UHSS-QT and UHSS-DQ tubes. The results obtained for the
in-fire/post-fire tensile behaviour of these materials are compared to each other.
Considering the superior performance of UHSS tubes when used in innovative fabricated
columns [6, 7], the effect of manufacturing process on post-fire compressive mechanical
behaviour of UHSS tubular stub columns is also discussed. To this end, a numerical finite
element (FE) model is developed to compare the post-fire behaviour of UHSS-QT and
UHSS-DQ stub-columns. To verify the numerical model, quasi-static compression tests
with displacement rate of 0.3 mm/min are carried out on UHSS-QT stub columns cooled
from different fire temperatures (up to 800°C) to the ambient state. The load-axial

deformation of the columns is recorded.
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1.3.2. Numerical Modellings

Constitutive model for the post-fire tensile mechanical properties of UHSS:

From the experiments conducted in this thesis, it is resulted that the post-fire stress-
strain response of UHSS is highly dependent on the maximum fire temperature and the
creep strain caused due to the sustained axial loads applied to it during fire. In this thesis,
first, using the modified compound Ramberg-Osgood equations, an empirical constitutive
material model is developed, which takes into account the post-fire mechanical response
of UHSS in terms of the maximum fire temperature. However, to perform a rational
thermal analysis on a UHSS structural member cooled from fire temperatures, it is
necessary to develop a post-fire material constitutive model, which in addition to the
maximum fire temperature, considers the effect of creep strain. To achieve this, the
Bernstain-Bézier functions are employed to present the relationship between the stress,

strain, the maximum fire temperature and the sustained axial load ratio ( /) for Grade

1200 UHSS cooled from fire temperatures to room temperature. In order to calibrate and
validate the model, the results obtained from the experimental tests are used. The
proposed model is capable of extrapolating the stress-strain curves out of the range of

the available experimental tests data.

Moreover, the instantaneous stress-induced strain is extracted from the modelled stress-
strain-temperature response of the UHSS tested at elevated temperatures. Consequently,
knowing the instantaneous stress-induced strain from the model, and the total transient
strain and the thermal strain of UHSS from the experimental tests, the thermal creep
strain of UHSS subjected to different values of constant axial load during transient fire is

obtained.

Finite element model for post-fire compressive mechanical response of thin-walled

UHSS tubular stub columns:

In order to compare the post-fire compressive behaviour of UHSS-QT and UHSS-DQ
tubular stub-columns, a numerical FE model is developed using ABAQUS FE package. The
model is calibrated using the experimental quasi-static compression tests conducted on
Grade 1200 UHSS-QT stub-columns cooled from various fire temperatures to room
temperature. In this model, the realistic plastic models, nonlinear material and geometry,

and most importantly, the changes of the material properties due to the fire temperature
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exposures are taken into consideration for both UHSS-DQ and UHSS-QT materials. The

model can be considered as a simulation tool for future research purposes.

The summary of the objectives mentioned in this section, is provided in Figure 1-1. In this
figure, the in-fire and post-fire investigations are illustrated by red and blue colours,

respectively.
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Mechanical behaviour of UHSS under cooling phase of a fire

Thesis Objectives

Experimental Investigations

Loading Type Specimen Test Type

In-fire In-fire and Creep
Heat-up tests Creep-Heat-up tests

Post-fire and Creep
Creep-Cooling tests

Tension Dog-bone
Specimens

Extreme Cooling
Post-fire Conditions

Cooling tests Water Quenching tests

Sub-Zero Temp. tests

Manufacturing process
effect (Post-fire

Compression UHSS tubular Post-fire
stub columns Cooling tests

Numerical Investigations

Post-fire

Modified Compound Ramberg-Osgood equations
Constitutive

Material Model

Post-fire and Creep
Bernstain-Bézier equations

Manufacturing process effect (Post-fire)

Comparison of Post-fire Mechanical Response of
UHSS-QT and UHSS-DQ stub-columns

FE Modelling of
Stub Columns

Figure 1-1. Thesis Objectives
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1.4. Thesis Outline

An overall outline of each chapter and the structure of thesis chapters is presented in
Table 1-1. The general structure of the thesis is in the format of thesis by publications.
Chapters 2 to 4 and 6 are published journal papers (listed in page ix) and chapters 5 and

7 are currently under-review in international journals (listed in page x).

Table 1-1. The outline of the thesis

Chapter 1: Introduction

Chapter 2: Mechanical properties of ultra-high strength (Grade 1200) steel tubes
under cooling phase of a fire: An experimental investigation

Chapter 3: Post-fire mechanical response of ultra-high strength (Grade 1200) steel
under high temperatures: Linking thermal stability and microstructure

Chapter 4: Effect of creep strain on mechanical behaviour of ultra-high strength
(Grade 1200) steel subject to cooling phase of a fire

Chapter 5: On the use of Bernstain-Bézier functions for modelling the post-fire
stress-strain relationship of ultra-high strength steel (Grade 1200)

Chapter 6: Mechanical response of ultra-high strength (Grade 1200) steel under
extreme cooling conditions

Chapter 7: The effect of manufacturing process on the post-fire mechanical response
of ultra-high strength steel (Grade 1200) tubes

Chapter 8: Conclusions and future work

Chapter 1: Introduction

In this chapter a general overview of the thesis is given. This includes the motivation of
the research, explanations on how the knowledge gaps are addressed, and the main
objectives of the thesis. The objectives of the thesis are divided into two main sections,
first being the experimental investigations and second the numerical modellings, all of

which are addressed in Chapters 2 to 7 of this thesis.
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Chapter 2: Mechanical properties of ultra-high strength (Grade 1200) steel tubes

under cooling phase of a fire: An experimental investigation

This chapter investigates the post-fire tensile mechanical behaviour of Grade 1200 UHSS
steel tubes after cooling from low fire temperatures (up to 600°C). This investigation is
conducted experimentally through quasi-static tensile tests carried out on standard dog-
bone specimens taken from UHSS tubes. The tensile tests are conducted at elevated
temperatures (Heat-up tests) and after the specimens are cooled to room temperature
(Cooling tests) to investigate the in-fire and post-fire mechanical properties of UHSS.
Although the main focus of this study is the post-fire mechanical response of the UHSS
material, the Heat-up tests are conducted to better understand the effect of cooling phase
of a fire. Cooling rate effect is investigated using LN injection and by considering three
different cooling rates. The effect of steel grade on post-fire mechanical response of steel
is also evaluated by conducting the heat-up and cooling tests on Grade 350 MS and Grade
800 HSS. Microstructure examination of the tested specimens is preformed using optical
and SEM methods. By calculating the thermodynamic stability of the ferrite and cementite
phases in the tested materials and based on the phase changes occurring in the steel
material during fire, a recommendation is made to separate the studies of the effect of
fire temperature on the post-fire mechanical response of steel into two temperature

regimes of low and high fire temperatures.

Chapter 3: Post-fire mechanical response of ultra-high strength (Grade 1200) steel

under high temperatures: Linking thermal stability and microstructure

Following the recommendation made in Chapter 2 for separating the studies of the effect
of simulated fire temperature on residual mechanical response of steel into low and high
fire temperature regimes, this chapter examines the post-fire mechanical response of
UHSS subjected to high fire temperatures (up to 800°C). Similar to Chapter 2, Heat-up and
Cooling tests are conducted on UHSS specimens for investigation of the in-fire and post-
fire mechanical behaviour of this material. However, the experimental test setup used in
this chapter to simulate the high fire temperature exposure is different from that used for
low fire temperatures in Chapter 2. A comparison study is performed by conducting the
same experimental tests on Grade 800 HSS material. The microstructures of the tested

specimens are examined using optical microscopy and SEM techniques and the thermal
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stability of the phases present in the tested materials are linked with their
microstructure. Finally, using the experimental tests results, an empirical constitutive
model is developed to predict the post-fire stress-strain response of the UHSS materials

cooled from fire temperatures of up to 800°C.

Chapter 4: Effect of creep strain on mechanical behaviour of ultra-high strength

(Grade 1200) steel subject to cooling phase of a fire

In this chapter, the mechanical behaviour of Grade 1200 UHSS tube subject to a multi-
phase loading scenario including fire and creep is investigated. Thus, for the first time,
this study simulates a realistic fire condition, where in addition to severe temperature
changes, the effect of the creep strain caused by the sustained axial loads applied to the
specimens are taken into consideration. Standard dog-bone specimens extracted from
UHSS tubes are undergone two sets of experiments, i.e. Creep-Heat-up tests and Creep-
Cooling tests. These tests are designed to investigate the effect of creep strain on the in-
fire and post-fire mechanical behaviour of UHSS, respectively. However, the main focus
of this study is the Creep-Cooling tests. To investigate the effect of steel grade, the same
set of tests are carried out on standard specimens taken from the Grade 800 HSS and
Grade 350 MS tubes. Finally, similar to the previous chapters, SEM is used to discuss the
physical origin of the softening occurs in the microstructure of the UHSS specimens

subjected to creep during the simulated fire.

Chapter 5: On the use of Bernstain-Bézier functions for modelling the post-fire

stress-strain relationship of ultra-high strength steel (Grade 1200)

This chapter employs Bernstain-Bézier functions and presents the relationship between

the stress, strain, the maximum fire temperature and the sustained axial load ratio ( /)

for Grade 1200 UHSS cooled from different fire temperatures to room temperature. The
proposed model is calibrated and validated using the experimental results obtained in
Chapters 2 to 4 of this thesis. Also, the in-fire stress-strain-temperature response of the
UHSS tested at elevated temperatures is obtained from the model and the instantaneous
stress-induced strain of the UHSS under transient fire is predicted. Finally, knowing the

strain components derived from the proposed model and the experimental tests results,
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variation of the creep strain with temperature for UHSS subjected to different values of

constant axial load during transient fire is obtained.

Chapter 6: Mechanical response of ultra-high strength (Grade 1200) steel under

extreme cooling conditions

This chapter examines the mechanical properties of Grade 1200 UHSS under extreme
cooling conditions, specified as extreme cooling rates or extreme cooling temperatures.
However, the main focus of this research is the first condition (extreme cooling rates),
which is simulated by heating standard dog-bone UHSS specimens to elevated
temperatures (up to 800°C) and cooling them to the ambient state using the water-
quenching (WQ) technique. In order to simulate the second condition (extreme cooling
temperatures), LN injection is used to cool the test specimens to sub-zero temperatures
of down to -80°C. To investigate the steel grade effect, both sets of experimental tests are
conducted on standard dog-bone specimens extracted from Grade 800 HSS and Grade
350 MS tubes. Finally, using optical and SEM techniques, microstructure examination of

the tested UHSS specimens is conducted.

Chapter 7: The effect of manufacturing process on the post-fire mechanical

response of thin-walled ultra-high strength steel (Grade 1200) tubes

In this chapter, it is aimed to evaluate the manufacturing process effect on the residual
mechanical properties of Grade 1200 UHSS cooled from fire temperatures to room
temperature. To achieve this, a comparison study is conducted on the post-fire
mechanical response of two Grade 1200 UHSS materials, one manufactured by direct
quenching technique (UHSS-DQ) and one by the conventional quenching and tempering
method (UHSS-QT); while they exhibit the same original room temperature stress-strain
behaviour. For comparison of the in-fire and post-fire tensile mechanical response of
these materials, cooling tests are carried out on them. In order to understand the effect
of manufacturing process on the post-fire compressive behaviour of UHSS tubular stub-
columns, a FE model is developed in ABAQUS FE package with precise modelling inputs.
The post-fire mechanical behaviour of the stub-columns composed of these two UHSS
materials are then compared for different maximum fire temperatures. To verify the

model, compression tests are carried out on the UHSS stub-columns with length to
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diameter ratio of 3 (L/D =3) at room temperature after cooling from different fire

temperatures. The FE model can be used as a verified simulation tool for future

investigations.

Chapter 8: Conclusions and future work

This chapter summarises the objectives achieved in this research and provides an
overview of the main outcomes of different stages of the thesis. In addition,

recommendations are made for continuing this research work in future.
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Abstract

There has recently been a growing trend towards using ultra-high strength steel (UHSS)
in many engineering applications. However, few researches have focused on the
mechanical properties of this kind of steel at elevated temperatures. In this study, the
mechanical properties of UHSS at temperatures characteristic of fire and after cooling
from fire temperatures, are studied experimentally. The specimens taken from UHSS
tubes are subjected to fire temperatures of up to 600°C and tensile tests are carried out
both at elevated temperatures and after the specimens were cooled to room temperature.
As expected, the strength of the UHSS specimens decreases significantly when tested
under fire temperatures of 450°C and 600°C. However, the strength of the UHSS is also
considerably reduced after cooling down from high fire temperatures to room
temperature. The stress-strain curves, strength and ductility of the UHSS tube specimens
are discussed. Furthermore, in order to perform a comparison study, the stress-strain
curves for three different grades of steel tubes including UHSS, high strength steel (HSS)
and Mild steel (MS) tubes are presented and compared. It is shown that the reduction in
the strength of the UHSS after cooling from fire temperatures of up to 600°C does not
occur to the same extent for HSS and MS steels. The effect of the cooling rate after
exposure to fire temperatures on the mechanical properties of UHSS tube specimens is
also investigated. Micro-structure examination is conducted using optical and scanning
electron microscopy (SEM) and the room temperature strength reduction in the UHSS
after exposure to the fire temperatures is discussed in terms of the effect on the steel
microstructure. A recommendation has been made for separating studies of the effect of
simulated fire temperatures on the residual strength of steel into two classes (low and
high temperature), depending on whether a critical maximum temperature (which
depends on alloy composition) is exceeded and the science under-lying this

recommendation has been discussed.

Key Words: ultra-high strength steel, fire, cooling, stress-strain curve, steel tube, cooling

rate, micrograph
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2.1. Introduction

During the past decades, ultra-high strength steel (UHSS) tubes with nominal yield
strengths of up to 1200 MPa have been widely used in the automotive industry due to the
increased tensile strength and high energy absorption which leads to the weight and cost
reduction and improvement of road safety issues [1-5]. Presently, due to construction
development, the demand for using high strength steel in civil engineering applications
is also increasing [6-10]. However, due to the lack of relevant design codes of practice
covering the behaviour of UHSS under extreme actions, limited application of this kind of
steel is seen in construction industry around the world. In order to utilise UHSS tubes in
civil engineering applications, their behaviour under various loading scenarios including
fire, cyclic, impact, etc. must be investigated. This paper addresses the mechanical

properties of UHSS tubes under the cooling phase of a fire.

When only partial damage or no damage occurs during an extreme action, it might be
possible to reuse the structural member [11-17]. However, after a structure is cooled
down from a fire temperature, residual stresses may be developed [18]. In order to
develop a rational thermal analysis in which the effect of residual stresses are taken into
account, investigating the mechanical properties of the material under cooling phase of

fire is essential.

One of the primary models developed to describe the behaviour of structural members
during the cooling phase of a fire was introduced by El-Rimawi et al. [19]. In this study,
the available stress-strain curves for the steel materials at elevated temperatures were
employed and by adopting a bi-linear unloading curve and applying some modifications,
a simple model was developed to describe the cooling path of structural members. Bailey
et al. [20] developed a model in which a curvilinear unloading path, instead of the bi-
linear one proposed by El-Rimawi [19], was adopted. Furthermore, it was assumed that
the cyclic loading of steel members in a fire does not occur which allows the definition of
a unique and reversible unloading path. According to the results presented in [19], it can
be observed that compared to El-Rimawi’s model, Bailey’s model results in a lower
absolute value of the permanent strain and thus a greater recovery of displacement.
However, neither of these two models were validated with experimental results. Wang et

al. [21] developed a numerical model for steel structures during the cooling phase. They

CHAPTER 2|23



provided a simple model describing the unloading path during the cooling phase by using
a line and a half of the original stress-strain curve. The model was implemented into the
authors’ computer program and a steel truss was analysed using the presented model to
demonstrate the residual deformations and stresses developed in the structures after a
fire. However, due to the lack of experimental data on this topic, the results were only

verified using ANSYS finite element software.

In order to investigate the remaining strength of steel structures exposed to fire, Outinen
[22] carried out tensile tests on different grades of structural steel materials including
S355, S460M, S350GD+Z, S355J2H and EN 1.4301. The tensile coupons were cooled to
room temperature from fire temperatures of up to 1000°C. The stress-strain curves for
the coupons taken from flat and corner regions of cold-formed steel tubes were presented
by the author and their post-fire behaviour was discussed. Qiang et al. [23] performed a
set of tests to investigate the behaviour of S460 steel under fire and post-fire conditions.
In this research, in order to study the post-fire behaviour of the material, they heated the
steel specimens to fire temperatures of up to 1000°C and then performed tensile tests at
room temperature after cooling the specimens. The residual elastic modulus, yield
strength and ultimate tensile strength of S460N steel after cooling down from fire
temperatures were reported. It was shown that S460 steel regains at least 70% of its
original mechanical properties. The same authors performed a similar study on high
strength steel S960 [24]. The results indicated that post-fire behaviour of S960 steel is
different to S460 steel. Comparing the results obtained for S460 and S960 steel specimens
cooled from temperatures above 600°C to room temperature, a sharper reduction in
residual yield strength and ultimate tensile strength of S960 was observed. Moreover, the
mechanical properties of both S960 and S460 steel are only affected by the cooling phase
when they are subjected to fire temperatures above 600°C.

The effect of cooling from fire temperatures on the mechanical properties of the steel
connectors such as bolts has also been investigated. Hanus et al. [25] performed steady-
state tests at various temperatures after heating Grade 8.8 bolts to 800°C and then cooling
them at a rate of 10-30°C/min. They also developed an analytical model for the stress-
strain behaviour of bolts during a natural fire which gives values of strength reduction

factors for the cooling phase.
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Research on the mechanical properties of ultra-high strength steels with nominal yield
strengths above 960MPa at elevated temperatures is limited and the behaviour of UHSS
tubes during the cooling phase of a fire has not so far been investigated. Heidarpour et al.
[26] presented an experimental study on UHSS (Grade 1200) tubes subjected to elevated
temperatures of up to 600°C and the changes in strength and ductility were discussed.
The results showed a dramatic deterioration in strength of the UHSS after 300°C. They
also proposed some equations to describe the reduction factors of 0.2% proof stress and

ultimate tensile strength for UHSS tubes at fire temperature.

This paper addresses the mechanical properties of ultra-high strength steel during the
cooling phase of a fire. Although the nominal tensile strength of UHSS studied by
Heidarpour et al. [26] is close to that of the alloy used in this study, due to differences in
chemical composition as well as manufacturing process, experimental tests at elevated
temperatures are also carried out on the UHSS specimens in this study. Therefore, two
sets of experimental tests are carried out. The first set of tests are heat-up tests where the
specimens taken from UHSS tubes undergo strain-controlled tensile tests at elevated
temperatures. The second set of tests, which forms the main focus of this study, includes
the cooling tests where the tensile test is carried out at room temperature on UHSS
specimens after being cooled down from fire temperatures. In these latter tests, the
changes in strength and ductility of the material are discussed. In order to compare the
change in the material properties of the UHSS tubes with those of high-strength steel
(HSS) and Mild-steel (MS) tubes, experimental tests were also carried out on tensile
coupons taken from HSS and MS tubes. In addition, the effect of cooling rate from
simulated fire temperatures on the mechanical properties of UHSS tube specimens cooled
down from 600°C is also investigated. Finally, using the optical and scanning electron
microscopy (SEM), microstructure examinations are performed on the bulk
microstructures of the tested specimens and the relationship between the changes in
microstructure and the changes in mechanical properties after fire temperature exposure

are discussed.
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2.2. Experimental tests

2.2.1. Test Specimens

The test specimens are taken from ultra-high strength steel (Grade 1200), high strength
steel (Grade 800) and Mild-steel (Grade 350) cold-formed tubes with nominal diameter
and wall thickness of 76.1 mm and 3.2 mm, respectively. The geometry of the test
specimens is shown in Figure 2-1 and the samples are sectioned from the tubes using
high pressure water jet cutting. The shape and dimensions of the specimens are
determined in agreement with the limitations defined in ASTM E8 [27]. As shown in
Figure 2-2, the specimens were taken from two strips located at right angles (90°) to the
tube weld line. For the sake of comparison, some tests are also performed on the UHSS
specimens taken from the opposite face (1800°). In order to grip the end of the specimens
for the tensile tests, they are mechanically flattened according to the instructions

provided in AS1391 [28] .

It is worth noting that UHSS and HSS tubes are manufactured by a unique pro-cess
developed by SSAB manufacturing company called direct quenching. Unlike the
traditional quenching technique where the material is quenched in several stages, in
direct quenching method the material is quenched only in one stage. The chemical
compositions of the steels used in this study are shown in Table 2-1. Each test is
performed at least twice. In case that the difference between the results obtained from
two similar tests is more than 3%, an additional test is conducted. The cross sectional
area of the specimens is calculated by [28]

D

1 p? 1 _23)?
SO:E(Dz—bz)z+D—arcsin£—9[(D—2a) —bZ}Z—(—Zaj arcsin (2-1)
4 4 D 4 2

D-2a
where D is the tube diameter, and b and a are the width and thickness of the cross section

of gauge length shown in Figure 2-1, respectively.
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Figure 2-1. The test specimens geometry

63mm

180°

2 o

L Weld line

Figure 2-2. The tube section

Table 2-1. The chemical composition of test specimens (wt%)

Material C Si Mn P S Cr Ni Mo B Al
UHSS 0.230  0.800 1.700 0.025 0.015 1.500 1.00 0.500 0.005

HSS 0.100 0.250 2.100 0.020 0.010 0.015
MS 0.230  0.400 1.350 0.040 0.050

2.2.2. Testing Method

In order to investigate the mechanical properties of the steel materials at high
temperatures, two types of tests are typically performed: either transient state tests, or
steady state tests. In transient state tests, the specimens are subjected to a constant load
and the temperature is increased with a specific rate. In the steady state tests, the
specimens are held at a constant temperature and the load is increased to failure.
Although the transient state tests describe a more realistic fire condition, the steady state
tests provide the advantage that they directly give the stress-strain curve from the
experimental data and the standards support this method [29]. The steady state tests are
the testing method applied in this study. In this paper, the experimental tests are
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conducted in two stages including the in-fire stage and the post-fire stage representing

the heat-up tests and the cooling tests, respectively.

2.2.2.1. Heat-up tests

For heat-up tests, the specimen is positioned between the grips in the Instron
Environmental chamber. Three thermocouples labelled as T1, T2 and T3, are attached to
three points a, b and c on the gauge length of the specimen (Figure 2-1) and the chamber
is heated to fire temperatures of 150°C, 300°C, 450°C and 600°C, which is the maximum
temperature capacity of the chamber. The heating rate in all tests is taken as 10°C/min.
The temperature throughout the specimen is stabilised when the difference between the

temperature Ti of each thermocouple and the target temperature T: is less than 2%, i.e.

|Ti —Tt|£2%. Once the temperature is stable, the specimen is subjected to a strain-

controlled tensile test with an applied strain rate of 0.005+0.002min™" until failure. The
tensile test is conducted using the Instron 5982 100kN testing machine. In order to record
the axial strain during the test, an MTS non-contact laser extensometer is used to record
the distance between two reflective stickers glued to the sample gauge length. The test

setup is shown in Figure 2-3 .
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Figure 2-3. Test setup

2.2.2.2. Cooling tests

The main purpose of this study is to investigate the effect of the cooling stage of a fire on
the mechanical properties of UHS steel tubes. To perform such experiments, the test
specimens are first heated to the target fire temperatures using the procedure explained
in the previous section. After being stabilised at the target temperature (Tt), the specimen
is held at the temperature Tt for ~20 minutes. The specimen is then cooled to the room
temperature by simply turning off the chamber. Finally, after reaching room temperature,
the specimen is subjected to a strain controlled tensile test with an applied strain rate of

0.005+0.002 min*until failure.

To attempt to rationalise the effect of the simulated fire temperature exposure on the

subsequent room temperature mechanical properties, the microstructures of samples
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were examined using a JEOL 7001F FEG scanning electron microscope (SEM). SEM
obtains high resolution images using a focused beam of electrons. The specimens are
examined in high vacuum condition. The acceleration voltages employed in emitting the

electrons to the sample surface is 15kV and a working distance of 10mm was used.

2.3. Results and Discussions

2.3.1. Determination of Mechanical Properties

In this study, in order to investigate the behaviour of an UHSS subjected to the cooling
phase of a fire, the 0.2% proof stress, ultimate tensile strength, total strain at 0.2% proof
stress, strain at ultimate tensile strength and energy absorption are determined. The
values of these parameters are illustrated in a typical stress-strain curve shown in Figure
2-4. As indicated in Figure 2-4, the values of 0.2% proof stress (fo.2) and the total strain at
0.2% proof stress (&) are obtained by finding the intersection of the curve with a line
starting from the 0.2 % strain parallel to the elastic part of stress-strain curve. The
maximum stress in the stress-strain curve and the strain corresponding to this stress
represent the ultimate tensile strength (f.) and the strain at ultimate tensile strength (&),
respectively. Finally, the energy absorption (U*) is found by calculating the area under

the stress-strain curve starting from zero strain to the strain at ultimate tensile strength

(8u) .

Stress

Strain(%)

Figure 2-4. Definition of mechanical properties on a typical stress-strain curve
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2.3.1.1. Stress-strain curves

To examine the behaviour of ultra-high strength steel (UHSS) tubes in and after fire, two

sets of tests are conducted: heat-up tests and cooling tests.

Figure 2-5 shows the stress-strain curves of UHSS samples at elevated temperatures
ranging from 150°C to 600°C. It is worth mentioning that the curves indicate the stress
and strain values up to the maximum strength of material for which the necking region
of steel material has not been depicted due to inaccurate strain readings in this region. In
these curves, the stress-strain curve of the UHSS at temperature T is shown as UHSS-HT
in which H and T represent heating and target temperature, respectively. For example,
UHSS-H300 indicates a tensile test performed at 7= 300°C. It can be seen from Figure 2-
5 that although the strength of UHSS decreases considerably as the temperature is
increased, the maximum strength fu even at 600°C, is still reasonably high and close to

the Mild Steel (MS) tubes strength at room temperature.

The main purpose of this study is to discuss the effect of the cooling phase of a fire on the
mechanical response of UHSS. The stress-strain curves of UHSS specimens which have
been cooled to the room temperature from fire temperatures of up to 600°C are
presented in Figure 2-6. The stress-strain curves for a UHSS specimen cooled from the
temperature T is shown as UHSS-CT. For example, the stress-strain curve corresponding
to UHSS-C450 represents the stress and strain values obtained from monotonic tensile
tests at room temperature on a UHSS specimen which has been cooled from 450°C to
room temperature. It can be seen from Figure 2-6 that the UHSS specimens do not regain
their original strength after being cooled from fire temperatures above 450°C. This
experimental result is not consistent with the strain reversal based model proposed by
El-Rimawi et al. [19], in which the strength of the steel is fully regained after cooling from
temperature T1 to T2 (T1> T2). Considering T:= 450°C or 600°C and T2 to be room
temperature, it can be seen from Figure 2-6 that El-Rimawi’s model may not predict an
accurate behaviour for UHSS material. Furthermore, it is evident that the strain at
ultimate tensile strength increases when the heat-up temperature T increases. Unlike the
tests at elevated temperatures where the modulus of elasticity decreases when the
temperature increases (Figure 2-5), no significant change in the modulus of elasticity of

UHSS specimens at room temperature after cooling tests is observed (Figure 2-6). In
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other words, unlike the strength, the initial stiffness of the UHSS material is fully regained
under the cooling phase. This conclusion supports the fact that similar to Mild steel, for
UHSS specimens having experienced fire temperatures of up to 600°C, the elastic
modulus is independent of the temperature history and only depends on the temperature

in which the specimen is being tested [30].
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Figure 2-5. Stress-strain curves for UHSS specimens at elevated temperatures
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Figure 2-6. Stress-strain curves for UHSS specimens at room temperature after cooling
down from the elevated temperature T to room temperature
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2.3.1.2. 0.2% Proof stress and ultimate tensile strength

In this section, the variation of 0.2% proof stress and the ultimate tensile strength of the
UHSS specimens during the cooling phase of a fire are discussed. The strength variation

factors are defined by

f
Ru,CT = fu’CT (2'2)
u,RT
R - fozcr
pCT = (2-3)
02,RT

where fucr and fozcr denote the ultimate tensile strength and the 0.2% proof stress of
UHSS specimens when they are cooled from temperature T to room temperature,
respectively, while furr and fo.zrr represent the corresponding values for ultimate tensile
strength and 0.2% proof stress of the virgin material at room temperature, respectively.
The variations of Rucrand Rp,cr for fire temperatures of up to 600°C are presented in Table
2-2. It can be seen that for specimens having experienced temperatures up to 300°C, the
strength of material is almost unchanged when cooled to the room temperature.
However, for specimens exposed to fire temperatures of 450°C and 600°C only 90% and

70% of the strength is regained, respectively.

The strength variation factors are also calculated for specimens taken from the strips at
opposite face (180°) to the weld line of UHSS tubes (Figure 2-2). Although the values of
fuct, fozer, furr and fo.zrr for UHSS specimens taken from 1800 strip are higher than those
taken from 900 strip, no difference in the values of variation factors (Rucr and Rpcr ) of

18009 strips with those obtained for 900 strips is observed.

Table 2-2. Variation of strength after cooling down from various fire temperatures

Temperature 150°C 300°C 450°C 600°C
Rucr 1.04 1.03 0.90 0.70
Rpcr 1.09 1.00 0.94 0.68

2.3.1.3. Ductility and energy absorption

The energy absorption, or strain energy U*, is the total mechanical energy per unit
volume absorbed by the material in straining it to a given value of strain, ¢, and is

expressed by Eq. (2-4) [31] such that
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U =[ode (2-4)
0

in which ois stress. In this study, the energy absorbed in the material up to the onset of
necking is considered so that the upper bound of the integral in Eq.(2-4) takes the value
of the strain at ultimate tensile strength &. The variation of energy absorption is

quantified by normalizing the values of U* with respect to that for the virgin material:

Eer =—% (2-5)
cT U,

in which Ug; is the strain energy for UHSS specimens tested at room temperature when

they are cooled down from temperature T and Ug; is the strain energy for the virgin

specimens tested in room temperature.

Another parameter indicating the ductility of a material is the ratio of the strain at

. . . & ..
ultimate tensile strength to the total strain at 0.2% proof stress ( # =—L). Similar to the
g
y

strain energy, the variations of zz can be determined from

Y7,
DCT =~ (2'6)

where the CT and RT indices correspond to the x values for UHSS specimen tested at

room temperature after cooling from temperature T and that of virgin material tested at

room temperature, respectively.

Table 2-3 presents the results for ductility factors (E;; and D¢r), defined by Egs. (2-5)
and (2-6). It can be seen from this table that for UHSS specimens cooled down from a

higher temperature, both ductility factors show an increasing tendency.

Table 2-3. Variation of ductility factors after cooling down from various fire temperatures

Temperature 150°C 300°C 450°C 600°C
Ecr 0.842 1.090 1.129 1.924
Dcr 0.788 1.063 1.234 3.197

CHAPTER 2|34



2.3.2. Effect of Steel Grade on the Mechanical Properties

The mechanical behaviour of the steel material depends on the steel microstructure and
the most important determinants of the microstructure are the alloy chemical
composition and the manufacturing process. In this study, in order to investigate the
effect of steel grade on the mechanical behaviour during the cooling stage of a fire, tensile
coupons are taken from 3 different grades of steel tube, namely Grade 1200 (UHSS),
Grade 800 (HSS) and Grade 350 (MS). Tensile tests were performed at room temperature,
at fire temperature of 600°C and also after being cooled from 600°C to room temperature.
The stress-strain curves of MS, HSS and UHSS for the different tests are illustrated in
Figures 2-7 to 2-9. It can be seen from Figures 2-7 and 2-8 that no obvious strength
reduction is observed when the MS and HSS specimens are cooled from 600°C. However,
as discussed in the previous sections, a 30% reduction is observed for the corresponding
UHSS specimens. Nevertheless, the residual strength of UHSS is still considerably higher

than the MS strength at room temperature and is almost equal to that of HSS.

It may be seen from Figure 2-8 that a more pronounced upper and lower yield points
occur in the MS-C600 and HSS-C600 steels after cooling from 600°C (Figure 2-8), than in
the as received material (Figure 2-7) despite the strengths not being so different. The
reason behind the occurrence of these yield points after exposure to 600°C is that the
elevated temperature provides sufficient mobility to the carbon (C) atoms that they can
segregate to dislocations at elevated temperatures and pin the dislocations. When a
stress is then applied to the specimen at room temperature, it needs to first unpin the
dislocations from the segregated C atoms before yielding may occur. Once the
dislocations start to move, a lower stress is required to keep them moving. Therefore,
the stress drops a little after deformation begins which results in the lower yield point in
the stress-strain curve. However, in order to experimentally observe a lower yield point,
the stress required to unpin the dislocation from the C segregation must be higher than
the stress required to propagate the dislocation through the microstructure. In the case
of Mild steel (MS), which is not very strong, the stress to unpin is significantly higher than
the stress required to propagate the dislocations and thus a clear sharp yield point can
be observed. For high strength steel (HSS), the stress required to propagate the
dislocations through the microstructure and cause deformation is much higher than in

MS; however this stress is still less than the stress required to unpin dislocations from
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the segregated C. Therefore, the difference between the upper and lower yield points of
HSS-C600 is not as obvious as that for the MS-C600. For the ultra-high strength steel
(UHSS), the stress required to push dislocations through the microstructure is still
expected to be higher than that required to unpin dislocations from segregated C, even
after the changes taken place at 600°C. Therefore, no distinct yield point is observed at

UHSS-C600.
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Figure 2-7. Stress-strain curves for different steel specimens at room temperature
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Figure 2-8. Stress-strain curves for different steel specimens cooled down from 600°C
temperature
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Figure 2-9. Stress-strain curves for different steel specimens heated up to 600°C

temperature

2.3.3. Effect of Cooling Rate on the Mechanical Properties

In order to investigate the effect of cooling rate from the simulated fire temperatures on

the mechanical properties of the UHSS tube specimens subjected to cooling stage of a fire,

three different cooling rates were considered, and all other parameters are kept

unchanged. In all the tests discussed in previous sections, the specimens were cooled

simply by turning off the heating chamber connected to the Instron. In this section, in

order to consider different cooling rates including r=10°C/min and r=20°C/min, liquid

Nitrogen (LN) is injected into the chamber to control the speed of cooling (Figure 2-10).
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Figure 2-10. Test setup to study the effect of cooling rate on mechanical properties

The time-temperature curves recorded from the thermocouples attached to the middle
of the UHSS specimen, i.e. T2, are shown in Figure 2-11. Note that in this figure, the UHSS-
C600 curve refers to the test in which the specimen is cooled down by turning off the
chamber, and the UHSS-C600-r10 and UHSS-C600-r20 curves are related to the tests
where the specimens are cooled down with cooling rates of 10°C/min and 20°C/min,
respectively. The room temperature stress-strain curves for UHSS specimens subjected
to the different time-temperature curves are shown in Figure 2-12. It can be observed
that the curves for the three tests with different cooling rates are essentially the same,
meaning that the mechanical properties of UHSS are not affected by the cooling rate in

the range of cooling rates explored in this study.
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Figure 2-11. Time-temperature curves for UHSS specimens cooled down from 600°C with
different cooling rates
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Figure 2-12. Stress-strain curves for UHSS specimens cooled down from 600°C with
different cooling rates
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2.4. Microstructure evaluation

The mechanical response of the different steels considered in this work is controlled by
the microstructure. The effect on the room temperature mechanical properties from
exposing the steels to simulated fire temperatures, depends on the effect of this elevated
temperature exposure on the microstructure, and the dominant microstructural features
that give the alloy its strength. To provide some insight in the effect of the simulated fire
exposure on the resulting room temperature strength, the microstructures of each of the
Mild Steel (MS), high strength steel (HSS) and ultra-high strength steel (UHSS) are

examined before and after simulated fire exposure at 600°C.

Figure 2-13 shows optical micrographs obtained from the bulk microstructure of the MS
specimen both in its original state (Figure 2-13a) and after being cooled from 600°C
(Figure 2-13b). This is a typical ferritic microstructure of a low carbon steel [32]. The
white regions are the ferrite grains delineated by black lines which represent the
boundaries between the different grains. Some small black regions can also be observed
and these represent a very small volume fraction of pearlite (consisting of a composite of
ferrite and cementite). Since the MS alloy has very low carbon content, the microstructure
is almost 100% polycrystalline ferrite and only a very small amount of the dark pearlite
regions can be seen. The dominant mechanism controlling the strength of such Mild steels
is ‘grainsize strengthening’ [32]. The strength is controlled by the size of ferrite grains
and small grains lead to higher strengths. By comparing Figure 2-13a and b, it can be
noticed that the ferrite grain size in the sample cooled from 600°C is slightly bigger than
that of the as-received state. Since the grainsize in the as-received state is already around
8-10 microns, the increase to around 10-15 microns after heating does not lead to a very
large effect on the yield strength of the steel. The expected change in strength from such
a change in grain size can be estimated using the Hall-Petch law [33]: Ao =
k(dl_l/2 - d2—1/2)’ where k is the Hall-Petch coefficienct (0.74 MPa m'/2) for Mild Steel
[32], and d1 and d2 are the ferrite grainsizes before and after elevated temperature
exposure. Using these numbers one obtains a predicted change in strength of only,
Ac=30MPa. This is a small value compared with the yield strength of the MS of ~400MPa
and this is why the strength of MS is almost totally recovered after being cooled from

600°C to room temperature. The reason the ferrite grain size increases after holding at
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600°C is that the grain boundaries separating the individual ferrite grains (Figure 2-13)
are thermodynamic defects and if the system is provided with sufficient thermal energy,
the ferrite grains will grow so as to decrease the total area of grain boundaries per unit
volume [34, 35]. This is a thermally activated process and occurs faster at higher
temperatures. In this case, the ferrite grain growth is sufficiently slow at 600°C, that a
large effect on the strength is not observed. Holding the Mild steel for longer times at
600°C, or at higher temperatures will lead to a greater reduction in strength as a result of

further ferrite grain growth.

The microstructures of the HSS and UHSS are much finer than those of the MS and as a
result, SEM was required to resolve them. In Figures 2-14 and 2-15, the SEM micrographs
obtained from the bulk microstructures of the as-received HSS and UHSS specimens and
those cooled from 600°C to room temperature are shown, respectively. In the SEM images
shown in Figure 2-14, the dark regions are the ferrite grains and the brighter regions
contain cementite (i.e. the same phases that are present in the Mild steel are also present
in the HSS but they are distributed differently and also present with much smaller sizes).
Looking at the images obtained from HSS bulk microstructure (Figure 2-14), it can be
observed that the ferrite grain size is just slightly larger in the sample cooled from 6002C
to room temperature. This could lead to a decrease in the strength of HSS specimens after
exposure at 600°C but like the Mild steel previously discussed, the change in grain size is
small and it does not lead to a large change in the strength. However, holding for longer
times at 600°C or at higher temperatures will definitely lead to a reduction in the residual

strength of HSS after elevated temperature exposure.

The microstructures of the UHSS shown in Figure 2-15 are very different to those of the
MS and HSS. These are typical martensitic microstructures [36]. Martensite is a non-
equilibrium phase that is related to the ferrite in the Mild and HS steels except that it is
much stronger, but also brittle. During the UHSS manufacturing process, in order to
improve the ductility of the martensite so that it can be used for engineering applications,
either in one stage or several stages, it is ‘tempered’ at specific temperatures. This results
in the conversion of parts of the martensite to ferrite containing very small particles of
cementite (these appear as white spots in Figure 2-15). The objective of the temperature
treatment during processing is to retain as much of the strength as possible but to provide

the alloy with some more ductility. When a UHSS specimen is heated to elevated
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temperatures, if the fire temperature is in the ‘tempering temperature range of
martensite’, the tempering process will continue and the strength will continue to be
reduced. Unlike the cases for the MS and HSS where the evolution of the strength as a
result of elevated temperature exposure is controlled by the kinetics of ferrite grain
growth (which is relatively slow), the kinetics of tempering are controlled by C diffusion,
which is extremely fast, and as a consequence the changes in the strength of the UHSS
occur very quickly [37]. In Figure 2-15, it can be noticed that the ‘lath’ structure is greatly
decreased after heating up to 600°C and the small white cementite particles in these
images are more numerous and slightly larger in the alloy cooled from 600°C, meaning
that more C has been removed from the solution making the martensite softer. This is the
reason for the significant reduction in the strength of the UHSS after exposure at 600°C.
Holding for longer times at 600°C, or at higher temperatures will result in a greater

strength reduction.

Figure 2-13. Optical micrographs of virgin MS specimens at (a) room temperature and (b)
after cooled down from 600°C to the room temperature
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Figure 2-14. SEM images of virgin HSS specimens at (a) room temperature and (b) after
cooled down from 600°C to the room temperature
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Figure 2-15. SEM images of virgin UHSS specimens at (a) room temperature and (b) after
cooled down from 600°C to the room temperature

A key point should be made regarding the exposure of these steels to elevated
temperatures and the effects this has on the microstructures and the resulting strength
after cooling to room temperature from simulated fire conditions. In each of the cases
discussed above, the phases or features contained within the microstructures (ferrite and
cementite - martensite is a form of ferrite) did not change in identity and only their sizes
changed. These changes can be predicted for arbitrary thermal exposures and hence the
effect on the strength can be described using tools developed in the field of Materials
Science and Engineering. However, this is only true whilst the phases present in the
microstructure remain the same and this is not true if the thermal exposure of the alloy

exceeds a certain temperature.

Figure 2-16 contains calculated plots of the thermodynamic stability of the ferrite and

cementite phases in each of the alloy chemistries considered in this study. These plots
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have been calculated using computational thermodynamics using the program Thermo-

Calc [38] and the most up to date steel database, TCFe?7.
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Figure 2-16. Calculated plots of the thermal stability of ferrite (BCC), cementite and austenite
(FCC) in each of the alloy chemistries considered in this study as a function of temperature
using the software package, Thermo-Calc.

In each case, one may notice that the phases present at temperatures up to 600°C are
ferrite and cementite, consistent with the experimental observations of microstructure

made above. However, continued heating to temperatures above 700°C for the Mild steel,
and ~650°C for the HSS and UHSS would lead to the formation of a new phase, austenite.
Exposure to temperatures above 800°C leads to a 100% austenite microstructure.
Subsequent cooling from these high temperatures will lead to the austenite transforming
back into ferrite and cementite but it will not create the nice, well controlled

microstructures that are generated by controlled cooling in the manufacturing process to
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give the initial properties of the as-received materials. One may expect a substantial
deterioration in the mechanical properties of materials cooled from temperatures above
~800°C for these alloy compositions and the resulting properties will be a strong function

of the cooling rate.

From a metallurgical point of view, one should separate the effects of simulated fire
exposures on the strengths of steel into two classes: low temperature class, where the
maximum temperature reached does not lead to changes in the identities of the phases
in the microstructures, and a high temperature class where austenite is formed.
Predictions of the evolution of the strength in the low temperature class can be made
from Materials Science and Engineering, but the residual mechanical properties in the
high temperature class depend mostly on the cooling rate and are more difficult to
predict. Of course, the separation between the low temperature and high temperature

class is alloy composition specific.

2.5. Conclusion

In this paper, an experimental study was performed to examine the mechanical
properties of ultra-high strength steel (UHSS) tubes during the cooling phase of a fire.
According to the experiments, the strength of UHSS tube specimens after being cooled to
room temperature from fire temperatures of 450°C and 600°C, was considerably reduced.
This behaviour is not consistent with the models previously proposed for stress-strain
curves of Mild steel when cooling from elevated temperatures. Therefore, new models
must be introduced to take into account the strength reduction of UHSS in the cooling
phase of fire. The ductility of UHSS tube specimens cooled from elevated temperatures
was also examined. The results indicate that the higher temperature the specimens have
experienced, the more ductility is recovered. Furthermore, the results for the UHSS tube
specimens were compared to those obtained for Mild steel (MS) and high strength steel
(HSS) tube specimens. It was shown that contrary to UHSS, MS and HSS do not experience
significant strength reduction after being cooled from fire temperatures of up to 600°C. In
addition, it was concluded that the cooling rate of fire has no significant effect on
mechanical properties of UHSS specimens cooled from fire temperatures of up to 600°C.
To elaborate deeper into the changes occurred in the mechanical properties of MS, HSS

and UHSS tube specimens subjected to cooling phase of a fire, micrographs from the bulk
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microstructure of these materials both in their original sate and after being cooled from
600°C were obtained and the microstructural reason for the resulted strength of
specimens subjected to cooling phase of fire was explained. An attempt has been made
to emphasise that in considerations of the effect of elevated temperature exposures on
the residual strengths of steels, one should consider two regimes of behaviour depending
on the maximum temperature reached. The effect of the temperature on the steel
microstructure (and hence the residual mechanical properties) is very different in the
two regimes: in the low temperature regime (up to ~650-700°C for the steels examined
in this study), the changes in strength depend strongly on the maximum temperature
reached and also (but less strongly) on the time at elevated temperature, but are
relatively insensitive to the cooling rate. In the high temperature regime, the time and
maximum temperature reached are relatively unimportant (so long as the temperature
is above the limit separating the high and low temperature regimes) and the residual steel

strength will depend strongly on the cooling rate from elevated temperature.
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Abstract

Recently, ultra-high strength steel (UHSS) tubes with nominal yield strengths of up to
1200 MPa have attracted attention for applications in engineering fields. While many
studies have focused on the mechanical behaviour of mild carbon steel at elevated
temperatures, there is a scarcity of data for the in-fire and post-fire mechanical response
of the UHSS material. In this study, the tensile mechanical properties of the UHSS tube
under fire and after cooling from fire temperatures of up to 800°C to room temperature
are studied. The stress-strain curves, strength and ductility of the UHSS material are
discussed. It is shown that the in-fire strength of the UHSS tube starts to deteriorate when
the specimens are exposed to fire temperatures above 300°C and is almost dis-appeared
when tested at 800°C. There is also a major reduction in the strength of the UHSS tube
specimens cooled from fire temperatures above 470°C to room temperature. To
investigate the effect of steel grade on the in-fire and post fire mechanical behaviour of
steel materials, the stress-strain curves of Grade 800 high strength steel (HSS) tube
specimens are presented and compared with those obtained for Grade 1200 UHSS tube.
In order to interpret the experimental results, microstructural examination on the UHSS
is conducted using optical and scanning electron microscopy (SEM). The plots of the
thermodynamic stability of the ferrite and cementite phases in the UHSS and HSS are
calculated and the phase changes occurring during each fire temperature exposure are
discussed. Based on the results obtained from experimental tests, an empirical
constitutive model which takes into account the post-fire behaviour of UHSS material is
developed. The constitutive model can be implemented into commercial finite element
packages to carry out a rational thermal analysis and perform fire safety design and

evaluation.

Key Words: ultra-high strength steel; fire; cooling; stress-strain curve; micrograph;

empirical model
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3.1. Introduction

In recent years, ultra-high strength structural steels (UHSS) have been offered by steel
manufacturing companies. Due to the high specific strength of these materials, their
application in the automotive industry has been increasing to reduce the weight of
automobiles [1-3]. Recent research conducted on UHSS indicates that this type of steel
has also a great potential to be introduced as a structural material in civil engineering
applications [4-10]. Using UHSS in structural engineering can lead to savings in
engineering work, labour and transport costs since lighter lifting equipment and fewer
people may be needed at the construction site. Moreover, UHSS may enable the structures
to be constructed considerably lighter than usual. Although UHSS with nominal yield
strength of 1200 MPa has promising properties for civil engineering applications, there
is still lack of knowledge about the behaviour of this material under extreme structural
loadings such as fire, earthquake, impact and blast. Fire is considered to be one of the
severe hazards which may occur individually, or followed by another extreme action [11-
15], and can significantly damage the structure during its service life. In order to perform
a rational analysis on the steel structural members made of UHSS subjected to fire
temperatures, understanding their constitutive material behaviour after exposure to

elevated temperatures is necessary.

A number of researchers have focused on the in-fire and post-fire mechanical behaviour
of structural steels [7, 16-22]. Outinen [18] investigated the in-fire and post-fire
mechanical properties of S355 cold-formed steel. The results showed that even after the
steel specimens are cooled from fire temperatures of up to 700°C, their yield strength is
still the same as that of the virgin material. Qiang et al. [19, 20] performed a set of
experimental tests to investigate the behaviour of S460, S690 and S960 steels under fire
and post-fire conditions. In order to study the post-fire behaviour of these three steel
grades, the specimens were heated to fire temperatures of up to 1000°C and then
performed quasi-static tensile tests at room temperature after cooling the specimens. The
changes in the yield strength and ultimate strength of test specimens after cooling down
from fire temperatures were studied. Their results showed that the aforementioned
mechanical properties are only affected by the cooling phase when they are subjected to
fire temperatures above 600°C. Moreover, the stronger the tested steel was, the more

deterioration in its mechanical properties occurred when cooled from elevated
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temperatures. Chiew et al. [16] studied the in-fire and post-fire mechanical properties of
the reheated, quenched and tempered high strength S690 steel plate (RQT-HSS-S690).
They studied the changes in the 0.2% proof stress, 2.0% stress and ultimate strength of
the RQT-S690 HSS plate at elevated temperatures of up to 1000 °C and after being cooled
to room temperature. According to their results, the residual strength properties of the
RQT-S690 HSS specimens after being cooled from temperatures above 400°C are
considerably reduced. Wang et al. [21] evaluated the ultimate strength, elongation and
the elastic modulus of the high strength Q460 steel (HSS-Q460) after being cooled from
fire temperatures of up to 900°C to room temperature. In order to cool down the test
specimens, they applied two cooling methods: natural air cooling and cooling by water.
Their results showed that when the HSS-Q460 specimens are cooled from temperatures
below 700°C, their mechanical properties are almost unchanged. However, for specimens
cooled from higher temperature exposures, up to 30% reduction in strength results was
observed. In addition, they concluded that the cooling method has a significant influence
on the ultimate strength and elongation of the HSS-Q460. Heidarpour et al. [23]
investigated the in-fire mechanical properties of the UHSS (Grade 1200) tubes subjected
to elevated temperatures of up to 600°C. Their results showed that the strength of the
UHSS is considerably deteriorated when tested at temperatures above 300°C. Using the
experimental results, they proposed a set of predictive equations describing the
reduction factors of 0.2% proof stress and ultimate tensile strength for the UHSS tubes at

fire temperature of up to 600°C.

From the literature review it can be understood that in all studies focusing on the post-
fire mechanical behaviour of steel materials, depending on the grade of the tested steel,
the effect of cooling phase of a fire is significant when temperature increases above a
critical temperature. This phenomenon was discussed by Azhari et al. for different grades
of steels [7]. Based on the plots of the thermodynamic stability of the phases present in
the microstructure of the UHSS and HSS, the fire temperature exposures are classified in
two groups: Low fire temperatures and high fire temperatures. Considering that
temperatures below 600°C are classified as low fire temperatures category for the ultra-
high strength steel (UHSS), an experimental study was performed on the UHSS (Grade
1200) tubes subjected to low fire temperatures and the changes occurred in their

strength and ductility at elevated temperatures of up to 600°C and after being cooled to
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room temperature were discussed [7]. The results showed that while there is a significant
reduction in the strength of the UHSS specimens tested under fire temperatures of 450°C
and 600°C, the residual strength of the UHSS is also considerably reduced after cooling

from these temperatures.

Although studies have been conducted on the post-fire mechanical behaviour of mild
steel (MS) and high strength steel (HSS), the effect of cooling phase of a fire on mechanical
properties of the Grade 1200 ultra-high strength steel (UHSS) subject to high fire
temperatures (i.e. above 600°C) has not been investigated. This paper addresses the in-
fire and post-fire mechanical properties of the UHSS (Grade 1200) tube specimens

subjected to fire temperatures of up to 800°C.

Two sets of experimental tests are carried out in this work. The first set includes heat-up
tests where the specimens from the UHSS tubes are subjected to tensile tests at fire
temperatures of up to 800°C. The second set includes the cooling tests where the quasi-
static tensile test is carried out at room temperature on the UHSS specimens after being
cooled from fire temperatures. The changes occurring in the mechanical properties of the
material, including strength and ductility, in these two sets of tests are discussed. In order
to investigate the effect of steel grade on the in-fire and post-fire mechanical properties
of steel, the same tests are also conducted on specimens taken from high strength steel
(HSS) tubes with nominal yield strength of 800MPa. The effect of the elevated
temperature exposure on the microstructure of the specimens cooled from temperatures
above 700°C (high fire temperatures) is evaluated using optical microscopy and scanning
electron microscopy (SEM) methods and the microstructural reason for the mechanical
tests results are explained. The thermodynamic stability of the ferrite and cementite
phases in the UHSS and HSS obtained by the authors [7] is studied and the reason behind
the residual strength reductions are explained based on the phase changes occurring in
the steel material during fire. Finally, based on the data obtained from the experimental
tests, an empirical constitutive description is developed to predict the stress-strain
response of the UHSS materials cooled from fire temperatures of up to 800°C to room

temperature.
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3.2. Experimental tests

The work recently performed by the authors [7] was limited to the investigation of the
in-fire/post-fire mechanical behaviour of Grade 1200 ultra-high strength steel (UHSS)
subjected to fire temperatures up to 600°C. Since it is expected that the residual
mechanical properties of UHSS should exhibit a discontinuous alteration after exposure
to temperatures above ~700°C, in this paper experimental tests are per-formed to
evaluate the mechanical behaviour of UHSS tubes at fire temperatures above 600°C,
known as high fire temperatures, and after being cooled to room temperature. For
comparison purposes, the experimental tests are also carried out on Grade 800 high

strength steel (HSS) tube material.

3.2.1. Test Specimens

The chemical compositions of Grade 1200 and Grade 800 steels considered in this paper
and their manufacturing process are similar to those presented in Ref. [7]. The test
specimens were sectioned from the UHSS and HSS tubes using high pressure water jet
cutting with nominal external diameter of 76.1 mm and wall thickness of 3.2 mm. As
shown in Figure 3-1, the shape and dimensions of the specimens are determined in
accordance with ASTM E8 [24]. The specimens are cut from two strips located at right

angles (90°) to the tube weld line as indicated in Figure 3-2.

38 mm 22 mm 60 mm 60 mm
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Figure 3-1. Dimensions of test specimens
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Figure 3-2. The tube section

In order to fit the samples into the grips for the tensile tests, they are mechanically
flattened based on the instructions given in AS1391 [25]. Each test is repeated until the
results obtained from two similar tests have a difference of less than 3%. The cross
sectional area of the gauge length of the test specimens is determined according to

AS1391 [25].

3.2.2. Testing Method

3.2.2.1. Heat-up tests

For the heat-up tests, the SF-16 split furnace shown in Figure 3-3 is installed on the
Instron 5982 100kN testing machine. In this furnace, a resistance wire is wound on to a
recrystallised alumina tube in three independent zones to form the furnace element. This
three-zone format allows the user to modify the furnace temperature gradient, creating
a uniform central zone. The furnace can heat the specimen up to 900°C at a rate of
~20°C/min.

As illustrated in Figure 3-3c, three thermocouples labelled as Ti1, T2 and T3 are attached
to three points (a, b and c) on the gauge length of the tensile coupon shown in Figure 3-1
to record its real time-temperature profile. Nine different target temperatures are
considered in this study, i.e. room temperature (RT), 300°C, 470°C, 540°C, 600°C, 650°C,
700°C, 750°C and 800°C. It is worth mentioning that the tests under fire temperatures
below 600°C have been already conducted by the authors [7] for the same UHSS tube
material. However, the device employed in the previous study to heat up the specimens
was an environmental chamber which uses a different heating mechanism from the
furnace used in the present study. The environmental chamber uses forced convection

heat transfer method to provide an optimum temperature distribution. Forced
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convection stands for the transfer of heat by motion of a fluid which is instigated by
application of an external motive force [26]. In an environmental chamber, the fluid
transferring the heat is the air and the external force moving the air is generated by the
chamber's fan. However, in model SF-16 split furnace, the specimen gripped inside this
furnace is heated through a combination of convection and radiation, dependant on the
test temperature. Thermal radiation is the transfer of heat by means of the emission of
photons in electromagnetic waves which carry the heat energy away from the source to
the surrounding objects.

It is well-known that temperature measurements in heating devices that use radiation to
transfer the heat to the specimen can be affected by radiation errors. From the literature
[27, 28], it was concluded that the main factor controlling the radiation errors is the
thermal inertia of the furnace wall lining material. Harada et al. [28] investigated the
reproducibility of the fire tests data for two commonly used wall lining materials, i.e. fire
brick and ceramic fibre. According to their results, due to small thermal inertia of ceramic
fibre, the range of data scatter in the ceramic fibre wall furnaces was considerably lower
than that in the fire brick wall furnaces. In the furnace used for this study, high-
performance ceramic fibre insulation is used to reduce heat losses and provide fast
heating rates.

In order to obtain a uniform set of data, all fire temperatures ranging from 300°C to 800°C
are considered in this study. Since both UHSS and HSS tube specimens lose ~97% of their
strength at temperatures above 800°C, the maximum temperature studied in this re-

search does not exceed 800°C. When the difference between the temperature T; of each

thermocouple and the target temperature Ttis less than 2%, i.e. |7; ~ T,| <2%, itis assumed

that the thermal profile is uniform throughout the specimen and the quasi-static tensile
test can be started. Hence, by using the Instron 5982 100kN testing machine, a strain-
controlled tensile test with an applied strain rate of 0.005+0.002min™* [24] is carried out
on the specimen until failure. As for strain measurement of the specimen during the
tensile test, the model 3448 High Temperature Contact Extensometer with approximate
gauge length of 25mm is used. As shown in Figure 3-3b, the front cut-out of the furnace
allows the extensometer to enter inside the furnace and be in contact with the specimen

gripped inside the furnace.
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Figure 3-3. a and b) Test setup from different views, c) inside the furnace

3.2.2.2. Cooling tests

In order to evaluate the post-fire mechanical response of the UHSS and HSS tubes after
cooling from fire temperatures of up to 800°C, the test specimens are heated up to the
target temperature as explained in the previous section. Once the temperatures shown
by the three thermocouples attached to the specimen are stabilised at the target
temperature (T¢), the temperature is held constant for 20 mins. The specimen is then
allowed to air cool at its own rate by turning off the furnace and opening the door as
shown in Figure 3-4. The strain-controlled tensile test with an applied strain rate of
0.005+0.002min'is then conducted on the test specimen once it reaches room

temperature.
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Figure 3-4. The cooling test setup for the post-fire stage (T:=800°C)

Finally, in order to help interpret the results obtained from the cooling tests,
microstructural examination of the UHSS materials cooled from some very high fire

temperatures is conducted using optical and scanning electron microscopy (SEM).

3.3. Results and Discussion

3.3.1. General Descriptions

In order to investigate the effect of high temperature exposure on mechanical properties
of the tested steels, the stress-strain curves, characteristic tensile strengths, strain values
and energy absorption are determined. Since the stress-strain curves do not exhibit a
pronounced yield point, the tensile strength at different strain levels including 0.2%,
0.5%, 1.5% and 2.0% strains and also the ultimate tensile strength are reported as
characteristic tensile strengths. The values of these parameters are illustrated in a typical
stress-strain curve shown in Figure 3-5. As indicated in Figure 3-5, the values of 0.2%
proof stress (fo.z) and 0.5% stress (fo.s) are determined by finding the intersection of the
stress-strain curve with a line starting from the 0.2% and 0.5% strains, respectively,
parallel to the elastic part of the curve. The strain corresponding to the 0.2% proof stress
denotes the proof strain (). It is worth noting that in most research works, the value of
fosis calculated by simply finding the stress at 0.5% strain level [16, 17]. However, since

in the stress strain curves obtained in this research, the 0.5% strain is usually within the
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yield stage, the fos value is found by the aforementioned method. As shown in Figure 3-5,
in order to find the strength values at 1.5% and 2.0% strains, i.e. f15 and fzo, the
conventional method is applied. The maximum stress value in the engineering stress—
engineering strain curve denotes the ultimate tensile strength (f.) and the corresponding
strain value is the uniform elongation (&u). Finally, the area under the stress-strain curve

starting from zero strain to the uniform elongation (&u) represents the energy absorption

(U").

Stress (MPa)

fisi I

> Strain (%)
02 05 & 1.5 20 g,

Figure 3-5. Definition of characteristic strengths and strains on a typical stress-strain
curve

3.3.2. Stress-strain curves

Figure 3-6 shows the elevated temperature stress-strain curves resulting from the heat-
up tests. Due to the changes that occur in the cross section of the specimens during
necking and the fact that the cross-section geometry during necking depends on
specimen size [29], the strains are no longer uniform once necking starts such that
readings of the strain values are not accurate. In spite of that, the tensile tests are not
terminated and the full engineering stress-strain curves are plotted up to the failure of

the material. However, the onset of necking is signified by a black cross sign (X) on the
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plotted curves. In this study, the UHSS specimen tested at elevated temperature T is
shown as UHSS-HT, where H represents the Heat-up test. For example, the stress-strain
curve of the UHSS specimen tested at 800°C is labelled as UHSS-H800. Also, the UHSS-RT
represents the stress-strain curve of the virgin UHSS at room temperature (RT). As
illustrated in Figure 3-6, the strength of UHSS is reduced as the maximum temperature
increases. In addition, a considerable drop in strength is observed when the temperature

exceeds 600°C.

The stress-strain curves of the UHSS specimens under strain-controlled tensile test at
room temperature after being cooled from different fire temperatures are presented in
Figure 3-7. Similar to the curve labelling system explained for the heat-up tests, the
stress-strain curve of the UHSS specimens tested at room temperature after cooling from
the elevated temperature T are labelled as UHSS-CT. For example, UHSS-C800 represents
the stress-strain curve of the UHSS specimen cooled from 800°C to room temperature. It
is evident from the curves shown in Figure 3-7 that the strength of UHSS is not regained
after cooled from temperatures at or above 470°C. However, according to [19, 20], the
post-fire mechanical properties of S460, S690 and S960 steels are not affected until they
are exposed to fire temperatures above 600°C. It is clear that the thermal response of the
UHSS is fundamentally different to these previously studies steels. It can be also
interpreted that the residual strength of UHSS is significantly reduced after being cooled
from fire temperatures above 700°C. More detailed explanations about this phenomenon
are provided in the Microstructure characterization section of this paper. In addition, it
is curious that the UHSS-C750 and UHSS-C800 curves are almost the same and seemingly
the variation of the residual strength of the UHSS with temperature is stabilised when
subjected to fire temperatures above 750°C. The reason behind this phenomenon is also

explained in the Microstructure characterization section.

Itis evident that the higher temperature the UHSS specimens have experienced, the more
residual uniform elongation they experience when tested after being cooled to room
temperature. The time-temperature curves of the UHSS specimens after being cooled
from different fire temperatures are summarised in Figure 3-8. It can be seen that in most
of the cooling tests, the approximate time at which the specimen reached its maximum
temperature is around 90 min. This is consistent with real fire conditions in which during

a certain time, different parts of the structure are heated up to different fire temperatures.
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Figure 3-6. Stress-strain curves for UHSS specimens at elevated temperatures ranging

from 300°C to 800°C
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Figure 3-7. Stress-strain curves of UHSS specimens at room temperature after cooling
from the elevated temperatures ranging from 300°C to 800°C
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Figure 3-8. Temperature-time profile of UHSS specimens cooled from the elevated
temperature T to room temperature

3.3.3. Strength

In order to discuss the variation of characteristic strengths with temperature of the steel
specimens in both heat-up and cooling tests, reduction factors have been calculated as
the ratio of the strength values at elevated temperatures and after cooling to room
temperature to the corresponding strength values of virgin material at room
temperature. The characteristic strength reduction factors for the heat-up tests and
cooling tests are presented in Tables 3-1 and 3-2. In these Tables, T and CT indices
correspond to the strength values for UHSS specimens tested at elevated temperature T
and after cooling from temperature T to room temperature, respectively. Also, the RT
index refers to the strength values of the virgin material tested at Room Temperature.
For some heat-up tests, since the 1.5% and 2.0% strains are within the post-necking part
of the stress-strain curve of the specimen, the reduction factors of their corresponding
strengths, i.e. f1.5, 7 /f1.5 rrand fzo, T /f2.0,rr, are not reported in Table 3-1. Based on the data

shown in Table 3-1, the UHSS specimens tested at temperatures above 700°C lose more
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than 94% of their strength. The reduction of the values of fo., fo.s and fu occurs to the same

extent.

As can be seen from the results shown in Table 3-2, the characteristic strength reduction
factors obtained from the cooling tests have a decreasing trend with increasing
temperature. There is a significant drop in the reduction factors of the specimens cooled
from 750°C and above. Since the strength reduction factors of UHSS specimens after
cooling from 750°C and 800°C are almost the same, it can be concluded that they have
been stabilised such that they will not experience any higher reduction in their strength
when they are cooled from higher fire temperatures. This phenomenon is rationalised in
the Microstructure characterization section based on the plots of the thermodynamic
stability of the phases present in the UHSS microstructure. Elaborating deeper into the
results shown in Table 3-2, it can be seen that for specimens cooled from 750°C and 800°C
to room temperature, the values of ultimate tensile strength are not reduced to the same
extent as other characteristic strengths. The higher values of the ultimate tensile strength
for the UHSS specimens cooled from these two temperatures show that the post-yield
part of the UHSS-C750 and UHSS-C800 stress-strain curves has a more rounded shape
compared to that of other curves as shown in Figure 3-7. This is a signature of a major
microstructural change in the steel leading to a structure capable of exhibiting

significantly more strain hardening capacity than the virgin material.

Table 3-1. Reduction factors of characteristic strengths for UHSS under various fire temperatures

Temperature = 300°C = 470°C 540°C | 600°C 650°C | 700°C | 750°C | 800°C

Joar
0.889 0.496 0.368 0.222 0.091 0.041 0.032 0.025
Jo2.rr
Jos,r
0.897 0.550 0.397 0.248 0.123 0.057 0.043 0.026
Jos,rr
Jisr
0.896 0.570 0.411 0.252
-fi.5,RT
Jaor
0.912 0.569 0.409
-f\Z.O,RT
Jur
f . 0.925 0.568 0.410 0.247 0.134 0.064 0.047 0.030
u,
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Table 3-2. Reduction factors of characteristic strengths for UHSS after cooling from various fire

temperatures

Temperature  300°C | 470°C 540°C 600°C  650°C | 700°C | 750°C 800°C

Joz.cr
1.00 0.850 0.774 0.650 0.665 0.575 0.264 0.258

Jo2.rr

Jos,cr
1.00 0.840 0.750 0.687 0.664 0.565 0.271 0.269

Jos.rr

Nis.cr
P 1.02 0.818 0.730 0.676 0.650 0.558 0.273 0.285

Jis.RT

Sao.cr
1.02 0.808 0.723 0.667 0.645 0.553 0.281 0.301

S20.rT

Jucr
f 1.03 0.809 0.729 0.681 0.653 0.574 0.372 0.411

u,RT

In order to illustrate the effect of cooling phase of a fire on the UHSS's strength, the
reduction factors of the 0.2% proof stress (fo.z /fo rr) and the ultimate tensile strength (fu
/fu r7) for both heat-up and cooling tests are plotted in Figures 3-6 and 3-7 with respect
to the maximum temperature the specimens have experienced. For the purposes of
comparison, the values provided by the AS4100 [30] and AISC [31] standards for the
0.2% proof strength and the ultimate tensile strength reduction factors of mild steel at
elevated temperatures are presented. The vertical distance between the curves obtained
from the heat-up and cooling tests represents the strength recovered (compared to the

elevated temperature strength) during the cooling phase of a fire.

As shown in Figures 3-6 and 3-7, using the values given by the standards to predict the
tensile mechanical behaviour of UHSS structural members at fire temperatures may lead
to an unsafe design. On the other hand, there is no provision in the building codes for the
UHSS materials under cooling phase of a fire. In order to predict the in-fire and post-fire
behaviour of the UHSS structural members, a new set of strength design formulations

must be proposed.
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Figure 3-9. Variation of 0.2% proof stress reduction factor for UHSS under in-fire and
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Figure 3-10. Variation of ultimate tensile strength reduction factors for UHSS under in-
fire and post-fire conditions
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3.3.4. Ductility

Several parameters can be calculated to discuss the ductility of a material under fire
conditions. In this paper, the first parameter used to indicate the in-fire/post-fire ductility
of the UHSS is the ratio of the uniform elongation (€u) of the UHSS specimens obtained
from both heat-up and cooling tests to that of the virgin UHSS tested at room temperature
(Eurr). In Figure 3-11, the variation of £ / Eurr ratios with respect to the maximum
temperature the material has experienced are plotted. The results show that the variation
of uniform elongation of the UHSS specimens tested at elevated temperatures do not
share the same trend with those of the UHSS specimens tested after being cooled to room
temperature. While the values of €,/ Eurr ratio for the UHSS specimens under cooling
tests increase up to 6.5 as the temperature reaches 800°C, their maximum value for the
UHSS specimens under heat-up tests is only 1.27. The elongation of a material depends
strongly on the strain hardening capacity of its structure and the rapid increases in the
elongation after cooling from temperatures above 700°C again signifies a major change

in the structure of these steels when heated above ~700°C.

Another parameter characterising the ductility or the energy ab-sorption of the material
is the strain energy U* absorbed by the material. Since the engineering stress and strain
values are calculated based on the original dimensions of the tested specimen, they do
not take into account the changes in the cross section area of the specimen during the
tensile test [32]. Therefore, evaluation of the exact energy absorption up to the fracture
of the tested specimens cannot be conducted based on the engineering stress-strain
curves. Considering that the accurate determination of the true stress-strain curve during
necking of the specimens is still under investigation [33-35] and the fact that response
before necking is size-independent, in this paper, the energy absorption is calculated up
to the onset of necking just as an indicator for the specimen's capability to absorb energy,

which is defined by:

gll
U*= jadg (3-1)
0

where o and ¢ are the engineering stress and strain of the material, respectively. The

values of U* obtained from the heat-up tests and cooling tests are normalised with respect
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to that of the virgin UHSS tested at room temperature (U*rr) and the variation of U*/ U*rr
ratios with respect to the maximum temperature of the UHSS specimens are shown in
Figure 3-12. It can be seen that for the UHSS specimens under cooling tests, U*/ U*rr ratio
generally increases as the maximum temperature increases (although this shows a local
maximum in the temperature range 600°C-700°C). However, for the UHSS specimens
under heat-up tests, the ratio of U*/ U*rr considerably decreases as the maximum
temperature increases. The reason behind this phenomenon is that in addition to the
values of strain, the strength has also a considerable contribution to the magnitude of
energy absorption. Therefore, the calculated energy absorption for the UHSS tested at

800°C is decreased to ~3% of that of the virgin UHSS tested at room temperature.

6.5 3 /

UHSS-Heat-up test

Eu/ su,RT
w

2 A = ———— UHSS-Cooling tests

0 100 200 300 400 500 600 700 800

Temperature(°C)

Figure 3-11. Variation of uniform elongation reduction factors for UHSS under in-fire and
post-fire conditions
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Figure 3-12. Variation of energy absorption reduction factors for UHSS under in-fire and
post-fire conditions

The ductility of a structure is an important parameter to determine whether or not
sufficient plastic deformation can be developed. Among a number of requirements
recommended by the codes of practice such as AS4100 [30], AS/NZS 4600 [36] and
Eurocode 3 [37] to determine whether the plastic analysis can be applied, the ratios of

fulfo2, which has been addressed by all the aforementioned standards, and /€y
recommended by Eurocode 3 [37] are discussed in this study. According to AS4100 [30]
and Eurocode 3 [37], the ratio of f,/f;, must be equal to or greater than 1.2, while

AS/NZS 4600 [36] recommends a limit of 1.08 for this ratio. Moreover, ¢,/s, must be

equal to or greater than 20 as suggested by Eurocode 3 [37].

Tables 3-3 and 3-4 present the variations of f,/f;, and &,/¢, for the UHSS specimens

tested at elevated temperature and after cooling from different fire temperatures. It can

be seen that while the values obtained for the ratio of f,/f;, from the heat-up tests for

temperatures equal to or greater than 300°C are within the acceptable limits
recommended by the standards, those obtained for the UHSS specimens cooled from fire
temperatures to room temperature do not meet the requirements of AS4100 [30] and

Eurocode 3 [37] for all temperatures. However, they are still within the acceptable limit
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suggested by AS/NZS 4600 [36]. In addition, according to the results shown in the second

row of Tables 3-3 and 3-4, the values of ¢, /gy do not meet the requirement of Eurocode

3 [37] for all temperature exposures, meaning that it may have to be modified to take into
account the higher strength steel grades, the fire temperature exposure and the cooling

phase.

Table 3-3. Variation of the ratios of f,/ f;, and gu/gy at various fire temperatures

Temperature | RT | 300°C | 470°C | 540°C | 600°C | 650°C | 700°C | 750°C | 800°C

JulTo2 1.174 | 1.221 | 1.345 | 1.309 | 1306 | 1.724 | 1.827 | 1.743 | 1.398

gu/gy 3.106 | 3.892 | 3.153 | 3.514 | 3.255 | 6.551 | 7.767 | 9.231 | 12.565

Table 3-4. Variation of the ratios of f,/f,, and g“/gy after cooling down from various fire

temperatures

Temperature | RT | 300°C 470°C 540°C 600°C 650°C 700°C 750°C | 800°C

Sul foz 1.174 | 1.170 | 1.117 | 1.106 | 1.231 | 1.152 | 1.171 | 1.653 | 1.867

5u/5y 3.106 | 3.100 | 3.341 | 6.806 | 9.939 | 8963 | 10.391 | 20.613 | 30.963

3.3.5. Comparison with Grade 800 high strength steel (HSS)

In order to investigate the effect of steel grade on the changes occurring in the mechanical
behaviour of steel under fire conditions, the stress-strain curves of the HSS (Grade 800)
tube specimens subjected to strain-controlled quasi-static tensile test at high fire
temperatures and after cooling to room temperature are summarised in Figures 3-10 and
3-11, respectively. According to the results shown by the authors in Ref. [7] for the same
HSS material, the strength of the HSS tube specimens cooled from fire temperatures
below 600°C to room temperature are fully recovered. Therefore, in this study, to
investigate the effect of steel grade on the residual mechanical properties of steel, only
temperatures above 700°C are considered. In Figures 3-10 and 3-11, similar to the
labelling system used for the UHSS specimens, the HSS-HT and HSS-CT curves represent
the stress-strain curves of the HSS specimens tested at temperature T and at room
temperature after being cooled from temperature T, respectively. Also, the stress-strain

curve of the virgin HSS specimen tested at Room Temperature is labelled as HSS-RT. As
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shown in Figure 3-13, the strength and ductility of the HSS specimens tested at
temperatures above 700°C are considerably reduced. In addition, it can be seen from
Figure 3-14 that while the strength of HSS is almost fully regained when cooled from
700°C to room temperature, there is a significant reduction in the strength of the HSS tube

specimens cooled from temperatures above 700°C.

In order to better compare the effect of cooling phase of a fire on the strength and ductility
of UHSS and HSS, the variations of the ultimate tensile strength and the uniform
elongation with the maximum fire temperature are plotted in Figures 3-12 and 3-13. It
can be seen that while the ultimate strength of the HSS specimen cooled from 800°C to
room temperature is reduced to ~66% of that of the virgin HSS specimen at room
temperature, the corresponding reduction factor for the UHSS (Grade 1200) is 41%
(Figure 3-15). It may be noted that the ultimate stresses of the UHSS and the HSS, after
cooling from 800°C are basically the same ~500MPa. This indicates that the special
processing that is per-formed to give these two steels their room temperature properties
is completely undone by heating to 800°C and the structure generated upon cooling back
to room temperature is similar, and much weaker, in both steels. Also, the ductility of the
HSS specimens tested after being cooled from 800°C to room temperature is 3 times its
value for the virgin HSS tested at room temperature; however, the UHSS specimen cooled
from 800°C experiences a uniform elongation of 6.5 times its original value (Figure 3-16).
Thus, the UHSS loses its strength quicker than HSS while the rate of ductility increase in
HSS subject to cooling phase of a fire is lower than that of UHSS. These results indicate

the higher sensitivity of the UHSS to the temperature history of the material.
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Figure 3-13. Stress-strain curves for the HSS specimens at high fire temperatures
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Figure 3-14. Stress-strain curves for the HSS specimens at room temperature after
cooling from high fire temperatures
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Figure 3-15. Variation of ultimate tensile strength of HSS and UHSS specimens after
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Figure 3-16. Variation of uniform elongation of HSS and UHSS specimens after cooling
from various fire temperatures
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3.4. Microstructure characterization

The mechanical behaviour of steel after being cooled from fire temperatures to room
temperature is strongly dependant on the effect of the elevated temperature exposure on

its microstructure.

In order to rationalise the microstructural changes occurring in the UHSS specimens
during cooling phase of a fire, micrographs were obtained from the bulk microstructure
of the UHSS in its original state (Figure 3-17a) and after being cooled from fire
temperatures of 700°C (Figure 3-17b), 750°C (Figure 3-17c) and 800°C (Figure 3-17d) to
room temperature. Note that for the as-received UHSS material, due to its fine
microstructure, Scanning Electron Microscopy (SEM) was used to resolve the structure.
The microstructure of the remaining materials are coarse enough to be imaged using

optical microscopy.

The UHSS considered in this study derives its strength from a tempered martensitic
microstructure [38]. Martensite is a non-equilibrium phase that is very strong but also
brittle. The ductility of martensite is improved by tempering the material at specific
(relatively low) temperatures. This tempering leads to precipitation of cementite and the
subsequent removal of C from the matrix which results in a better ductility but also lower
strength. The white spots shown in Figure 3-17a are the cementite precipitates (FesC)
appearing as a result of tempering of martensite. In steels with martensitic
microstructures, the strength is mainly controlled by the concentration of carbon
remaining in solid solution (i.e. not present in the cementite). When a UHSS specimen is
subjected to elevated temperatures, if the fire temperature coincide with the ‘tempering
temperature range of martensite’, the tempering process and the subsequent C diffusion
and removal from solid solution will continue resulting in significant strength reduction

of the material.

As can be seen in Figure 3-17b, although there are some small equiaxed white grains
which are the ferrite grains resulted from tempering of martensite, the lath shaped grains
representing the tempered martensite structure are still present in the UHSS material
cooled from 700°C to room temperature. However, for the UHSS material cooled from
750°C to room temperature (Figure 3-17c), the majority of the grains inside the

microstructure are large equiaxed ferrite grains and only a few lath shaped grains
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(tempered martensite) remain within the microstructure. As can be seen from Figure 3-
17d, almost the entire microstructure of the UHSS material cooled from 800°C to room
temperature consists of large ferrite grains and there is no sign of the lath morphology of
the original martensitic structure. In the ferritic microstructures, the strength is mainly
controlled by the size of the ferrite grains and larger ferrite grains lead to lower strength.
The ferrite grains in the UHSS cooled from 750°C and 800°C are almost of the same size.
Therefore, as shown in Figure 3-7, the strength reduction for the UHSS cooled from 750°C

and 800°C are almost the same.

To better explain the changes occurring in the microstructure after the exposure of the
steel materials to fire temperatures, plots of the thermodynamic stability of the ferrite
and cementite phases in the UHSS and HSS are calculated using the Thermo-Calc program
[13] and the most up to date steel database, TCFe7 (Figure 3-18). These are
computational thermodynamic calculations and tell us which phases will be present as a

function of temperature.

From the phase diagrams obtained for the UHSS, it can be concluded that after exposure
to temperatures below 650°C, the UHSS will remain a tempered martensite/ferrite and
the phases present in the microstructure of the material (ferrite/martensite and
cementite) do not change in identity and only their sizes change. For these temperatures,
known as low fire temperatures, the factors controlling the strength after cooling are the
maximum temperature and the time the material experiences at that temperature.
However, heating the UHSS to temperatures above 650°C leads to the formation of a new
phase called austenite (the green curve in Figure 3-18b). The austenite is a high
temperature phase of steel and will not exist at room temperature in the types of steel
compositions considered in this study. Depending on how fast the UHSS is cooled from
these high temperatures, different percentage of austenite is converted to ferrite or
pearlite. If the cooling rate is very fast (i.e. quenching in water or oil), then the original
martensite microstructure may be recreated and no reduction in strength may be
observed. The residual mechanical properties in steels subjected to high fire
temperatures (i.e. above 700°C) are not very sensitive to the upper temperature reached
(up to temperatures of ~1400°C) and depend mostly on the cooling rate from the fire
temperature. These residual properties are much more difficult to predict because they

require an understanding of the decomposition of the austenite phase as the temperature
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is lowered and this is a strong function of both the steel composition and the cooling rate.
This one question represents a whole field of research in the domain of Materials Science

and Engineering [39-43].

For the UHSS heated up to temperatures above ~770°C, the steel phase is 100% austenite.
The mechanical properties of the UHSS after cooling from temperatures above this would
be basically the same. From the results obtained from the cooling tests performed on the
UHSS (Figure 3-7), it can be seen that the stress-strain curves obtained for the UHSS
specimens cooled from 750°C and 800°C to room temperature, almost match each other.
It is important to note that cooling from these temperatures would lead to the austenite
transforming back into ferrite and cementite. However, the nice and well controlled
microstructures that are generated by controlled cooling in the manufacturing process of

the as-received materials are not created.

From the phase diagrams calculated for the HSS material (Figure 3-18a), it can be seen
that after exposure of the HSS to fire temperatures below ~680°C the phases present
within its microstructure do not change. However, it is expected from these curves that
for the HSS specimens cooled from temperatures between 700°C to 800°C, considerable
strength reduction occurs. As can be seen from the curves shown in Figure 3-14, this
prediction is consistent with the strength reduction resulted from the cooling tests
conducted on the HSS specimens. Also, for the HSS specimens cooled from fire
temperatures above ~800°C, 100% austenite is formed which means the residual stress-

strain curves for these temperature exposures would be the same.

CHAPTER 3|79



Figure 3-17. Micrographs of virgin UHSS specimens a) at room temperature (Scanning
Electron Microscopy) and after cooled from b) 700°C, c) 750°C and d) 800°C to room
temperature (Optical Microscopy)
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Figure 3-18. Calculated plots of the thermal stability of ferrite (BCC), cementite and austenite
(FCC) in a)HSS and b)UHSS as a function of temperature using the software package, Thermo-

Calc [13].
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3.5. Predictive equations

In this section, the aim is to develop empirical equations for the stress-strain response of
the UHSS material cooled from different fire temperatures to room temperature.
According to Figure 3-7, the post-fire stress-strain curves obtained for the UHSS tube
materials do not exhibit a pronounced yield point. The rounded and extended elasto-
plastic transition observed for the UHSS is typical of advanced high strength steels and
can also be observed in the stress-strain curves obtained for stainless steel specimens
[44-46]. The sharp yield point is a feature especially characteristic of mild steels. In this
study, the model used to predict the stress-strain response of the UHSS tube cooled from
fire temperatures T to room temperature is based on the compound Ramberg-Osgood

material model [45, 46] such that:

&= L + 0002 o )”CT fOI‘ o< fO.Z,CT
cr 0.2,CT
_o0—Joacr Jucr = Jozcry, O~ Jozer \np (3-2)
e=———+ (& cr-éycr- )( )T +écr
Eya.cr Eya.cr Jucr = Jozcr
for foscr <o < ficr
where
Eoz.cr = Fer (3-3)
.2, E -
1+0.002n0p —CT

0.2, CT
In the relations given in Egs. (3-2) and (3-3), ¢ and o are the engineering strain and
stress, respectively, and the CT index is used for the properties of UHSS tube specimens
tested after cooling from temperature T to room temperature. Also, n and »' are the
exponential coefficients to take the material nonlinearity into consideration, whilst £

and E, are the material’s Young modulus and the tangent modulus at 0.2% proof stress,

respectively. The definition of the remaining parameters used in Eq. (3-2) are illustrated

in the schematic stress-strain curve shown in Figure 3-5.

By using the experimental results presented in the previous sections and finding the
polynomials that have the best fit to the series of data points, the following predictive

equations are obtained for the values of f;, .., /. . and &, ., in terms of the maximum
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temperature T the UHSS specimens have experienced and also the corresponding

parameter of the virgin material at room temperature.

1 25 < T <300
Joaer _ (118.15100-1.48514 T + 7.64380 1073 72 — 2.04374.107°73 + 2.99481.10 8 7*  (3-4)
O2RT |2 28328.107" 75 +7.08474.10°15 T°) 300 <7 <800
1 25 < T<300
Jucr _ (73.04820-9.05365-107 T + 4.63958-10° 7% —1.24018-10° 7> (3-5)
R 41.82209.1078 T4 ~1.39579.107!! 75 + 4.35813.10715 T°) 300 <7 <800
1 25 < T'<300
Fuct _ ) (33.31250 - 2.49832-10 T+ 6.27862-107 T2 — 4.49286-10 T° (3-6)
&
w1 3.33432-107° T4 + 4.2094-107 7°) 300 <7 <800

where the RT index represents the virgin UHSS tube material tested at room temperature.

Itis worth noting that £ and E,, are independent of the temperature history of the UHSS

tube specimens and are assumed to be constant, i.e. E,, = E., and Ej, o = Ey, o -

Also, according to Figure 3-5, £, cr €an be determined from

P :Mw.ooz (3-7)

»CT
RT

In order to find the values of the exponential coefficients n., and n'., in terms of the

maximum fire temperature (T) the specimens have experienced, a nonlinear regression
analysis is performed using the stress-strain curves shown in Figure 3-7 and Eq. (3-2).

Hence, the following equations are derived:

6.4 25 < T'<300
ner =1 (-125.43100 +1.09094 7-3.21568-10° 77 + 4.02685-10° 7° (3-8)
-1.82703-10° 7*) 300 <7 <800

(3-9)

, 13.3 25 < T<300
T ].138.73300+9.71289-107 7-1.88696-102 72 +1.12958-10° 73 300 <7 <800

In order to validate the proposed material model shown in Eq. (3-2), the stress-strain
curves obtained from the model and the experimental tests for the UHSS tube specimens

cooled from different fire temperatures are depicted in Figure 3-19. Similar to the

CHAPTER 3|83



labelling system used in Figure 3-7, the stress-strain curves of the UHSS cooled from fire
temperature T to room temperature obtained from the experiment and the proposed
model are shown as UHSS-CT and UHSS-CT-Model, respectively. Also, the stress-strain
curves of the virgin UHSS material at room temperature obtained from the experiment
and the proposed model are displayed as UHSS-RT and UHSS-RT-Model, respectively.
Figure 3-19 indicates that a good accuracy is resulted from the stress-strain curves
predicted by the proposed material model for the UHSS throughout the entire range of
fire temperatures. It is worth noting that the main advantage of the model is that it is only

taking the basic parameters of the UHSS at room temperatures, i.e. Ey;, fo, prs forrs €urr

,and the maximum fire temperature T as input data. These parameters are usually known
by the engineers and are commonly provided in the material data sheet by the steel

manufacturing companies. Therefore, although using only f,,,, and f, ., as input

characteristic strength values have led to a gap between the 0.2% proof stress and the
flat plastic region of UHSS-C800 and UHSS-C800-Model curves, the accuracy of the

proposed model is still good enough to be applied for the engineering problems.

- UHSS-RT

1600 ,
- UHSS-RT-Model
1400 - = - = UHSS-C470
T UHSS-C470-Model
1200 | | — — — UHS5-C540

= UHS$5-C540-Model

1000 - - — = UHS5-C600
s ———— UHS5-C600-Model
'?J goo - LI LI [ [ 1 1 [ 1 [ [ 1 1 L.l UHSS-C650
] UHSS-C650-Model
& 600 _ — — UHSS-C700
e UHSS-C700-Model
400 o= T T T T T T T e=deo UHSS-C750
_ UHSS-C750-Model
200 ¢ UHSS-C800
. ———— UHSS-C800-Model
! ! ! : B
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Figure 3-19. Comparison of Stress-strain curves of the test data and the proposed model

for the UHSS tube specimens cooled from different elevated temperatures to room
temperature

CHAPTER 3|84



3.6. Conclusion

In this paper, the in-fire and post-fire mechanical behaviour of the Grade 1200 ultra-high
strength steel (UHSS) tube subjected to fire temperatures ranging from 300°C to 800 °C
were studied. According to the results obtained from the tensile tests conducted on the
UHSS tube specimens at elevated temperatures, there is a considerable reduction in the
strength of the specimens subjected to fire temperatures above 300°C, such that at fire
temperatures as high as 800°C, the material becomes so soft that most of its strength is
deteriorated. As for investigation of the post-fire mechanical behaviour of the UHSS tube,
the strain-controlled tensile tests were conducted on the UHSS tube specimens at room
temperature after being cooled from different fire temperatures. The results showed that
although the deterioration in the strength of the UHSS tube starts after exposure to
temperatures above 470°C, the most significant reduction in the residual strength can be
observed when the material is cooled from fire temperatures above 600°C. However,
once the UHSS is cooled from fire temperatures above ~750°C, the strength reduction
becomes stabilised such that no more strength reduction is predicted if the specimens
are cooled from fire temperatures higher than 750°C. In order to investigate the effect of
steel grade on the in-fire and post-fire mechanical behaviour of steel, similar tests were
conducted on the Grade 800 high strength steel (HSS) tube specimens. It was shown that
there is a significant change in the post-fire stress-strain curves of the HSS tube
specimens subjected to fire temperatures above 700°C. These conclusions were
rationalised by considering the thermodynamic stability of the phases present in the
microstructure of the UHSS and HSS materials and how these change when heating above

~700°C.

Using optical micrographs taken from the bulk microstructure of the UHSS specimens
cooled from fire temperatures above 700°C and comparing them to SEM images taken
from that of the UHSS specimen in its original state, the microstructural reason for the
results obtained from the mechanical tests were explained. An empirical material model
was finally proposed for the post-fire behaviour of the UHSS. The empirical model has a

potential to be incorporated in the civil engineering codes of practice as well as
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commercial finite element packages where rational fire safety design and evaluation are

required.
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Abstract

This paper evaluates the mechanical behaviour of Grade 1200 ultra-high strength steel
(UHSS) tube under a multi-phase loading scenario including fire and creep. To achieve
this, two sets of experiments are performed on standard dog-bone specimens taken from
UHSS tubes. In the first set of experiments, termed Creep-Heat-up tests, the specimens
are axially loaded to a specific stress level, f;. Whilst the axial load is maintained, the
samples are heated to elevated temperatures of up to 700°C and a tensile test is
performed on them at elevated temperature. The second set of experiments, which are
the main focus of this study, are termed Creep-Cooling tests and are similar to the first
set except that the specimens are tested to failure after being cooled to room
temperature. The axial load in this set of tests is maintained during both heat-up and
cooling phases of a fire. The stress-strain curves, the creep strain the specimens
experience due to the sustained axial load during fire, and the residual strength of the test
specimens are discussed. In order to investigate the effect of steel grade, Grade 800 high
strength steel (HSS) and Grade 350 mild steel (MS) specimens are also tested and the
results are compared. Finally, the microstructural origin of accelerated softening in UHSS

due to creep strain is discussed.

Key Words: ultra-high strength steel, fire, creep, cooling, stress-strain curve, sustained

load
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4.1. Introduction

During the past decades, the high strength and energy absorption characteristics of ultra-
high strength steels (UHSS) have made steel manufacturing companies interested in
offering these materials to the automotive industry. The high strength to weight ratio of
UHSS means they may also have some potential to be used in structures to produce
energy efficient members. Innovative fabricated columns composed of ultra-high
strength steel (UHSS) tubes with nominal yield strength of 1200MPa have recently been
proposed [1-3]. The superior mechanical properties of these columns show the potential

of UHSS to be used as a structural material.

The behaviour of steel structures under different loading scenarios have been widely
investigated, e.g. [4, 5]. Nevertheless, to ensure the safety and durability of the structure,
itis also necessary to understand the behaviour of construction materials under extreme
events such as fire [6]. However, there is currently a lack of relevant design codes
accounting for the behaviour of Grade 1200 UHSS under fire conditions in the available

steel standards.

A fire has two main phases: the heat-up phase where the temperature reaches its peak,
and the cooling phase, where the fire enters its decay stage and the temperature reduces
to ambient. In order to analyse a structure subjected to fire, it is necessary to understand
the behaviour of the construction material under both heat-up and cooling phases. When
a structural member survives the heat-up phase of a fire and is cooled to room
temperature, its residual strength determines whether or not it is reusable. In recent
years, there has been a great focus on evaluating the mechanical behaviour of steel at
elevated temperatures [7-12]. Comparatively fewer works have focused on the behaviour
of steels after being cooled from fire temperatures [13-17]. Regarding the mechanical
behaviour of UHSS under fire conditions, an experimental study on coupons taken from
UHSS (Grade 1200) tubes subjected to low fire temperatures (up to 600°C) [18] as well
as high fire temperatures (up to 800°C) [19] has recently been performed. The changes
occurring in the tensile mechanical properties of UHSS at elevated temperatures and after

being cooled to room temperature were discussed.

When a fire hazard occurs in a structure, in addition to the severe changes of the

structural members due to thermal loading, the sustaining loads (such as dead loads, live
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loads, etc.) may also affect the in-fire (elevated temperature) and post-fire (ambient)
mechanical response of the structural material. In order to simulate fire loading of the
steel, the mechanical loads present during the fire must also be considered. In other
words, during a real fire in a structure, the temperature is increasing to its peak and
decreasing to room temperature while the structural member is subjected to mechanical
loads. This may cause creep in which the strain in a structural member varies under load
[20]. Consequently, assuming that during the heat-up and cooling phases of fire, the load
applied to the structural members are sustained, a study of the thermal creep of the
material along with its effect on the mechanical response under temperature variations

is necessary to simulate a real fire situation.

Many researchers have investigated the creep failure of steel subjected to elevated
temperatures [21-27]. Morovat et al. investigated the creep behaviour of ASTM A992
steel at elevated temperatures [27]. They reported that creep is significantly dependant
on the temperature and stress level of the material during fire. Brnic et al. evaluated the
creep behaviour of high-strength low-alloy steel at elevated temperatures. They carried
out uniaxial creep tests for different elevated temperatures and different loads [22]. The
same authors performed an experimental study on the behaviour of heat-resistant
austenitic steel subjected to uniaxial stress at elevated temperatures of up to 800°C and

investigated its creep resistance at different temperatures for different loads [21].

In the present work, in order to simulate the behaviour of UHSS (Grade 1200) during the
cooling phase of a fire, tensile coupons taken from UHSS tube specimens are subjected to
a sustained tensile axial load (Fs) during both heat-up and cooling phases of fire and
strain-controlled tensile tests are subsequently performed. Unlike the previously
mentioned researches where the steel material was subjected to creep failure at elevated
temperatures, in the present study, the UHSS is not subjected to creep failure. Although
creep occurs in the UHSS during the heat-up and cooling phases of fire, the material is
failed by performing tensile tests of the test specimens so that the residual strength after
creep can be quantified. Similar multi-phase studies were conducted on concrete filled
steel tube and reinforced concrete under compression loads [28, 29]. In these works, they
applied different constant loads to the specimens and increased the temperature while
the load was maintained, then performed compression tests on test specimens until

failure.
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In the present study, two sets of tests are performed: Creep-Heat-up tests and Creep-
Cooling tests. The Creep-Heat-up tests investigate the effect of creep on mechanical
behaviour of UHSS (Grade 1200) at elevated temperatures. The Creep-Cooling tests,
which are the main focus of this work, evaluate the effect of creep on mechanical
behaviour of UHSS subject to cooling phase of a fire. The variation in creep strain, the
stress-strain curves obtained from the tensile tests and the residual strength of the UHSS

specimens after different tests are calculated and discussed.

In order to evaluate the effect of steel grade, the same tests are performed on samples of
Grade 800 high strength steel (HSS) and Grade 350 mild steel (MS) tube specimens and
the results are compared with those of UHSS specimens. For the HSS and MS materials,
after being cooled from temperatures of up to 600°C to room temperature their strength
remain relatively unchanged [18]. Therefore, the maximum fire temperature considered
for them is 700°C. The microstructural origin of the accelerated softening in UHSS due to
the creep strain occurring during elevated temperature loading is characterised using

Scanning Electron Microscopy (SEM) and the physical origin of the softening is discussed.

4.2. Experimental tests

4.2.1. Test Specimens

Three grades of steel tubes are considered in this study: Grade 1200 ultra-high strength
steel (UHSS), Grade 800 high strength steel (HSS) and Grade 350 mild steel (MS). The
chemical compositions of these materials are shown in Table 4-1. Due to the lack of
knowledge about the behaviour of UHSS under fire and creep, and also its high sensitivity
to elevated temperature exposures [18], this steel is the main focus of this study and the
HSS and MS tubes are tested for the purpose of comparison. Standard dog-bone test
specimens are extracted from the steel tubes using water-jet cutting. The nominal
diameter and wall thickness of all tubes are 76.1mm and 3.2mm, respectively. The
geometry and location of the specimens sectioned from the steel tubes are illustrated in

Figure 4-1.
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Table 4-1. The chemical compositions of tested materials (wt %)

Material | C Si Mn P S Cr Ni Mo B Al
UHSS 0.230 | 0.800 | 1.700 | 0.025 | 0.015 | 1.500 | 1.000 | 0.500 | 0.005
HSS 0.100 | 0.250 | 2.100 | 0.020 | 0.010 0.015
MS 0.230 | 0.400 | 1.350 | 0.040 | 0.050
38mm  _22mm_, 60 mm . 60 mm - P Weld line
as3.2mm ‘ A | | /; 3 "N\_\
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Figure 4-1. a) Geometry and b) location of test specimens sectioned from the steel tubes

Using the instructions provided in AS1391 [30], the ends of the test specimens are

mechanically flattened to be gripped for the tensile test. The cross section area (S;) of

the gauge length of the test specimens is calculated by [30]:

D - 28. 2 - b
————)“arcsin
2 D

b . 21 D? . b b 21
S,=—(D"-b")2 +—arcsin——-—[(D—-2a)-b"]? - 4-1
0=7 )+ s )—b"]? —( (4-1)

in which, b and a are the width and thickness of the specimen gauge length (Figure 4-1.a)

and D is the tube diameter.

4.2.2. Test Method

Two sets of experimental tests, Creep-Heat-up tests and Creep-Cooling tests are
performed to investigate the mechanical behaviour of UHSS under the multi-phase

loading scenario of creep and fire.

4.2.2.1. Creep-Heat-up tests

In this set of tests, the test specimen is first loaded to the tensile load of F, using the

Instron 5982 100kN testing machine on which a SF-16 split furnace is installed (Figure

CHAPTER 4|97



4-2). F, is defined as the sustained axial load applied to the specimen and is obtained
from F, = f,S;, where S, is the cross sectional area of the specimen (Eq. (4-1)) and f; is

determined by
fo=p1: (4-2)

InEq.(2), f,; isthe ultimate tensile strength of the test material at elevated temperature

T and g is the sustained axial load ratio.

The furnace is subsequently set to the target fire temperature T and is switched on.
During the heat up, the testing machine is operating under load control so that the upper
jaw of the machine could displace to accommodate the thermal expansion of the

specimen while the load remains constant at F,. Once the temperatures of the three

thermocouples attached to three points g, b and c on the specimen’s gauge length (Figure
4-1) are stabilised at the target temperature T, the temperature is held constant for 20

mins. Subsequently, the tensile loading is continued under strain-controlled conditions

with an applied strain rate of 0.005+0.002 min_1[31] until failure. The strain rate is
remained constant by the movement of the cross-head of the testing machine. In order to
monitor the creep strain during the heat-up phase and the 20min elevated temperature
hold, and also the strain variation during the tensile test, the model 3448 High
Temperature Contact Extensometer with approximate gauge length of 25mm is used. The

test setup is illustrated in Figure 4-2.
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Figure 4-2. Testing apparatus including (a) Instron 100kN machine; (b) furnace, and (c) high
temperature contact extensometer

4.2.2.2. Creep-Cooling tests

This set of tests are designed to perform a multi-phase evaluation of creep and cooling
phase of a fire. The test procedure is similar to the Creep-Heat-up tests except that once
the temperature of the test specimen is stabilised at the target temperature for 20min,
the furnace is switched off and allowed to cool to room temperature under load control.
Once the specimen reaches room temperature, tensile loading is continued under strain-

controlled conditions until failure. The test procedure can be divided into 4 stages:

Stage I: Loading the test specimento F, = f, S;

Stage II: Heating up the test specimen to fire temperature T while subjected to F, = f_ S,
until the temperatures of all three thermocouples are stabilised;
Stage III: Cooling the test specimen from temperature T to room temperature (RT) while

subjected to F, = f, S;

Stage IV: Performing tensile test on the test specimen until failure
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The schematic representation of the last situation of the specimen at each of the above-
mentioned stages is illustrated in Figure 4-3. The grey and red colours in this figure
denote the stages at which the final temperature is the room temperature (RT) and the

target fire temperature (T), respectively.

FS FS FS

fot 4

vy

Fs Fs Fs

(StageI) (Stage II) (Stage III) (Stage 1V)

Figure 4-3. Schematic representation of the Creep-Cooling test procedure
divided into 4 stages

4.3. Results and Discussions

4.3.1. Definition of mechanical properties

To investigate the mechanical properties of the test materials under creep and cooling
phase of a fire, the stress-strain curves, the creep strain values, characteristic tensile
strengths and ductility parameters are extracted from experimental tests. To better
understand the test procedure and the evolution of the creep strain during a Creep-
Cooling test, the variation of temperature with respect to axial strain during a typical
Creep-Cooling test is demonstrated in Figure 4-4.a. The stage number defined in the
previous section corresponding to different parts of this graph as well as the strain values

at different stages of the test are indicated in this figure. In Figure 4-4.b, the strain values
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and characteristic tensile strengths on a typical stress-strain curve are illustrated. Note
that all values depicted in these figures are engineering values in which the original cross-

section area and gauge length are used.

L

3)
4
g
S
E
@
-3
E
@
=
I\’h "
. > H————— - .
Escr Ey Esnr Eu
Strain (%)
(@)

Stress (MPa)

ES.C; &y -Es,HT €u
Strain (%)

(b)

Figure 4-4. Definition of mechanical properties on typical a) temperature-strain and b)
stress-strain curves for a Creep-Cooling test

The creep strain is defined as:

A‘gcr =&t ~EspRT (4-3)
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where Ag, is the net creep strain the test specimen experiences during the test. As
illustrated in Figure 4-4.b, &, . and ¢, . are the strain values under sustained axial load

before the heat-up stage at room temperature and after being cooled from elevated

temperature T to room temperature, respectively.

The strain occurring in the material due to the thermal expansion of the specimen heated

to temperature T is called thermal strain (Ag,, ) and is calculated by:

A&y =&t — &t (4-4)

where, &, ; is the strain value of the test specimen under sustained axial load at the end

of the heat-up stage (Stage II) at elevated temperature T. As can be observed from Figure
4-4 a, since after cooling the specimen under the sustained axial load from temperature

T to room temperature, Ag,, is recovered in the material, it is concluded that this strain

difference between the end of stages II and III is due to the thermal expansion of the

material.

The tensile yield stress ( f,) and the ultimate tensile strength ( f,) are calculated from

the experiments performed. As shown in Figure 4-4.b, f represents the upper

pronounced yield pointand f, refers to the maximum tensile strength in the stress-strain

curve.

The sustained axial load applied to the specimen is determined by F, = f,S;, where S,
and f are defined in Egs. (4-1) and (4-2), respectively. In Eq. (4-2), the values of f,; for
different temperatures T are obtained from Ref. [19] and are summarised in Table 4-2.
The values of the sustained axial load ratio £ should be determined such that the material
does not fail at the end of stage II, i.e. f<1. Based on the limit states requirement for

steel members subjected to tension provided in Australian standards, the capacity factor

to be considered for a safe design should not exceed 0.9 [32]. Therefore, the range of
considered in this study is 0.6 < £ <0.85 so that plastic strain develops in the test

specimen during stage II, while it also satisfies the safe design recommended by the

standards. Since the test material loses the majority of its strength at temperatures above
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700°C, in order to apply 0.85% of its strength at the elevated temperature, i.e.

f,=0.85f, ;, loads lower than 2kN would be applied to the test specimen. This low load

is in the bottom 10% of the load cell capacity for our machine which is the regime where
the force readings are less precise. Although in Ref. [19] heat-up tests were conducted on
steel materials at elevated temperatures up to 800°C, in this study 700°C is considered as
the maximum fire temperature so as to be operating in that range of the Instron load cell

where we may have the best confidence in the force measurements.

Table 4-2. Variation of the ultimate tensile strength of the UHSS tube specimens undergone strain-
controlled tensile test at elevated temperature T ( f, ; )[19]

T 300°C 470°C 540°C 600°C 700°C

f,+ (MPa) 1270 780 563 340 119

The strain values corresponding to f and f, represent the yield strain (&,) and the
uniform elongation ( &,), respectively. Since the material begins to neck at the uniform
elongation ( &, ), the strain readings after ¢, are inaccurate. In this paper, the stress-strain
curves prior to necking of the specimens, i.e. up to &,, are reported and the post-necking
behaviour (shown by broken lines in Figure 4-4) is not investigated. Although &, can be
calculated from the values of f, and the elastic modulus of the material (E), due to the
importance of variation of ¢, for different applications in civil engineering, the values of

this parameter are also reported in this paper.

4.3.2. Stress-strain curves

To understand the behaviour of UHSS under a multi-phase loading scenario including
creep and fire, the in-fire and post-fire mechanical behaviour of the UHSS specimens

subjected to creep with a constant sustained axial load ratio of # = 0.8 are investigated for

different fire temperature exposures. The stress-strain curves of the UHSS specimens
subjected to Creep-Cooling tests (UHSS-CT-0.8) and Creep-Heat-up tests (UHSS-HT-0.8)
with g =0.8and different maximum fire temperatures T (300°C<T <700°C) are

presented in Figure 4-5.a-e. To facilitate comparison and better illustrate the effect of
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creep during fire, the stress-strain curves for the UHSS specimens tested when heated-
up to elevated temperature T and after being cooled to room temperature without

sustained axial load (£ =0) [19] are also included in these figures. These curves are

labelled UHSS-HT and UHSS-CT, respectively. For example, in Figure 4-5.a, the UHSS-
C300 and UHSS-C300-0.8 stress-strain curves are obtained from strain-controlled tensile
tests performed on UHSS specimens after cooling from 300°C to room temperature

without being subjected to any axial load, i.e. =0, and when subjected to 80% of the

ultimate tensile strength of UHSS at 300°C, i.e. f, =0.8f, ., or #=0.8, during the heat-

up and cooling phases, respectively. Similarly, the UHSS-H300 and UHSS-H300-0.8 stress-
strain curves represent tensile tests performed on UHSS specimens at 300°C without any

axial load (£ =0) and while subjected to axial load ratio of # =0.8 during the heat-up

phase, respectively. By looking at the stress-strain curve shown in Figure 4-4 for a typical
Creep-Cooling test and Eq. (4-4), it can be understood that the difference between the
lengths of the horizontal lines in the middle of UHSS-C300-0.8 and UHSS-H300-0.8 stress-

strain curves represent the thermal strain (Ag,, ) indicating the thermal expansion of the

UHSS that was recovered when cooling to room temperature.

It can be observed from Figure 4-5.a-e that the creep strain experienced by the UHSS
specimens during fire increases significantly for fire temperatures above 470°C. By
comparing UHSS-HT and UHSS-CT curves with the corresponding UHSS-CT-0.8 and
UHSS-HT-0.8 ones, it can be concluded that although the creep strain does not have a
strong influence on the in-fire (elevated temperature) strength of UHSS specimens, for
T >470°C, it results in a considerable reduction in the post-fire (ambient temperature)
strength of these specimens. It is also apparent from these curves that the higher the
maximum fire temperature, the larger creep strain observed and the greater the
reduction in ambient temperature strength of the materials. Although for all the Creep-

Cooling tests of Figure 4-5 [ is constant at 0.8, greater creep strain occurs in the

specimens exposed to higher fire temperatures. As expected, it can be understood from

UHSS-HT-0.8 and UHSS-CT-0.8 curves that the maximum creep strain (Aeg, +As,)

experienced by the specimens is almost equal for those subjected to both Creep-Heat-up

and Creep-Cooling tests with the same maximum fire temperature T. However, there is
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no thermal creep strain recovery for the specimens subjected to Creep-Heat-up tests so

Ag, =0.

The occurrence of creep in the UHSS specimens during fire, results in a pronounced yield
point in their post-fire stress-strain curves. This is especially obvious in Figures 4-1.c-e.
After UHSS specimens are exposed to elevated temperatures, the carbon (C) atoms find
sufficient mobility to segregate to dislocations at elevated temperatures and pin them.
When a cooled specimen is then subjected to a tensile test, the stress applied to the
specimen must first unpin the dislocations to yield the material. This stress to unpin at
room temperature is usually greater than the stress to subsequently propagate
dislocations through the microstructure during deformation and as a result, a sharp yield

point is observed. This phenomena has been discussed in [18].
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Figure 4-5. Stress-strain curves for UHSS specimens at a) 300°C b) 470°C, c) 540°C, d)
600°C and e) 700°C and after being cooled to room temperature while subjected to
sustained axial load ratio of 5=0.8

In order to evaluate the effect of the sustained axial load ratio, £ ,in a creep-fire multi-
phase loading scenario, the stress-strain curves of the UHSS specimens subjected to
different values of # ( 0.6 < £<0.85) and cooled from 600°C to room temperature are

shown in Figure 4-6. By comparing the stress-strain curves of UHSS-C600 and UHSS-
C600-0.6, where the value of the sustained axial load is 60% of the ultimate strength of
the UHSS tested at 600°C, a negligible strength difference is observed under the

conditions of a 20min elevated temperature hold employed in this study. However, for
larger values of # , i.e. f>0.6, the difference between the ultimate strength of UHSS-
C600 and UHSS-C600- B curves becomes significant. This implies that the sustained
axial load does not significantly affect the strength of the UHSS specimens tested after
being cooled from a 20min hold at 600°C, unless the value of the sustained axial load (F,
) is larger than 60% of the ultimate strength of UHSS at 600°C. The higher values of £

also lead to larger values of creep strain for the UHSS specimens subjected to tensile tests
after being cooled from 600°C to room temperature. By increasing £ from 0.75 to 0.8, a

considerable reduction in strength is observed. This means there exists a critical axial

load ratio, i.e. #=0.8, above which increasing the load becomes more critical and affects

the creep and strength reduction more seriously. As can be seen from Figure 4-6,
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increasing the value of F, up to 85% of the ultimate strength of UHSS at 600°C, leads to a

large creep strain and a significant reduction in the strength of the UHSS cooled to room
temperature. These results can be used to determine the true value of the allowable
sustained axial load which can be applied to the structural members made of UHSS

material during a fire hazard.
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Figure 4-6. Stress-strain curves for UHSS specimens after cooling down from 600°C
to room temperature subjected to different sustained axial load ratios ()

4.3.3. Creep strain

In this section, the variation of creep strain is discussed for the UHSS specimens subjected
to the multi-phase loading scenario considered in this paper. Calculation of the net creep

strain (Ag, ) and the thermal strain (Ag,, ) from the stress-strain curves was explained
in section 4.3.1. In Table 4-3, the values of A¢, and Ag, for the UHSS-CT-0.8 curves (
300°C <T <700°C) are presented, where Ag, ; , and Ag, . , refer to the Ag, and
Ag, values of the specimens subjected to Creep-Cooling tests with the maximum fire

temperature T and sustained axial load ratio of £ . Looking at the variation of the values

of the net creep strain with the maximum fire temperature T, it is evident that a

considerable increase in Ag, ., starts from T=540°C, i.e. A&, g5 =3.22%. As T

increases above 540°C, the value of creep strain grows larger such that for T=700°C,
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A&, 10005 T€AChes 8.35%. As expected, the variation of Ag . ., with T, is much less

considerable compared to Ag,, ;o5 -

Table 4-3. Variation of the creep strain and thermal strain for UHSS specimens cooled from
various fire temperatures under sustained axial load ratio of 5=0.8

T 300°C 470°C 540°C 600°C 700°C
A&y or op (%) 0.64 1.18 3.22 5.77 8.35
A&y ot o5 (%) 0.63 0.64 0.72 0.90 1.04

In Table 4-4, the values of Ag, and Ag, for the UHSS-C600- /4 curves, where S varies
from 0.6 to 0.85 are presented. The values of Ag, ., clearly illustrate the abrupt
increase in the creep strain when £ is larger than 0.75: A&, .4 4 is almost doubled with

every 0.5 increment in . For f=0.85, ~10% net creep strain is experienced by the
UHSS specimen cooled from 600°C to room temperature. These results also explain the
reason for selecting #=0.8 as a critical sustained axial load ratio to study the effect of
temperature in the Creep-Cooling and Creep-Heat-up tests (Figure 4-5 and Table 4-3). Of

course, it is expected that the values of Agy .4y , are constant for all B values, which

supports the fact that thermal expansion is only a function of the maximum temperature
T and is a representative of the creep percentage occurring due to the change in

temperature and not the mechanical loading.

It is important to note that the variation of Ag, . ,

with S for other maximum fire
temperatures may be different from those obtained for T=600°C. In Ref. [18] the authors
concluded from the thermal stability diagram of material phases that T=600°C is a critical
maximum fire temperature for the UHSS material. In the current study, in order to study
the effect of £, this temperature has been considered. If the constant temperature is
considered as T=700°C, due to the small value of the ultimate strength at this

temperature, considering £ values of 0.6 or 0.7 would have led to a very small values of

F, which are less than the accuracy of the testing machine.
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Another important point about the results obtained in this study is that other than the
values of the sustained axial load ratio #, the absolute magnitude of the load may also
affect the values of creep during a fire. In order to study the variation of the values of A¢,
and Ag, with the maximum temperature while the magnitude of the sustained axial load
(F,) is constant, a constant magnitude of F, should be more than ~70% of the ultimate
load capacity of UHSS at different fire temperatures (F, ; = f,S;),i.e. F, >0.7F, ;. Since
there is a considerable difference between the values of F, ;for different maximum
temperatures T, selecting a constant F; which satisfies the condition of F, >0.7F, ; for

all temperatures, is not possible.

Table 4-4. Variation of the creep strain for UHSS specimens cooled from 600°C under various
sustained axial load ratios (f5)

p 0.6 0.7 0.75 0.8 0.85
Agcr,CGOO,ﬂ (%) 1.39 2.25 3.39 5.77 9.96
A&y cono. 5 (%0) 0.86 0.85 0.86 0.90 0.88

Furthermore, it can be interpreted from Figure 4-5 that in order to calculate the values of

net creep strain for the Creep-Heat-up tests, i.e. Ag, ; ,, the following relation can be

simply used:

Agcr,HT,ﬂ = Agcr,CT,ﬂ + Agth,CT,ﬂ (4-5)

where the values of A¢,, ., , and Ag, . , can be taken from Tables 4-3 and 4-4.

4.3.4. Strength and Ductility

The changes in the strength and ductility of UHSS specimens subjected to the multi-
hazard loading schemes are also studied. The yield strength and the ultimate tensile

strength values resulting from the Creep-Cooling tests with axial load ratio of  and the

maximum fire temperature T denoted as f, ., ;, and f, .; ; , respectively, are calculated.

The reduction in the values of f, ., , with respect to those reported in Ref. [19] for the
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UHSS specimens cooled from different fire temperatures T without sustained axial load,

ie. f is defined as:

u,CT

fu CT.p
R,cr ﬁ(%) =(1-——-)x100 (4-6)
o fu,CT
Since in the stress-strain curves obtained for the UHSS specimens cooled from fire
temperatures T to room temperature, i.e. UHSS-CT curves shown in Figure 4-5, there is

no such pronounced upper yield point, only the values of f are presented and no

y,.CT,B

reduction factor is defined for them.

The strength values for the UHSS specimens subjected to Creep-Cooling tests with a

constant axial load ratio of # =0.8 and different maximum temperatures T and also those
obtained from the tests with different values of # and a constant maximum temperature

of T=600°C are presented in Tables 4-5 and 4-6, respectively. With increasing maximum

fire temperature, it is shown that the values of f ., ,, and f, ., ,, decrease significantly.

A part of this strength reduction is due to the elevated temperature exposure and a part
of it is due to the existence of sustained axial load and the consequent creep strain that
changes the microstructure of the material in a direction that decreases its strength. In
order to understand the latter part, values of the ultimate strength reduction factor

defined in Eq. (4-6), i.e. R, . o5, may be evaluated. As shown in Table 4-5, for the UHSS

specimens cooled from temperatures of up to 470°C, the maximum reduction in the
strength due to existence of creep is ~3% which is negligible. However, for the UHSS
specimens subjected to Creep-Cooling tests with axial load ratio of £ =0.8 and maximum
fire temperatures above 470°C, the ultimate strength reduces by 10 to 25% with respect
to the same material cooled from the corresponding fire temperatures with £ =0.
Therefore, in the design of UHSS structural members, neglecting the sustained load on
the structure means disregarding a significant amount of strength reduction which may

lead to an unsafe design.

From the results derived from the Creep-Cooling tests with maximum fire temperature

of T=600°C and different £ values (Table 4-6), it can be seen that the effect of sustained

axial load and the consequential creep strain becomes significant when f>0.7. As S
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increases from 0.7 to 0.85, the reduction in ultimate tensile strength of the UHSS

specimens cooled from 600°C to room temperature, i.e. R, ¢y 4, increases up to ~23%

which is a considerable strength loss. For all the UHSS specimens cooled from 600°C
while subjected to different sustained axial load ratios, the ultimate tensile strength (

f..coo0 5 ) is well above the corresponding yield stress ( f, .4y, , )- This indicates that after

the material yields, strain hardening occurs and strength increases such that prior to the
necking of the sample, it can experience a higher stress level compared to the yield stress.
The microstructural origin of the strength reduction of UHSS due to the creep loading
during fire is explained in Section 4.4.

Table 4-5. Variation of strength for UHSS specimens cooled from various fire temperatures under
sustained axial load ratio of $=0.8

Temperature 300°C 470°C 540°C 600°C 700°C

f, cr.08 (MPa) 1373 1076 911 777 553

f, cros (MPa) 1354 1078 900 797 590
R, cr05(%) 1.4 3 10.2 14.8 25.2

Table 4-6. Variation of strength for UHSS specimens cooled from 600°C under various axial load
ratios (8)

p 0.6 0.7 0.75 0.8 0.85
fy,CGOO,ﬂ (MPa) 866 830 816 777 713
.. ce00 B (MPa) 917 883 854 797 717

R..co00 ,5(%) 2 5.7 8.7 14.8 23.4

To evaluate the ductility of the tested specimens, the values of yield strain (&,) and
uniform elongation (¢&,) have been extracted from the tensile test results. ¢, and &,

values resulting from the Creep-Cooling tests with axial load ratio of # and the maximum

fire temperature T, shown as ¢, ; ,and &, ., ,, respectively, are presented in Tables 4-7

and 4-8. It can be seen from Table 4-7 that for a constant axial load ratio, i.e. f#=0.8, as

the maximum temperature the UHSS specimens have experienced increases, more
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ductility is observed. The results shown in Table 4-8 indicate that for a constant fire
temperature, i.e. T=600°C, increasing the axial load ratio ( £) from 0.6 to 0.85 yields to a
significant increase in ductility. This increase in ductility is a natural consequence of the
decreasing ultimate strength which means necking (defining the uniform elongation) is
postponed to larger strains (Considere criterion [33]). By comparing the variation of
ductility values shown in Tables 4-7 and 4-8, it can be concluded that for the Creep-

Cooling tests with =0.8, &, and ¢, values are both increased by ~5 to 6 times when T

increases from 300°C to 700°C. However, for Creep-Cooling tests with T=600°C, while

increasing the values of £ from 0.6 to 0.85 leads to increase of &, by ~5.5 times, &,

values are only increased by ~2 times. This means that although increasing the axial load

ratio ( f) for Creep-Cooling tests with T=600°C results in a larger creep strain, it shortens

the plastic plateau of the stress strain curves.

Table 4-7. Variation of ductility parameters for UHSS specimens cooled from various fire
temperatures under sustained axial load ratio of f=0.8

Temperature 300°C 470°C 540°C 600°C 700°C
&, cr.08 (%) 1.522 1.759 3.751 6.202 8.686
&, cr 08 (%) 2.980 4978 8.307 11.598 15.631

Table 4-8. Variation of ductility parameters for UHSS specimens cooled from 600°C under various
axial load ratios (f5)

p 0.6 0.7 0.75 0.8 0.85
&€y c600,5 (%) 1.896 2.696 3.855 6.202 10.394
E€4.c600, (%) 7.640 8.542 9.150 11.598 14.596

4.3.5. Comparison with other steel grades

To evaluate the effect of steel grade on the mechanical behaviour of steel under the multi-
phase loading scenario defined in this paper, the stress-strain curves of Grade 800 High
Strength Steel (HSS) and Grade 350 Mild Steel (MS) tubes are also presented for a couple
of tests. In Figure 4-7, the stress-strain curves of the virgin UHSS, HSS and MS tube
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specimens tested at room temperature (RT) are presented. There is a considerable
difference between the uniform elongation of the MS material compared to that of the
UHSS and HSS. In Ref. [18], it was shown that unlike UHSS, there is no significant change
in the strength of the HSS and MS specimens cooled from temperatures of up to 600°C
(low fire temperatures) compared to their as-received strength. For these two materials,
focus is placed on the maximum fire temperature of T=700°C. The stress-strain curves of
the HSS and MS tube specimens subjected to Creep-Cooling test with maximum fire

temperature of T=700°C and sustained axial load ratio of =0.8 are shown in Figures 4-

8 and 4-9, respectively. The stress-strain curves of the HSS and MS specimens tested at
700°C, i.e. HSS-H700 and MS-H700, and after being cooled to room temperature, i.e. HSS-
C700 and MS-C700, without being subjected to any sustained axial load are also included
in these figures. To have a better comparison between the results of these three grades

of steel, all the post-fire stress-strain curves are plotted in Figure 4-10.

By comparing the results of HSS-C700 and HSS-C700-0.8, it is evident that the HSS
subjected to both creep and cooling phase of a fire experiences ~6% strength reduction
compared to that experiencing the cooling phase of a fire alone. This result shows that
HSS is quite a resistant material to creep loading under fire conditions. From the MS-
H700-0.8 curve, it can be concluded that the when the tensile test is carried out on the

MS tube specimen at 700°C which was subjected to load ratio of f=0.8 during the heat-

up stage, the specimen can no longer bear any tensile load and is softened immediately
after the start of the test which is displayed by a red triangle on this curve. However, it
can be seen from MS-C700-0.8 curve that if this specimen is cooled to room temperature
after reaching 700°C, part of its strength is recovered and the MS subjected to creep and
cooling phases of a fire can harden up to 380MPa stress. Nevertheless, the fact that the
in-fire strength of MS material, which is commonly used in structural engineering, is fully
deteriorated when creep occurs prior to the loading at elevated temperature, makes the
fire design of structures made of this material a critical issue. Comparing the stress-strain
curves obtained for these three grades of steel, it can be concluded that while HSS is the
most resistant material to creep under fire conditions, MS and UHSS are sensitive
materials under multi-phase loading scenarios including both creep and elevated
temperature exposures. Although there is a considerable reduction in the strength of

UHSS materials subjected to creep and fire loadings, the residual strength of UHSS after
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being subjected to the multi-phase loading scenario considered in this study is still close

to the strength of the virgin MS material. Therefore, when designing UHSS structural

members, if the effect of creep on the residual strength of these members after cooling

from fire is taken into account, using UHSS material may still be a cost-efficient option.
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Figure 4-7. Stress-strain curves of MS, HSS and UHSS specimens at room temperature
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Figure 4-8. Stress-strain curves for HSS specimens at 700°C and after being cooled to

room temperature with and without sustained axial load
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Figure 4-9. Stress-strain curves for MS specimens at 700°C and after being cooled to
room temperature with and without sustained axial load
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4.4. Microstructural origin of accelerated softening due to

creep strain

The high strength of the UHSS considered in this study is derived from a tempered
martensitic microstructure [34]. Martensite is very strong but also brittle microstructure
and in order to make it ductile so that it is applicable for engineering purposes, it is
tempered. The tempering involves an elevated temperature hold at temperatures ranging
from 300°C to 600°C. Tempering of martensite leads to precipitation of cementite
particles and the removal of carbon from solid solution. This has the effect of decreasing
the strength of the martensite, but also providing the necessary ductility and toughness
for it to be useful in engineering applications. To have a better understanding of the
phases present in this material, the SEM images taken from the bulk microstructure of
the as-received UHSS material obtained in Ref. [18] are shown in Figure 4-11. The lath
microstructure shown in these SEM images represents the martensitic microstructure,
the dark regions and the small white particles represent the ferrite and cementite phases,

respectively.

Figure 4-11. SEM micrographs of the bulk microstructure of the as-received UHSS specimen
at room temperature [18]

When a UHSS is heated to fire temperatures, the tempering process of martensite
effectively continues which leads to further softening of the material and the reduction in
its strength. It was shown in Ref. [18] that after the UHSS material is cooled from 600°C,
which is considered a low fire temperature, the lath microstructure of UHSS is partly
deteriorated. However, the phases present in UHSS do not change in identity and only the

size and configuration of the microstructural grains change.
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When a UHSS material is subjected to the multi-phase loading scenario of creep and fire
at the types of temperatures considered in this study, the tempering process is further
accelerated and the UHSS will soften even more quickly. During the precipitation of
cementite that occurs during tempering of the UHSS, the cementite particles will grow
and coarsen. As they increase in average size, the strength of the martensite will decrease.
This process is controlled by the diffusion of carbon and is a thermally activated process
- this is why tempering occurs faster at higher temperatures and why softening will

proceed with longer exposures at elevated temperature.

However, the UHSS examined in this study was subjected to both elevated temperature
exposure and concurrent creep strain. The creep strain process involves the movement
of dislocations in the microstructure. These dislocations can provide additional short
circuit paths for carbon diffusion and further accelerate the tempering process. This leads
to acceleration of the growth of the average precipitate size during straining at elevated

temperature and accelerated softening of the UHSS.

To demonstrate the microstructural origin of the accelerated softening due to creep
strain, the most extreme condition which is the maximum fire temperature of 700°C and

the sustained axial load ratio of S =0.8 is considered. Using scanning electron

microscopy (SEM), micrographs have been obtained from two parts of a tensile specimen
after cooling from 700°C to room temperature while subjected to the sustained axial load

ratio of f =0.8 during heat-up and cooling phases. To demonstrate the effect of only the

elevated temperature exposure, SEM images are taken from the grip area of the UHSS
specimen. To demonstrate the effect of concurrent elevated temperature exposure and
creep strain SEM images are taken from the gauge area of the same UHSS specimen
ensuring the comparison is between material that has experienced exactly the same
thermal history and the only difference being part of it has sustained an additional creep
strain. Figure 4-12 shows the low and high magnification SEM micrographs of the bulk
microstructure of the UHSS specimen cooled from 700°C to room temperature without
experiencing creep strain (Figure 4-12.a and c), and with the creep strain caused by

sustained axial load ratio of f=0.8 (Figure 4-12.b and d). By looking at the low

magnification SEM images (Figure 4-12.a and b), it can be seen that the lath
microstructure is still remained within both microstructures. However, by comparing the

high magnification SEM images (Figure 4-12.d and c), it can be observed that the average
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size of the white cementite precipitates in Figure 4-12.c is smaller than that of the SEM
image shown in Figure 4-12.d. This is the direct demonstration of the acceleration of
cementite growth due to the creep strain leading to coarsening of the carbide precipitates
in the microstructure, and consequently a decrease in the strength of the UHSS. This
strain-induced acceleration of precipitation processes is well known in the field of

Materials Science and Engineering [35] and is exploited in the processing of many

engineering alloys.

(c) (d)

Figure 4-12. Low and high magnification SEM micrographs of the bulk microstructure of the
UHSS specimen cooled from 700°C to room temperature a and c)without experiencing creep
strain, and b and d)with creep strain caused by axial load ratio of $=0.8 during heat-up and
cooling phases.
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In order to quantitatively demonstrate the accelerated cementite precipitate growth
caused by creep strain during fire, the size distribution of different precipitate sizes inside
the microstructures of the UHSS specimens cooled from 700°C to room temperature
without and with experiencing the creep strain caused due to the axial load ratio of

P =0.8 are illustrated in Figure 4-13 and labelled UHSS-C700 and UHSS-C700-0.8,

respectively. It can be seen that for small size precipitates, i.e. precipitate diameter<1pum,
the frequency of the particles for the UHSS specimen cooled 700°C without any axial load
(UHSS-C700) is more than that experienced creep during fire (UHSS-C700-0.8). However,
as the diameter of the precipitate increases above 1um, the number of precipitates for the
strained specimen (UHSS-C700-0.8) becomes more; such that the maximum precipitate
diameter size in the strained specimen is larger than 0.4 um, while for the UHSS specimen

cooled from 700°C without experiencing creep, this value is less than 0.3 um.
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Figure 4-13. Distribution of the precipitate diameters for the UHSS specimens cooled from

700°C to room temperature without experiencing creep as compared to that subjected to
sustained axial load of $=0.8 during heat-up and cooling phases.

As a result of the discussion made in this section, since tempering of martensite is

controlled by C diffusion, it can be expected that as the maximum temperature the UHSS

CHAPTER 4|120



experiences during fire increases, faster martensite tempering and consequently, faster
softening is resulted. We may also expect that as the time the material is held at elevated
temperature increases, the degree of softening will also increase. Furthermore, by

increasing the value of axial load ratio £, due to the additional effect from the plasticity

that occurs during the subsequent creep deformation, the martensite softening will
further accelerate. Therefore, it was observed from the results shown in Figures 4-5 and

4-6 that increasing the maximum fire temperature and f may lead to a considerable

reduction in strength of UHSS.

4.5. Conclusion

In this paper, experiments were performed to evaluate the mechanical behaviour of
Grade 1200 ultra-high strength steel (UHSS) tube under a multi-phase loading scenario
including creep and fire. Tensile tests were carried out on UHSS tube specimens cooled
from fire temperatures ranging from 300°C to 700°C to room temperature while
subjected to a sustained axial load during the heat-up and cooling phases of fire. The
sustained axial load led to a creep strain in the test specimens cooled from fire. For
comparison purposes, the test specimens subjected to the sustained axial load were also
tested at elevated temperatures to evaluate the effect of cooling phase of fire. The stress-
strain curves obtained from the experimental tests indicated that for a constant value of

sustained axial load ratio g as the maximum temperature the specimens had

experienced during fire was increased, the specimens experienced larger creep strains
and consequently, the strength reduction became more significant. Also, for a constant

maximum fire temperature, increasing the values of £ up to 0.85 led to a considerable

increase in the creep strain and a significant reduction in the strength of the UHSS
specimens compared to the case where they had not experienced creep during fire. It is
evident from the obtained results that the creep strain, which is resulted from the
existence of sustained axial load on the specimens during fire, and the strength reduction
have a direct relationship. Also, when a UHSS structural member is cooled from a fire,
both the maximum fire temperature and the sustained loads applied to the member
control its residual strength. To evaluate the effect of steel grade, the Creep-Heat-up tests

and Creep-Cooling tests for maximum fire temperature of 700°C and £ =0.8 were also

conducted on Grade 800 high strength steel (HSS) and Grade 350 mild steel (MS) tube
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specimens. The results showed that while the HSS was the most resistant material to
creep, the UHSS and MS experienced a significant creep strain during fire. Even though
the UHSS was the most sensitive material to the existence of sustained axial load during
fire, the residual strength was almost the same as that of the virgin MS at room
temperature, which confirms the potential of this material to be used in structural
engineering field. Using the scanning electron microscopy (SEM), the microstructural
origin of accelerated softening in UHSS due to creep strain was discussed. It was shown
that the creep strain during fire accelerated the cementite growth in the microstructure

leading to a decrease in the strength of the UHSS.
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Abstract

Ultra-high strength steels (UHSS) have significant potential applications in the
engineering fields due to their unique specifications. In recent years, it has been
experimentally shown that the post-fire stress-strain response of this material is highly
dependent on the maximum steel temperature and the sustained load applied to it during
fire. This paper employs the Bernstain-Bézier functions to present the relationship
between the stress, strain, the maximum fire temperature and the sustained axial load

ratio (B ) for Grade 1200 UHSS cooled for fire temperatures to room temperature. The

experimental results are used to verify and validate the proposed model throughout the
paper. The model showed to be capable of not only interpolating the stress-strain curves,
but also extrapolating them out of the range of the available experimental tests data. Also,
taking advantage of the stress-strain-temperature response of the UHSS tested at
elevated temperatures, the instantaneous stress-induced strain and consequently the
creep strain of UHSS subjected to different constant sustained load values during

transient fire are obtained.

Key Words: ultra-high strength steel; fire; cooling; Bernstain-Bézier functions; sustained

axial load
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5.1. Introduction

Fire is one of the most common hazards that can severely damage steel structures. After
the cooling phase of a fire, the residual strength and ductility of the structural members
determine whether or not they can be reused. To perform a rational structural analysis,
it is necessary to evaluate the post-fire stress-strain response of the steel materials used
in the structure. Several studies have been conducted to evaluate the residual stress-
strain relationship of different grades of steel cooled from fire temperatures [1-11]. While
ultra-high strength steels (UHSS) with yield strength of up to 1200 MPa have shown a
great potential to be used as cost-effective construction materials in structural members
[12-17], a few researchers have focused on their in-fire and post-fire mechanical

response.

In recent years, Azhari et al. [6, 8, 9] investigated the realistic mechanical response of
Grade 1200 UHSS at fire temperatures and after cooling from elevated temperatures to
room temperature through extensive experimental tests. [t was shown that contrary to
the assumptions made in the primary models of the post-fire stress-strain response of
mild steel [18, 19], the residual strength of UHSS significantly reduces when cooled from
fire temperatures above 450°C [6, 8]. The reason for this greater strength loss of UHSS
compared to mild steel lies behind their different microstructures and thermodynamic
stability phase diagrams, which has deeply been elaborated by authors in Refs. [6, 8]. In
Ref.[8], the compound Ramberg Osgood material model was modified and an empirical
stress-strain model was developed in terms of the maximum fire temperature for the
UHSS cooled from fire temperatures to room temperature. Although the proposed model
can accurately predict the post-fire stress-strain response of UHSS cooled from different
elevated temperatures, it does not take into account the effect of creep strain caused by
the sustained loads resulted from dead and live loads exerted on the UHSS specimens.
Thus, in Ref. [9], the in-fire and post-fire mechanical response of UHSS subjected to
different sustained load values were discussed and the effect of the consequent transient
creep strain was experimentally evaluated. However, a stress-strain model that in
addition to the maximum fire temperature, takes into account the effect of sustained axial

load, cannot be easily developed by modifying the empirical model proposed in Ref.[8].
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In this paper, Bernstain-Bézier functions [20] are employed to present the relationship
between the post-fire stress and strain, the maximum fire temperature and the sustained
axial load applied to UHSS specimens during heat-up and cooling phases of fire. Thus,
using the Cooling and Creep-Cooling test results obtained in Refs. [8, 9], Bernstain-Bézier
surfaces taking into account the aforementioned variables are developed. In addition, the
same model is developed for the UHSS tested at fire temperatures. Thus, from the
Bernstain-Bézier surface created using the experimental results of the heat-up tests (Ref.

[8]), the instantaneous stress-induced strain (¢&,) of the UHSS subjected to different

constant stress values during transient fire is extracted. Finally, by subtracting the free

thermal strain (&, ) and the &_ strain of UHSS from the total strain ( &, ) values obtained

from the heat-up phase of the Creep-Cooling tests carried out on UHSS (Ref. [9]), the

variation of the transient creep strain (¢, ) with the fire temperature is obtained for

different constant stress levels. The obtained transient creep strain can be used for
practical applications by fire engineers in modelling the response of structural

components composed of UHSS under creep/fire multi-phase loading scenarios.
5.2. Experimental program

In order to develop and calibrate a model representing the relationship between the post-
fire stress-strain curves, the maximum fire temperature and the sustained axial load
inserted on UHSS specimens during fire, experimental tests simulating the fire conditions
are required. This section briefly explains the procedure of the following sets of
experimental tests conducted in Refs. [6, 8, 9] and used in this paper including: Heat-up
tests, Cooling tests and Creep-Cooling tests. The last state of the standard dog-bone
coupons at each stage of these experimental sets are schematically described in Figure 5-
1 (a-c). In this figure, the red and grey colours represent the elevated temperature and
room temperature, respectively. The temperature changes at each stage of the tests are
illustrated above them; where RT represents room temperature, and Tt denotes the target
temperature (maximum steel temperature). It is important to note that each test was
conducted at least twice. An additional test was conducted unless the difference between

the results obtained from two similar tests is less than 3%.

Heat-up tests (Figure 5-1a): The UHSS tensile coupons were first heated up to different

elevated temperatures (Stage I), and once the temperature of the specimen was stabled
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for ~20 minutes (based on [5]), strain-controlled tensile test was carried out on the
specimen until failure (Stage II). As it will be explained later in Section 5.4.3, the purpose
of using this set of tests in this paper is to extract the instantaneous stress-induced

transient strain (&, ) of UHSS for calculation of the creep strain (&, ).

Cooling tests (Figure 5-1b): The UHSS specimens were heated up to different elevated
temperatures (Stage I), and after stabilization of the temperature for ~20 minutes, they
were air cooled to room temperature (Stage II). Then, strain controlled tensile tests were

performed until the specimens failed (Stage III).

Creep-Cooling tests (Figure 5-1c): This test was simulated at the same conditions as the
Cooling tests, except that the effect of the creep strain caused by the sustained axial loads
exerted on the specimens during fire was taken into account. Thus, an axial tensile load

of F, = p.f,;.S (axial stress of f, = B.f, ;) was first applied to the UHSS specimen (Stage
I), where f is the axial load ratio, f,; isthe ultimate tensile strength of UHSS at elevated

temperature T, and S is the cross section area of the specimen. Then, while this axial load
was constantly kept on the specimen, it was heated up to an elevated temperature T
(Stage II) and after the temperature was stable for ~20 minutes, it was air cooled to room
temperature (Stage III). In the last stage of the Creep-Cooling tests, the UHSS specimen
was undergone strain-controlled tensile test at room temperature until failure. It is worth

noting that the Cooling tests are a specific version of the Creep-Cooling tests with #=0.

More details about these experiments can be found in the recent papers published by the

authors [6, 8, 9].
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Figure 5-1. Schematic representation of the experimental stages of a) Heat-up tests, b) Cooling
tests and c) Creep-Cooling tests.

5.3. Post-fire stress-strain response

5.3.1. Existing models

A few researchers focusing on the post-fire mechanical response of high strength steels
(HSS) with grades of up to 960 [2, 3, 5] have proposed temperature dependent predictive
equations for the elastic modulus, yield strength and in some cases the ultimate tensile
strength of HSS cooled from fire temperatures to room temperature. However, in the
literature, there is no material model representing a continuous stress-strain relationship
taking into account the realistic post-fire behaviour of steel materials. In recent years, for
the first time, the authors of this paper proposed an empirical model for Grade 1200 UHSS
representing its full post-fire stress-strain curve up to the onset of necking (ultimate

tensile stress, f,) with a single set of parameters [8]. In this model, using the compound
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Ramberg-Osgood equations [21], the following post-fire stress-strain relationship was

developed in terms of the maximum fire temperature T:

£=——+0.002(——)""  for O < fy,qr

cT 02,CT

o= foaer focr — fozer o—fooer (5-1)

e=—— (& 01 Eycr == )( =) +¢,

EO.Z,CT oo EO.Z,CT fu,CT - fo.z,CT et
for fo.z,CT o< fu,CT

where
Eer
EO.Z,CT = E (5-2)
1+0.002n,, —<T

0.2,CT

In Egs. (5-1) and (5-2), € and o are the engineering strain and stress values, respectively.
The CT index represents the parameters of UHSS specimens obtained after cooling from
temperature T to room temperature. The exponential coefficients n and n' are

introduced to take the material nonlinearity into consideration. f;, and f, are the 0.2%
proof stress and ultimate tensile stress, respectively; and &, and &, are their
corresponding strain values. E and E;, are the Young's modulus and the tangent

modulus of the material at 0.2% proof stress, respectively. All these parameters are
defined in terms of the corresponding values at room temperature (with RT index) and
the maximum fire temperature (T) in Ref. [8]. The model has shown to be capable of
accurately and robustly predicting the post-fire stress-strain curve of UHSS cooled from
different fire temperatures and was validated against experimental test results. In spite

of that, this model has the following shortcomings:

1. Combining nonlinear equations in one single relation is computationally expensive;

2. Introducing new parameters like the sustained axial load ratio (/) to the existing

models cannot be easily done;

3. While interpolating the stress-strain curves for fire temperatures (or £ values)

inside the range of those used in the experimental tests can be performed with these

models, extrapolating the curves for a temperature (or £ values) outside the tested

range is usually not possible;
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4. Modifying the relations from stress based (strain defined in terms of stress) to strain
based (stress defined in terms of strain) is very difficult due to the complexity of the

arithmetic equations in these models.

Therefore, it is necessary to develop a material model which overcomes these issues;
especially when the material is subjected to multi-phase loading scenarios, in which
multiple parameters identifying the loading scenario must be taken into consideration.
In this regard, using Bernstein-Bézier equations, Sinaie et al. [22] proposed a material
model for cyclically damaged mild steels subjected to fire and took into account the effect
of damage along with the elevated temperature in their model. In this paper, using the
same technique, it is attempted to develop a material model for the post-fire behaviour
of UHSS which takes into account both maximum fire temperature (7) and the sustained

axial load ratio ( A).

5.3.2. Proposed model

In this study, the stress-strain curves are broken to several pieces, each of which are
represented by a 2nd order Bernstein-Bézier curve. The main advantages of this approach
compared to the case where the entire curve is represented by a higher order Bernstein-
Bézier curve are higher robustness and simplicity. In the following section, the Bernstein-

Bézier equations, which are the basis of the proposed model, are briefly explained.

5.3.2.1. Bernstein-Bézier equations

The Bernstein-Bézier objects of nth order are constructed with the nth order Bernstein

interpolating polynomials which are defined as:

B"(s)=Cls'(1—s)"" (5-3)

nl!

where 0<i<n, 0<s<1and C; ,is the binomial function defined as Cri] = ﬁ
n-i)!

Figure 5-2 presents the 2nd order Bernstein functions, i.e. n=2, which are used in this

study. It can be seen that with 0 <s <1, the values of B’(s) are also bounded between 0

and 1.
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Figure 5-2. Plots of the 2nd order Bernstein polynomials

Using the Bernstein interpolating polynomial function (Eq. (5-3)) and n+1 control points
in a two-dimensional (2D) space, a 2D Bernstein-Bézier curve of degree n can be

expressed as:

P(S)=(R()P(N=D B,  se[o1] (54

where P, =(P,, B, ) are the control points with coordinates being expressed with respect

to the conventional orthogonal reference frame.

In Figure 5-3, a 2nd order Bernstein-Bézier curve created with three control points in a
2D space is illustrated. A noteworthy fact that can be also seen from this figure is that
these curves always pass through the end control points (P, and P, ), but not necessarily

the intermediate control points (P, ). The intermediate control point P, can be found from

the intersection of the tangent lines passing through the end control points. Therefore,
knowing the coordinates of the end control point and the slope of the tangent lines at

those points, a unique 24 order Bernstein-Bézier curve can be constructed.

One of the main advantages of these curves comes from the fact that P, (s)and P, (s) are

indirectly related to each other with an intermediate variable, s. Therefore, assuming
P,(s) as the engineering strain (¢) and P, (s) as the engineering stress (o ), with a minor
computational cost, the strain-based formulation (o = f (¢)) can be easily converted to a
stress-based one (&= f(o)). This characteristic is highly beneficial for finding the

transient stress-induced strain, which is applied in Section 5.4.3 of this paper.
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Figure 5-3. [llustration of the 2nd order Bézier curve created with three control points: Py, P1
and P;

The Bernstein-Bézier equations are also capable of predicting the curve outside the
range of the dataset used for calibration of the model. The method of data extrapolation
is illustrated in Figure 5-4. In this method, assuming that the Bernstein-Bézier curve

constructed by P,, P, and P, control points is known, the curve outside the range is
constructed by Q,, Q, and Q, extrapolated control points. The known curve and the
extrapolated one intersect at P,, thus Q, = P,, and have equal tangents at this point. The
Q, intermediate control point is located on the extension of PP, vector in such a way
that the length of PP, is equal to that of P,Q, (or Q,Q, ). Finally the end control point Q,
is determined by first, finding the X point located on the extension of PP, vector so that
the length of PP, is equal to that of P, X. Then, Q, is found by extending the XQ, vector
in a way that the length of XQ, is equal to that of Q,Q,. The extrapolated control points

can also be derived by the algorithm given in Ref. [22] based on vector arithmetic. It is
obvious that this data extrapolation method works provided that the data change outside
the range continues with the same trend as that inside the data range. Thus, when using
this method in this paper, it is assumed that outside the range of the curves used for
calibration of the model, the stress-strain curves will continue changing with a similar

trend and no unexpected variation of mechanical properties is occurred.
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Figure 5-4. Illustration of data extrapolation technique by the 2nd order Bézier curve

Bézier curves can be naturally extended to higher dimensions. A 3D Bernstein-Bézier

surface can be constructed using m+1 by n+1 control points in a 3D space as:

P(s,,5,) = (P.(s.,8,). P,(5,,5,) P,(5,,5,)) =ZZ B'(s,))B]'(s,)P;, s &s,€[0;1] (5-5)

i=0 j=0

in which, P;=(R,,P,,R;,)are the control points and the Bernstein interpolating

polynomials can be calculated from Eq. (5-3).

An example of a 2d order 3D Bernstein-Bézier surface created with 9 control points is
depicted in Figure 5-5. The end and intermediate control points are represented by circle
and square markers, respectively. Similar to the 2D curves presented in Figure 5-3, the
intermediate control points determine the slope of the surface at end control points in

different directions.
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Figure 5-5. [llustration of the 2nd order Bézier surface in 3D space created with nine control
points

5.3.2.2. Stress-strain curves

In Figure 5-6, typical stress-strain curves obtained from the Creep-Cooling experimental
tests (4 >0) and Cooling tests ( # =0) are presented. The description of the parameters
shown on these curves are given in Refs. [8, 9] in details. It is noteworthy that in Figure

5-6a (S >0), because of the limited space of the plot area, f  and f, are close to each

other and do not necessarily have the same values. In this study, the full stress-strain
curves of the Creep-Cooling tests and the Cooling tests starting from the zero stress (
o =0,6=0) to the ultimate tensile stress (o = f,,& =¢,) are divided to 6 and 4 parts,
respectively. These parts are separated by the end control points of N1cc to N6cc on the
stress-strain curves of Creep-Cooling tests and N1c to N4c on the curves of the Cooling
tests. Each part is then modelled by a 2nd order Bernstein-Bézier curve. An alternative
approach could be modelling the full stress-strain curve with a higher order Bernstein-
Bézier curve; however, to maintain simplicity and have a higher robustness, only 2nd

order curves are taken in this study.

The main difference between the procedure of the Creep-Cooling tests (£ >0) and
Cooling tests (#=0) is that the creep strain caused by the sustained axial load in the

Creep-Cooling tests is not generated in the material during the Cooling tests. Therefore,
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in the Cooling tests both f, and Ag, are equal to zero. To check whether the stress-strain

curve of Figure 5-6a can be considered as a general curve type for the proposed model,

these changes (i.e. f, =0 and Ag, =0) were applied to this curve. In the resulted curve,

N1cc and N2¢c are eliminated and the only remaining difference from the stress-strain

curve of Figure 5-6b would be the pronounced sharp yield point. If in the case of =0, it

is assumed that the stress at N3cc is equal to f, (f,,,, isreplaced by f ) and the one at

y,top

N4ccisequalto fy, (f, ., isreplaced by f,,), the sharp yield pointis eliminated and the

y,bot
stress-strain curve of Figure 5-6a can represent both Creep-Cooling tests and Cooling

tests. Thus, for the case of =0, considering these assumptions, it can be concluded that

in the curves of Figure 5-6, N1¢ =N3cc and N2¢ =N4cc, while N1cc and N2¢c are eliminated.

For a better clarification of the parameters involved in the proposed model, the stress,
strain and tangent modulus values at different end control points on the post-fire stress-

strain curve of Figure 5-6a (as a general curve) are defined in Table 5-1 for all £ ranges
(>0 and g =0).As shown in Figure 5-3, the tangent modulus parameters given in the

table for different end control points determine the slope of the curve at these points.
Thus, using the values of stress, strain and tangent modulus at the end control points of
N1cc to N6cc, six 2" order Bernstein-Bézier curves can be constructed and connected to

each other to form the stress-strain curve of Figure 5-6a (£ >0). However, for
construction of the stress-strain curve of Figure 5-6b ( #=0), since N1cc and N2cc are
eliminated, four 24 order Bernstein-Bézier curves are needed. In the last two rows of
Table 5-1, the independent variables are extracted for both cases of >0 and f=0.1It
can be inferred that 13 independent parameters are needed for definition of the post-fire
stress-strain curve of UHSS subjected to sustained axial loads during the heat-up and
cooling phases of fire (> 0). However, for the case where no axial load is inserted on

the specimens ( # =0), the number of independent variables is reduced to 8. The reason

for this reduction is elimination of N1cc and N2cc control points, and also the fact that ¢
and ¢, strains are dependent variables which are defined in terms of the elastic modulus

(E) and their corresponding stresses, f and f,,, respectively. In Figure 5-6, all

p
dependant and independent variables except for the tangent modulus ones are illustrated

and the independent variables are underlined.
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Figure 5-6.1llustration of the main control points on the stress-strain curve of a UHSS
a)with ($>0) and b)without axial load (=0)
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Table 5-1. The dependent and independent parameters involved in the stress-strain model

Node label of the
End Control Points Nilcc N2cc N3cc N4cc N5cc N6cc
£ >0 f, f, yup oot fosu f,
Stress
B=0 0 0 fp foz fosu f,
0 fy -
ﬂ > gs RT — E Eser = gS,RT + A‘E‘cr gyup 8ybot O'Sgu - A‘S‘t:r &,
Strain
f f
ﬂ =0 0 0 &, = Ep & = 0.002 +% 0'5‘9u &,
ﬁ > 0 E 0 Eyup Eybot EO.5LI 0
Tangent
Modulus
B=0 0 0 E Eo Eos 0
B>0 fE A En s Fp- f. E f. E f
s’ gcr gybot 7 Tybot 7 —ybot 0.5u # =—0.5u gu 7y
Independent Evp
Variables
p£=0 None None fp JE f0.2 i = f0.5u Eosy | €4 fu

5.4. Results and Discussion

5.4.1. Comparison with the experimental stress-strain curves

In this section, the stress-strain curves predicted by the proposed model for the UHSS
cooled from different fire temperatures to room temperature while subjected to different

values of sustained axial load ratio, i.e. =0, f=0.7and £ =0.8, are presented. These

curves are illustrated in Figure 5-7 and compared to the curves obtained from the
experimental tests in Refs. [8, 9]. It is important to note that according to the results
obtained by the authors in Ref. [9], it was shown that lower axial load ratios does not have
a considerable effect on the in-fire/post-fire response of UHSS and the amount of creep
strain induced in the specimens during fire is not significant. However, for load ratios
above 0.7, a small change (e.g. changing from 0.7 to 0.75 or from 0.75 to 0.8) has a
considerable effect on the in-fire/post-fire response of UHSS. In Figure 5-7, the stress-
strain curves of the UHSS cooled from fire temperature T to room temperature with
sustained axial load ratio of f obtained from the experimental tests and the proposed

model are shown as UHSS-CT-B-Exp and UHSS-CT-B-Model, respectively. In case of =0
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, Bis simply removed from UHSS-CT-B-Exp and UHSS-CT-B-Model labels. Also, the stress-
strain curves of the virgin UHSS tested at room temperature obtained from the
experiment and the proposed model are displayed as UHSS-RT-Exp and UHSS-RT-Model,
respectively. From the 3 sets of plots illustrated in Figure 5-7 for f=0, f=0.7and

£ =0.8, it can be observed that the stress-strain curves obtained from the proposed
model are in a very good agreement with those of the experimental tests. It is worth
noting that the strain reversal observed in the horizontal plateau of the stress-strain

curves with >0 (denoted as Ag, in Ref. [9]) is occurred in the material due to the
thermal expansion of the specimen heated to temperature T. The variation of Ag, with
temperature is known from the experiments regardless of the £ values and is not taken

into account by the proposed model. Nevertheless, variation of the thermal strain with

temperature is discussed in Section 5.4.3 of this paper.

In Figure 5-7a ( f =0), to validate the model, the stress-strain curves of the UHSS cooled

from 540°C and 650°C to room temperature are also obtained from the proposed model
and represented by UHSS-C540-Model-Validation and UHSS-C650-Model-Validation
labels. The reason for considering these two curves for validation is that they were not
used for calibration of the model. The good agreement between these curves with the
stress-strain curves of the corresponding experimental curves, i.e. UHSS-C540-Exp and
UHSS-C650-Exp, shows that the model is capable of predicting the post-fire stress-strain

response of UHSS for different maximum fire temperatures of up to 800°C.

Furthermore, since the sustained axial stress values corresponding to S =0.7 and

B =0.8 ratios, i.e. f, =0.8f ., and f, =0.7f g, have very small values, the UHSS-C800-

0.8-Exp and UHSS-C800-0.7-Exp tests could not be conducted experimentally as the
accuracy of the loading machine was lower than these values [9]. However, as shown in
Figure 5-7b and c, the stress-strain curves of the UHSS cooled from 800°C to room

temperature with sustained axial load ratios of f#=0.7 and f=0.8 are predicted by the

proposed model and represented by UHSS-C800-0.7-Model-Prediction and UHSS-C800-
0.8-Model-Prediction, respectively. The control points on these stress-strain curves are
predicted using the data extrapolation technique shown in Figure 5-4. The curves are
then constructed with 2nd order Bernstein-Bézier curves by the piecewise methodology

depicted in Figure 5-6. As mentioned before, the predicted stress-strain curves are
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reliable provided that the mechanical properties on these curves are changed with the

same trend as those of UHSS cooled from lower temperatures. Also, the very sharp

pronounced yield point of UHSS-C800-0.7-Model-Prediction curve in Figure 5-7b is

because the UHSS-C700-0.7-Exp curve has a more pronounced yield point compared to

the UHSS-CT-0.7-Exp curves with lower maximum fire temperatures (T). Therefore,

following the same trend, the model predicted a pronounced yield point for UHSS-C800-

0.7-Model-Prediction curve. However, as can be seen from Figure 5-7c, since the shape of

the yield point on UHSS-CT-0.8-Exp curves does not change dramatically as T increases,

the yield point of UHSS-C800-0.8-Model-Prediction curve is not very different from the

other curves of this figure.
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Figure 5-7. Comparison of stress-strain curves of the proposed model and the test data for the
UHSS cooled from different fire temperatures a) without axial load ($=0) and with axial load
ratios of b) $=0.7 and c) =0.8
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In order to illustrate the 2D stress-strain curves presented in Figure 5-7 in such a way
that maximum information is presented in a single plot, 22d order Bernstein-Bézier
equations in 3D space are employed. Thus, using these equations, Figure 5-8 depicts the
3D stress-strain-temperature surfaces of UHSS cooled from fire temperatures while
subjected to different values of sustained axial load ratio during heat-up and cooling
phases, i.e. =0, f=0.7and £ =0.8. The temperature (T) shown on these plots is the
maximum fire temperature the specimens experienced during fire. Also, for construction
of these surfaces, stress has been considered as a dependant variable in terms of the
independent variables of strain, maximum fire temperature (7) and the axial load ratio
. Similar to the method used for construction of 2D stress-strain curves (Figure 5-6), a
piecewise approach is employed for these surfaces. The contours shown on the surfaces

of Figure 5-8 divide them into different 2nd order Bernstein-Bézier surfaces (Figure 5-5)

modelled between different end control points.
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Figure 5-8. Stress-strain-temperature surfaces obtained from the proposed model for
UHSS cooled from different fire temperatures, a) without axial load (f=0) and with axial
load ratios of b) $=0.7 and c) $=0.8.
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5.4.2. Mechanical Properties

In this section, to better demonstrate the accuracy of the proposed model, variation of
some important post-fire mechanical properties with the maximum fire temperature (7)
obtained from the experimental tests and the proposed model are compared. Figure 5-9

illustrates the variation of the yield stress ( f, ), the yield strain (&, ), the ultimate tensile
stress ( f,) and the uniform elongation ( &,) with the maximum fire temperature (T) for

UHSS cooled from fire to room temperature without any sustained axial load (£ =0). In

this figure, in addition to the mechanical properties obtained from the Model (Model data
series), the experimental test results (called as Experiment data series) are also shown
on each plot to show the accuracy of the model. It can be seen that for most maximum fire
temperatures, the Experiments data series are in a good agreement with the modelled
mechanical properties variation. However, for the UHSS cooled from 750°C to room

temperature, while the ¢, and ¢, strains predicted by the proposed model match the
experimental data, the modelled f, and f, stresses for this temperature do not

accurately overlap with those obtained from the experiments. As explained in Ref. [8],
when UHSS is subjected to ~750°C, phase transformation is stabilised and the material
experiences no more strength reduction when cooled from temperatures above ~750°C.
Since this behaviour depends on the chemical composition of the material, it was

expected that the model cannot predict it.
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Figure 5-9. Variation of the a) yield stress (f;), b) yield strain (&), c) ultimate tensile stress (f.)
and d) uniform elongation (&,) of UHSS cooled from different fire temperatures without axial
load (=0) obtained from the Model compared with those resulted from experimental tests

As another set of examples showing the variation of the mechanical properties modelled

by the proposed method, variation of the lower yield stress ( f,,, ), the lower yield strain
(&0t ), the ultimate tensile stress (f,) and the uniform elongation (&,) with the
maximum fire temperature for the UHSS cooled from different fire temperatures with
sustained axial load ratio of f=0.8 are depicted in Figure 5-10. The mechanical

properties obtained from the experimental tests performed in Ref. [9] (Experiment data
series) are also illustrated to verify the model. It is important to note that the model
assumes no variation in the mechanical properties of UHSS cooled from temperatures

below 300°C to room temperature while subjected to axial load ratio of f=0.8. This

assumption is made based on the fact that there is no strength reduction due to maximum

fire temperature for UHSS cooled from temperatures equal and below 300°C and so there
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is no change in the transient creep strain which is the main reason for the variation of the
mechanical properties during the Creep-Cooling tests. Thus, as mentioned in Ref. [9], the
stress-strain curve of UHSS cooled from 300°C to room temperature with £ =0.8, does
not have a considerable difference with those cooled from lower temperatures with the

same axial load ratio.
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Figure 5-10. Variation of the a) lower yield stress (fj»o:), b) lower yield strain (&y»0:), c) ultimate
tensile stress (f.) and d) uniform elongation (&,) of UHSS cooled from different fire
temperatures with sustained axial load ratio of $=0.8 obtained from the Model compared with
those resulted from the experimental tests

5.4.3. Derivation of creep strain

When a material is subjected to a constant stress during a simulated fire, the total strain
experienced by the material is a mixture of different strain components. Thus, it is not
possible to extract the variation of the pure creep strain (¢, ) it has experienced with the
fire temperature from the pure experimental tests data. In this study, it is attempted to

derive the ¢, strain of the UHSS subjected to different constant stress levels during a
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transient fire using the experimental tests results and the capabilities of the proposed

model.

The total strain (&, ) of a material at elevated temperatures includes three general
parts: the free thermal strain (¢, ), the stress-induced strain (¢, ) and the creep strain (

&, ) as shown in the following expression:
Eoa (0, T) =6,(T)+&,(0,T)+&,(0,T) (5-6)

in which, ¢, is only a function of temperature (T), while ¢_ and ¢, are functions of both

stress (o ) and temperature (7). Derivation of these strain components are explained in

the following sections.

Thermal strain (s, ):

In order to derive the thermal strain (&, ) of Grade 1200 UHSS during a transient fire, the

total strain recorded during the heat-up phase (Stage I of Figure 5-1a) with maximum fire
temperature of 700°C, i.e. UHSS-H700, is used. During the heat-up phase, since the testing
machine operated under load control while the load remained constant at zero, the

recorded strain represents the ¢, strain of UHSS. In other words, considering the total

strain (&,

) defined in Eq. (5-6), since the stress level is set to zero, ¢, and ¢, strains

are obviously disappeared and as a result: ¢

total — 8th '

In Figure 5-11, the variation of the thermal strain (¢,) of Grade 1200 UHSS with

temperature is illustrated. In this figure, the thermal strain of the UHSS material used in
this study is also compared to some other steel types including the carbon mild steel and
stainless steels from the available references, i.e. Eurocode 3 [23] and [24]. It can be seen
that while the thermal strain of UHSS is very close to that of high chromium content
stainless steel (AISI 430) [24], it is lower than that of the carbon mild steel (Eurocode 3
[23]) and has a considerable difference with that of the austenitic stainless steel reported

in Eurocode 3 [23].
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Figure 5-11. Thermal strain of UHSS compared to mild steel and stainless steels

Stress-induced strain (¢_):

One of the main advantages of constructing stress-strain-temperature surfaces is that by
cutting planes with specific conditions through these surfaces, the interface curves satisfy
those conditions. These planes can be horizontal planes specifying different constant
stress levels while the interface curves show the variation of strain with the fire
temperature at those stress levels. This is equivalent to the stress-induced strain

response (& ) in a transient fire test, in which the temperature of the material increases

while the stress is kept constant. However, in order to have a meaningful strain-
temperature curve, instead of the post-fire stress-strain-temperature surfaces shown in
Figure 5-8, that of UHSS tested at fire temperatures and shown in Figure 5-12 is used.
Then, the interface curves resulted from the intersection of horizontal planes with this
surface represent the strain-temperature response of UHSS in transient fire under
different constant stress levels. Alternatively, these curves can be simply obtained by
considering the strain as the dependant variable and finding it in terms of the
independent variables of stress and temperature. Noting that previously, the stress was
considered as the dependant variable, while here the stress is assumed to have a constant

value.
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In Figure 5-13, the stress-induced strain-temperature (&, —T ) responses obtained from
the present model for 4 different constant stress values includingo =94MPa,
o=272MPa, oc=449MPaand o =624MPa are illustrated. These stress values are

equivalentto 0.8f ,,, (or 0.08f, ), 0.8, ¢ (or 0.23f, o1 ), 0.8f,;, (or 0.38f;, ;) and

0.8f, 470 (or 0.53f, o ), respectively.
Creep strain (&, ):

From the heat-up stage of the Creep-Cooling tests with £ =0.8 [9], variation of the total
strains of UHSS with temperature in a transient fire under these constant stress values
are obtained. If the thermal strain of UHSS shown in Figure 5-11 is subtracted from the
total strains, based on Eq. (5-6), the resulted strains can be written as:

(o —&n) = (&, +&,). In Figure 5-13, the (&, —&,) strain values for the 4 constant

otal
stress values obtained from the experiments are also plotted. By comparing the curves
obtained from the model with those obtained from the experiments, it can be seen that
while they match well up to a certain temperature, after that temperature they diverge.
The strain-temperature curves derived from the experimental tests include the stress-
induced strain and the creep strain, i.e. (¢, + &, ). However, since the thermal strain has
been removed from the stress-strain curves of the UHSS specimens tested at different
elevated temperatures (they start from zero strain and zero stress), the strain-
temperature curves obtained from the model represent only the stress-induced strain

(¢,). Thus, this difference between the curves in each plot represents the creep strain
(¢,) experienced by the material during fire due to the existence of constant axial load.
In Figure 5-14, the values of ¢_ obtained from the model are subtracted from the curves
of (&g —&n) = (€, + &) obtained from the experiments. As a result, this figure shows the
variation of ¢, with temperature for the UHSS subjected to transient fire under different

constant stress values. It can be seen from the curves of this figure that below ~450°C,

for all constant stress values, the creep strain (¢,) induced in the UHSS under transient
fire is almost zero. However, for fire temperatures above ~450°C, the value of ¢,

depends on the magnitude of the stress applied to the specimen. For instance, considering

T=470°C temperature, the value of ¢_ is only considerable for the case of o =624MPa,
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where the stress is equivalent to 80% of the capacity of UHSS at 470°C, i.e. 0.8f_ . For
lower stress values, since they are well below the value of f, ,,, for UHSS, negligible ¢,
is induced in the material. Similarly, at T=540°C, the ¢, caused by stress values below
o =449MPa (or 0.8f ), are considerably lower than that induced in the UHSS in the

case of o=449MPa. Noting that the UHSS subjected to o =624MPa during fire, is

already failed at T=540°C, as this stress value is higher than the ultimate capacity of UHSS

at 540°C ( f, s, ). Same reasoning is repeated for other fire temperatures. Also, it can be
seen from Figure 5-14 that as the fire temperature (7T) increases up to 700°C, the ¢,

values induced in the UHSS under o =0.8f;, are amplified up to 10 times.

B=0

Stress (MPa)

Figure 5-12. Stress-strain-temperature surfaces obtained by the proposed model for
UHSS at different fire temperatures without axial load (5=0)
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Figure 5-13.Comparison of the (&, + &, ) strain in transient fire obtained from the

experiments with the instantaneous stress-induced strain (&,) predicted from the

proposed model, for UHSS under different constant stress levels including: a)94MPa,
b)272MPa, c)449MPa and d)624MPa
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Figure 5-14. The creep strain (&) obtained from the proposed model and the experiments

of Ref. [9] for UHSS subjected to different constant stress levels in transient fire

5.5. Conclusion

In this paper, Bernstain-Bézier functions were used to present the relationship between
the stress, strain, the maximum fire temperature and the sustained axial load ratio for the
UHSS tested at room temperature after cooling from different fire temperatures. The
model was calibrated and validated with the experimental test results recently obtained

by the authors of this paper in Refs. [6, 8, 9]. The model has the following main features:

1) It is capable of both interpolating and extrapolating the post-fire stress-strain
curves.

2) It relates the post-fire stress-strain curves with both the maximum fire
temperature and the axial load ratio.

3) By finding the interface curve between the o =constant surface and the in-fire
stress-strain-temperature surface or switching the dependent variable from

stress to strain, it can predict the instantaneous stress-induced strain (¢_) of the

UHSS subjected to o =constant in a transient fire.
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Therefore, although the proposed model may not seem as user friendly as other empirical
models, due to its simple nature and not having nonlinear exponents, interchanging
parameters can be easily conducted. This is highly beneficial in multi-phase loading
scenarios for derivation of the creep strain as a very critical parameter required for the
thermal analysis of steel structures; whereas in the available empirical models (i.e.
Ramberg-Osgood, etc.), one cannot get the creep strain from the explicit relations. In this

paper, knowing &_ in terms of the stress and temperature from the proposed model, the
free thermal strain (g,,) of UHSS as a function of fire temperature and the total strain
(&) Obtained from the experimental test results obtained in Ref. [9], the variation of
creep strain (&) of UHSS with the fire temperature for different constant stress levels

were obtained. In all cases, a good agreement was achieved between the results predicted
by the model and those obtained from the experimental tests. Obviously, for using the
model for other types of steels (with different chemical compositions and manufacturing
processes), similar to any other constitutive model (Ramberg-Osgood, etc.), calibration

against a certain number of experimental tests must be conducted.

This paper provides the necessary inputs for modelling a structural component
composed of UHSS material under fire/creep multi-phase loading scenario. Thus, it is a
powerful model which can be used in research particularly aligned with finite element
commercial packages such as ABAQUS, ANSYS, etc. The methodology can be extended to
more and more applications like those included in Ref. [22]. Using the dataset provided
in this paper together with those reported in the previous publications [6, 8, 9], the
authors are now developing design recommendations for UHSS tubes under in-fire/post-

fire conditions which is expected to be included in future publications.
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Abstract

Ultra-high strength steels (UHSS) with nominal yield strength of up to 1200MPa have
many potential applications in engineering fields. However, due to inadequate knowledge
on the mechanical behaviour of these materials under extreme loading conditions (e.g.
severe temperature changes), their extent of application in civil construction has
remained restricted. This paper characterises the mechanical properties of Grade 1200
UHSS under extreme cooling conditions, which is defined as cooling from fire
temperatures with an extreme cooling rate or cooling from ambient state to sub-zero
temperatures. In order to simulate the extreme cooling rate, UHSS standard dog-bone
specimens are heated up to different fire temperatures and cooled to room temperature
using water-quenching (WQ) technique. To evaluate the effect of extreme cooling rate on
the post-fire mechanical response of the tested materials, the residual mechanical
properties of water-quenched specimens are compared to the air-cooled (AC) ones for
different fire temperature exposures. For simulation of extreme cooling temperatures,
the test specimens are cooled to sub-zero temperatures using Liquid Nitrogen (LN)
injection. The changes in the mechanical properties of the tested specimens are then
quantified and discussed. In both set of experiments, the mechanical behaviour of UHSS
under extreme cooling conditions is compared to the common structural steels.
Microstructural evaluation of UHSS tested specimens are also presented using optical and

scanning electron microscopy (SEM) techniques.

Key Words: ultra-high strength steel; fire; cooling rate; water quenching; sub-zero

temperature
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6.1. Introduction

In order to minimise the weight of the structures and optimise the labour and
transportation costs, ultra-high strength structural steels (UHSS) have recently been
introduced as a promising construction material for energy efficient structural members
[1-4]. In order to safely use these materials in civil engineering applications, their
mechanical behaviour under different loading scenarios must be accurately known [5-
13]. Considering fire as a common extreme loading scenario that can significantly damage
the structure, understanding the behaviour of any construction material during this

hazard is necessary.

In recent years, to investigate the effect of different parameters including maximum fire
temperature, creep strain, steel grade, etc., on the mechanical properties of Grade 1200
UHSS material during fire and after cooling to room temperature, extensive experimental
tests have been performed [3, 14-17]. With the main focus of these tests being on the
residual mechanical properties of UHSS after cooling from fire to room temperature, it
was concluded that the primary models proposed for the post-fire mechanical behaviour
of mild steel [18, 19] are not applicable for all grades of steel and for all temperature
ranges . It was also shown that there is a considerable reduction in the residual strength
of UHSS cooled from fire temperatures of above 450°C [3, 14, 16]. In these studies, based
on the thermodynamic stability of the phases present in UHSS, it was discussed that the
mechanical behaviour of this material is very different in the two temperature regimes:
the low temperature regime (up to ~700°C), and the high temperature regime (above
700°C). Based on the obtained results, it was observed that in low temperatures, while
the changes in the post-fire residual strength of UHSS mostly depends on the maximum
temperature reached, they are almost insensitive to the cooling rate. However, in the high
temperature regime, it was predicted that the UHSS residual strength will be highly
dependent on the cooling rate from elevated temperatures. The reason behind these
conclusions were explained based on the phase diagrams, where in low temperatures,
the identities of the phases present in the microstructures of the UHSS reached fire are
not changed, and only the configuration and size of the microstructural grains are
changed. However, due to formation of a new phase at high fire temperatures, depending
on how fast the UHSS cools from fire, the residual strength of the material can

significantly change. Some researchers in the field of civil engineering have so far

CHAPTER 6]163



investigated the effect of cooling rate on the residual mechanical properties of steel
materials after being cooled form different temperature regimes [20, 21]. Wang et al. [21]
investigated the post-fire mechanical properties of high strength Q460 steel (HSS-Q460),
including the yield strength, ultimate strength, uniform elongation and the elastic
modulus, after exposure to fire temperatures of up to 900°C. In their study, two cooling
methods of natural air-cooling and water-quenching were considered. They concluded
that while the cooling method does not have a considerable effect on the yield strength
and elastic modulus of the HSS-Q460 specimens cooled from fire to room temperature, it
has a major effect on the ultimate tensile strength and uniform elongation of the HSS-
Q460. According to their results, the ultimate tensile strength of the HSS-Q460 specimen
water-quenched from 900°C to room temperature, is ~34% higher than the air-cooled
one. However, the uniform elongation of the same water-quenched specimen is ~51%
lower than the air-cooled one, meaning that the material becomes less ductile when
cooled from fire with an extreme cooling rate. It was finally concluded that the effects of
cooling method and even the maximum fire temperature on the residual mechanical
properties of HSS-Q460 are only significant for temperatures above 700°C. In 2016, Aziz
et al. [20] performed a similar study and evaluated the effect of fire temperature and
cooling method on residual mechanical properties of ASTM A572 steel (high strength low
alloy steel with original yield strength of 450MPa) after exposure to fire temperatures of
up to 1000°C. According to their results, regardless of the method of cooling, the A572
steel cooled from fire temperatures of up to 600°C, recovers almost 100% of its original
room temperature yield strength and ultimate tensile strength. However, this material
loses ~40% of its yield strength when air-cooled from 800°C to room temperature and
~25% when water-quenched. In addition, the ultimate strength of A572 steel, only
reduces when air-cooled from temperatures above 600°C and does not change when
water-quenched from these temperatures. Similar to the results obtained in Ref. [21], the
elastic modulus of A572 is fully reversible for all temperatures and both cooling methods.
This result was quite expected as the elastic modulus of steel only depends on the

temperature at which the material is tested [22].

From the literature, it is understood that the effect of cooling rate on residual mechanical
behaviour of steel materials (especially high-strength steels) becomes significant after

exposure to a certain temperature, which is the start of the high fire temperatures range.
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This paper mainly aims to investigate the effect of extreme cooling rate on post-fire
mechanical behaviour of Grade 1200 ultra-high strength steel (UHSS) cooled from high
fire temperatures. To this end, the UHSS standard dog-bone coupons extracted from cold-
formed welded UHSS tubes are heated up to different fire temperatures and cooled to
room temperature using water-quenching and their residual mechanical properties
including stress-strain curves, strength and ductility are compared to those of naturally
air-cooled samples obtained in Ref. [16]. Similar tests are carried out on Grade 800 high
strength steel (HSS) and Grade 350 mild steel (MS) and the effect of steel grade is
discussed. For a more clear justification of the obtained results, a microstructural
evaluation is performed on the bulk microstructure of some air-cooled and water-

quenched materials.

In line with the purpose of simulating the extreme cooling conditions, this paper also
investigates the mechanical behaviour of UHSS (as the main purpose), HSS and MS (for
comparison purposes) cooled from room temperature to harsh low temperatures, i.e.
sub-zero temperatures. As a common application of this goal of the study, it can be
referred to the safety of critical offshore structures such as oil platforms, which require
steel capable of exhibiting high load capacity while maintain structural integrity at very
low temperature [23]. Although the general qualitative behaviour of these materials at
sub-zero temperatures are quite predictable without performing experimental tests,
quantifying the exact mechanical properties of them under harsh low temperatures is
necessary for the design of offshore structures. It is noted that the design codes such as
NORSOK standards only provide limited guidance on the requirements for steels at

temperatures of down to -14°C [24].

In this paper standard dog-bone UHSS, HSS and MS steels are cooled to sub-zero
temperatures of as low as -80°C and after conducting quasi-static tensile tests on them,
their mechanical properties are measured and compared to the original room

temperature values.
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6.2. Experimental tests

6.2.1. Test Specimens

The chemical compositions of the three grades of steel studied in this paper, i.e. Grade
1200 UHSS, Grade 800 HSS and Grade 350 MS, are presented in Table 6-1. To conduct
quasi-static tensile tests on the specimens, standard dog-bone specimens are extracted
from the steel tubes using water-jet cutting. The nominal diameter and wall thickness of
steel tubes are 76.1lmm and 3.2mm, respectively. Figure 6-1 shows the geometry,
dimensions and location of the specimens extracted from the tubes. It is important to note
that all the steel tubes used in this study are cold-formed welded tubes. Also, the UHSS
and HSS tubes are manufactured by the unique direct quenching method developed by
SSAB manufacturing company, in which the material is quenched only in one stage [3, 14,

16].

Table 6-1. The chemical compositions of tested materials (wt %)

Material C Si Mn P S Cr Ni Mo B Al
UHSS 0.230 | 0.800 | 1.700 | 0.025 | 0.015 | 1.500 | 1.000 | 0.500 | 0.005
HSS 0.100 | 0.250 | 2.100 | 0.020 | 0.010 0.015

MS 0.230 | 0.400 | 1.350 | 0.040 | 0.050
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Figure 6-1.a) Geometry and b) location of test specimens sectioned from the steel tubes

6.2.2. Testing Method

The extreme cooling conditions are defined as: 1) the case where the material cools from
fire temperatures with an extremely high cooling rate compared to the natural air-

cooling; and 2) the case where the material cools from the ambient state to sub-zero
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temperatures. Two sets of tests are designed to simulate the aforementioned conditions,
respectively, including: 1) water-quenching cooling tests, and 2) sub-zero temperature
tests. Each test is conducted at least twice. However, if the difference between the results

obtained from two similar tests is more than 3%, additional tests are conducted.

6.2.2.1 Water-quenching cooling tests

This set of tests are designed to simulate the extreme cooling rate from fire temperatures
to room temperature. First, the specimen is located inside the SF-16 split furnace
installed on the Instron 5982 100kN testing machine which heats the specimen up to
900°C at arate of ~20°C/min. Three thermocouples are attached to three points (a, b and
c) on the gauge length of the dog-bone specimen (Figure 6-1) to record the temperature
of the specimen during fire. In order to attach the thermocouples to the specimen, a heat-
resistant wire is wrapped around them on the grips of the loading machine in a way that
the axial movement of the specimen is not limited. The temperature of the specimen is
stabilised once the thermocouples’ temperature remains constant for ~20 min. The door
of the furnace is then opened and using a long heat-resistant plier, the heated specimen
is taken out of the furnace and is subsequently quenched into the water inside a metal
bucket such that its temperature drops very quickly to room temperature. This procedure
from the time the door of the furnace is opened to the time the specimen is soaked into
the water takes ~13 seconds. Thus, the simulated cooling rate from different fire
temperatures is ~54-62 °C/sec (~3240-3720 °C/min). Note that the average rate for the
natural air-cooling is about ~20°C/min. After accurately measuring the dimensions of the
cooled specimen, it is subjected to strain controlled quasi-static tensile test using Instron
5982 100kN testing machine with an applied strain rate of 0.005+0.002min™" [25] until
failure. The strain of the specimen during the tensile test is recorded using the contact
extensometer. The main components of the apparatus of this set of tests (the furnace,
testing machine, thermocouples and the extensometer), are the same as those used in Ref.

[16] for the natural air-cooling tests.

6.2.2.2 Sub-zero temperature tests

Sub-zero temperature tests are performed to simulate extremely low temperature

exposures on the UHSS specimens. After accurately measuring the dimensions of the
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specimen, it is gripped inside Instron environmental chamber mounted on the Instron
5982 100kN testing machine. Similar to the water quenching cooling tests,
thermocouples are attached to the back of the gauge length of the specimen while a strain
gauge is attached to the middle of the specimen’s gauge length to monitor and record the
strain. The temperature inside the environmental chamber is then dropped at a rate of
10°C/min by injecting liquid nitrogen into the insulated chamber. The Instron
environment chamber comes with an automated built in temperature controlling system
that is used to control the inflow of liquid nitrogen and hence the temperature. During
the cooling of the specimen, the testing machine is operating under load control so that
its upper jaw could displace to accommodate the shrinkage of the specimen due to
temperature reduction while the load is remained close to 0 kN. Upon reaching the
desired temperature in the environmental chamber, the specimen is allowed to settle in
its new environment for further ~20mins to ensure that it reached the target
temperature. Following the achievement of the target temperature, quasi-static tensile
test is carried out with an applied strain rate of 0.005+0.002min"*[25] until failure. The

test setup used for this set of tests is schematically illustrated in Figure 6-2.
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Figure 6-2. Test setup for sub-zero temperature tests
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6.3. Results and Discussion

In order to study the mechanical response of UHSS tubes under extreme cooling
conditions, the stress-strain curves, characteristic tensile strengths, and parameters
indicating the ductility of the tested specimens are discussed. In addition to the ultimate

tensile strength ( f,), the characteristic tensile strengths are defined as the tensile

strengths at certain strain levels including 0.2%, 0.5%, 1.5% and 2.0% strains and are

shown as f,,, f,;, f,; and f,,. Illustration of the aforementioned strain and strength
values are presented in Figure 6-3. As can be understood from this figure, unlike the f,;
and f,, strengths for which the total strain (both elastic and plastic strains) are
considered, the f;, and f,; strengths are calculated by excluding the elastic strain. It is

also important to note that in most research works, the elastic strain in not excluded for

derivation of f,. strength [26, 27]. However, since the 0.5% strains of the stress-strain

curves obtained from this research are usually within the yield stage, the elastic strain for

this strength is excluded in this paper.

Stress (MPa)

02 05 ¢ 15 2.0 g,

Strain (%)

Figure 6-3. Description of characteristic tensile strengths and strains on a typical
stress-strain curve
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6.3.1. Stress-strain curves

The stress-strain curves of the UHSS specimens after water-quenching (WQ) cooling tests
are presented in Figure 6-4. In order to understand the effect of the extreme cooling rate,
i.e. water-quenching, the stress-strain curves obtained in Ref. [16] for the UHSS
specimens cooled from different fire temperatures to room temperature with natural air-
cooling (AC) method are also included in this figure. The UHSS-CT-AC and UHSS-CT-WQ
labels represent the UHSS specimens cooled from fire temperature T to room
temperature with natural air-cooling and water-quenching methods, respectively. Also,
the UHSS-RT curve represents the virgin UHSS specimen tested at room temperature.
The stress-strain curves are reported up to the onset of necking. The reason for not
showing these curves after necking is that due to the changes in the specimen’s cross
section during necking, the engineering strain readings in this region are not accurate as
they are not uniform. By comparing the stress-strain curves obtained for the UHSS
specimens cooled from different fire temperatures with both cooling methods, it is seen
that cooling rate does not affect the results for UHSS cooled from 600°C to room
temperature. This is because 600°C is not in the temperature range where the identity of
the phases present in UHSS are changed. Therefore, the water-quenching cooling tests for
fire temperatures below 600°C are not presented as the cooling rate, even at its extreme
condition, does not affect the results. It can be observed from UHSS-C750-AC and WQ
stress-strain curves, and UHSS-C800-AC and WQ curves that for the UHSS cooled from
750°C and 800°C to room temperature, the water-quenching cooling method results in a
much higher residual strength compared to the natural air-cooling method. From
comparison of UHSS-C750-AC and WQ stress-strain curves, it can be also inferred that
the UHSS material water-quenched from 750°C experiences much less uniform
elongation compared to the air-cooled one, meaning that the higher cooling rate from this
temperature makes UHSS comparatively less ductile. On the contrary, it can be seen from
Figure 6-4 that unlike 750°C and 800°C temperatures, the strength of the UHSS specimen
cooled from 700°C with water-quenching technique (UHSS-C700-WQ) is ~13% lower
than that of the air-cooled specimen (UHSS-C700-AC). This shows that similar to 600°C
fire temperature, 700°C is not in the temperature range where the identity of the phases
in UHSS microstructure are not significantly changed and probably only a small amount

of austenite is formed at this temperature. For better comparison of the results obtained
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from the UHSS water-quenched and air-cooled from 700°C, microstructural evaluation

has been conducted (see Section 6.4).
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Figure 6-4. Stress-strain curves of UHSS specimens tested at room temperature after
being cooled from various fire temperatures using different cooling methods: Air Cooling
(AC) and Water Quenching (WQ)

In Figure 6-5, the stress-strain curves of the UHSS specimens cooled from room
temperature to sub-zero temperatures are presented. The UHSS-C(-40) and UHSS-C(-80)
curves represent the stress-strain curves of the UHSS specimens cooled from room
temperature to -40°C and -80°C, respectively. The reason that only these two sub-zero
temperatures are considered is that the minimum temperature the environmental
chamber can be cooled to is -80°C and lower temperatures are not practical in civil
engineering applications. In addition, the variation of strength is not very significant and
thus only two temperature suffices to show the trend and analyse the behaviour of UHSS
atlow temperatures. Comparing the three stress-strain curves shown in Figure 6-5, it can
be seen that considering the linear elastic stiffness of all three materials to be constant in
their respective nature, their mechanical properties are found to be affected by
decrements in temperature. As expected, by decreasing the temperature down to -80°C,

the UHSS material becomes less ductile, meaning that it finds higher strength and a
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considerably lower uniform elongation. It is worth noting that the importance of
performing these tests is mainly to quantify the decrease in ductility of UHSS under sub-

zero temperatures which is presented and discussed in section 6.3.3.
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Figure 6-5. Stress-strain curves of UHSS specimens tested at sub-zero temperatures

6.3.2. Strength

To evaluate the changes in the residual strength of the water-quenched UHSS specimens
compared to the original strength values, the characteristic strength values obtained
from water-quenching cooling tests (noted by WQ index) are normalised with respect to
those obtained for the virgin UHSS at room temperature (noted by RT index) and
presented in Table 6-2. It can be inferred from the results of this table that for UHSS
specimens water-quenched from temperatures below 750°C, the values of the
characteristic strengths at different strain levels do not vary for a constant temperature.
However, these values change significantly for 750°C and 800°C temperatures, which
shows the difference between the strain hardening progress of the UHSS specimens
water-quenched from these temperatures and the original ones tested at room
temperature. Also, comparing the strength values of WQ cooling tests for 600°C and
700°C temperatures, a considerable reduction can be observed, which is the same

behaviour that reported for the air-cooled UHSS specimens in Ref. [16]. The f o /s ar
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and f,,,,/f, . values of the UHSS water-quenched from 750°C, however, do not exhibit

a considerable difference from those for the 700°C. Because of the greatly extended
elastic-plastic transition in the C750-WQ curve, the strength values at lower strain levels

( foomo/ fozer and fogyo / foser ) are less than those of all other temperatures. The reason

of not reporting the strength at the 2.0% strain level for this test was the small uniform
elongation value in the UHSS-C750-WQ curve that did not allow the UHSS to experience
2.0% strain prior to necking. The general trend of the residual strength variation with
respect to the maximum fire temperature in water-quenching cooling tests must be
categorised into temperatures equal or below 700°C, i.e. low fire temperatures, and above
700°C, i.e. high fire temperatures. In low fire temperatures, similar to the air-cooled
samples, water-quenched samples are also experiencing a reduction in the residual
strength values as the temperature increases. However, for the UHSS specimens cooled
from high fire temperatures with water-quenching technique, a general trend cannot be
accurately defined as new phases are formed and transformation of the phases during
cooling from these temperatures is strongly dependent on the cooling rate. In Section 6.4,
the relationship between these temperature ranges and the phases present in the

microstructure is explained more deeply.

In Table 6-3, for better understanding of the extreme cooling rate effect, the ratio of the
residual strength values of UHSS water-quenched from different fire temperatures
(noted by WQ index) with respect to the air-cooled ones (noted by AC index) are
presented. The results of the UHSS cooled from 600°C to room temperature clearly show
no dependence on the cooling rate. For the 700°C temperature exposure, the water-
quenched UHSS specimens exhibit an average of ~16% less strength than the air-cooled
ones. To understand the reason behind this unexpected behaviour, comparison of the
bulk microstructure of the air-cooled and water-quenched samples are performed in the
next section to provide more insights into this phenomenon. Moving on to high fire
temperatures, i.e. above 700°C, it can be seen that the ratio of the strength values of the
water-quenched specimens to those of air-cooled UHSS specimens signifies the strong
effect of the cooling rate on the residual strength of UHSS after fire. For the UHSS
specimens water-quenched from 750°C and 800°C to room temperature, respectively, the

strength values are in average ~35% and ~70% higher than the air cooled ones.
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Table 6-2. Variation of strength of UHSS after cooling down from various fire temperatures by
water-quenching (WQ) method with respect to that of virgin UHSS at room temperature (RT)

Temperature 600°C 700°C 750°C 800°C
fO.Z,WQ
2 0.67 0.47 0.26 0.34
fO.Z,RT
f
RRLLISS 0.69 0.46 0.35 0.44
f0.5,RT
fl.5,WQ
IR 0.68 0.47 0.49 0.56
fl.S,RT
fZ.O,WQ
RS 0.67 0.47 0.58
f2.0,RT
fu,WQ
0.69 0.50 0.49 0.66
u,RT

Table 6-3. Ratio of strength of UHSS after cooling down from various fire temperatures by
water-quenching (WQ) method and natural air-cooling (AC)

Temperature 600°C 700°C 750°C 800°C

f

22 1.03 0.82 1.00 1.32
fO.Z,AC

f

RLLSE 1.01 0.81 1.30 1.65
fO.S,AC

f1.5,WQ

B 1.01 0.84 1.78 1.97
fl.S,AC

f

oW 1.01 0.85 1.92
fZ.O,AC
f

e 1.01 0.87 131 1.60
fu,AC

To quantify the changes in strength of the UHSS cooled from the ambient state to harsh
low temperatures, the strength values at different strain levels for UHSS specimens tested

at sub-zero temperatures (noted by SZ index) are normalised with respect to the room
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temperature values as presented in Table 6-4. It can be seen that in average, the strength

increases up to 8% and 12% when cooled to -40°C and -80°C, respectively.

Table 6-4. Variation of strength of UHSS at sub-zero temperatures

Temperature -40°C -80°C
f0.2,SZ
1.053 1.105
f0.2,RT
fos,sz
1.079 1.119
fO.S,RT
f1.5,SZ
1.057 1.107
fl.S,RT
f2.0, Sz
f2.0,RT
fu,SZ
fugr 1.033 1.085

6.3.3. Ductility

The ductility of a material can be evaluated by different parameters depending on its
application. In this paper, one reason to evaluate the ductility of UHSS under extreme
cooling conditions is to determine if the material can develop sufficient plastic
deformation under these conditions. The civil engineering codes of practice including
AS4100 [28], AS/NZS 4600 [29] and Eurocode 3 [30] have set some requirements, among

which, the ratios of f,/f,, and ¢,/e, are discussed in this study. Note that in order to

develop sufficient plastic deformation to perform plastic analysis on mild steel structures,

AS4100 [28] and Eurocode 3 [30] standards require f,/f,,>1.2, while AS/NZS 4600

[29] suggest f,/f,, >1.08.Eurocode 3 [30] also sets a minimum limit of 20 for gu/gy .

The ratios of f,/f,, and ¢,/¢, for UHSS cooled from different fire temperatures with

water-quenching technique (noted by WQ index) are illustrated in Table 6-5. From the

values of f,/f,, presented in this table, it can be seen that for all the specimens water-

quenched from different fire temperatures, this ratio is within the limits set out by the

standards, as the minimum ratio is 1.21 (above both 1.08 and 1.2). However, looking at
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the ratio of gu/gy obtained from the water-quenching tests, it can be seen that the UHSS

specimens do not meet the requirement suggested by Eurocode 3 [30], as neither of them

are above 20.

Table 6-5. Variation of the ratios of f,/f,, and 8u/€y after cooling from different high fire

temperatures
Temperature 600°C 700°C 750°C 800°C
(f,/ fo2Dwo 121 1.25 2.17 2.25
(&./€ o 10.53 11.88 4.90 18.11

To better understand the effect of extreme cooling rate on the ductility of UHSS after
cooling from fire, the values of the ratios discussed in Table 6-5 are normalised with
respect to those for the air-cooled UHSS (noted by AC index) and presented in Table 6-6.
It can be understood from the results that for low temperatures, i.e. 600°C and 700°C, the
ratio of f,/f,, for the water-quenched UHSS and the air-cooled one are almost the same,
which shows the minor effect of cooling rate on the post-fire ductility of UHSS. Also, the

difference between the ratio of gu/gy for water-quenched samples and air-cooled

samples at low temperatures is not significant compared to that of UHSS cooled from high

temperatures. So, neither of f,/f,, or g, /¢, exhibit major sensitivity to cooling rate

when UHSS is cooled from low fire temperatures. However, for UHSS cooled from high

fire temperatures, i.e. above 700°C, the f,/f,, ratio of the water-quenched UHSS is up to
31% higher than the air-cooled UHSS, whereas, the g, / &, ratio of the water-quenched

UHSS is up to 76% lower than the air-cooled one. The reason for the unexpected increase

inthe f,/f,, ratiois the extended elastic-plastic transition in the stress-strain curves of

UHSS-C750-WQ and UHSS-C800-WQ, which leads to higher values of ultimate tensile

stress ( f,) compared to the 0.2% proof stress ( f,,). The significant decrease in gu/gy is

however quite expected as UHSS becomes very brittle when water-quenched and thus

the necking occurs much earlier than the air-cooled UHSS.
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Table 6-6. Variation of the ratios of f,/f,, and 8u/€y after cooling from different high fire

temperatures
Temperature 600°C 700°C 750°C 800°C
(f,/f5,)
T/ Toolug 0.99 1.07 131 1.21
(fu/fO.Z)AC
(e,/€,)
(/0w 1.06 1.14 0.24 0.58
(gu/gy)AC

An important reason for conducting the sub-zero temperature tests on UHSS, was to
quantify the ductility parameters to check whether or not it can develop enough plastic

strain. Table 6-7 presents the f /f,, and gu/gy ratios for the UHSS tested at room

temperature (RT) and sub-zero temperatures of -40°C and -80°C. From the values
presented in this table, it can be understood that while the requirements set out by the

standards for f,/f,, are met, the values of ¢, /¢, for UHSS at sub-zero temperatures of

down to -80°C are much lower than the minimum limit of 20 suggested by Eurocode 3

[30]. This reduction in gu/gy value of the UHSS specimens subjected to sub-zero

temperatures can be justified by the Considere criterion [31], where as a consequence of

the ultimate strength increase, the yielding and necking points (defining ¢, and ¢,

respectively) are moved closer to each other on the stress-strain curve.

Table 6-7. f,/f,, and g, / &, values at room temperature and after cooling down to sub-zero

temperatures
Temperature RT -40°C -80°C
f/ foz 1.174 1.199 1.200
&/, 3.106 2.209 2.034

Another good parameter showing the ductility of a material is the total strain energy
absorbed per unit volume. Calculating this parameter can be determined by computing

the area under the stress-strain curves as:

U*=.[adg (6-1)
0
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The values of engineering stress (o ) and strain ( ¢ ) after necking are not accurate due to
the non-uniform deformation of the specimens. Therefore, in this study the value of U~
is calculated up to the onset of necking and so, in Eq. (6-1), the upper limit of integral is

the uniform elongation, i.e. ¢ = ¢, .

In Table 6-8, the normalised values of the strain energy absorbed per unit volume for the

UHSS cooled from different fire temperatures by water quenching technique (U\;:,Q ) with
respect to that of the original UHSS tested at room temperature (U, ) are illustrated. In
addition, to discuss the effect of extreme cooling rate, the ratio of U\;,Q with respect to the

corresponding value for the air-cooled UHSS (U, ) are also presented. It can be seen that

except for the 750°C fire temperature, while there is a general increasing trend for the
energy absorption of the UHSS water-quenched from different fire temperatures as the
temperature increases, a significant difference cannot be observed between the results
of the air-cooled (AC) and water-quenched (WQ) UHSS specimens. This means that,
cooling of UHSS from most fire temperatures (except for 750°C) increases its energy
absorption almost to the same extent for both cooling methods, which is due to the
dependence of U value on both stress and strain values (see Eq. (6-1)). Although the
values of strain for the water-quenched specimens are lower than the air-cooled ones,
due to their higher stress values, there is not a significant difference between the U”
values of UHSS cooled from fire by the two cooling methods. The reason for the low value
of energy absorption for the UHSS water-quenched from 750°C (65% lower than the
virgin UHSS and 80% lower than the air-cooled one) is the low value of its uniform
elongation (~2.2%).

Table 6-8. Variation of strain energy after cooling down from various fire temperatures to room
temperature

Temperature 600°C 700°C 750°C 800°C
Uno/Uzr) 1.92 1.46 0.35 3.15
Uno/Use) 1.06 0.97 0.20 1.08
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For a UHSS material subjected to low temperatures, an overall decrease in the ductility of
the material is expected. However, apart from a qualitative analysis, it is important to

specify the degree of ductility reduction at these low temperatures. Thus, the values of

the energy absorption of the UHSS at sub-zero temperatures (Ug, ) are normalised with

respect to the original room temperature value (U, ). From Table 6-9, it can be seen that
the energy absorption of the UHSS is reduced by up to ~39% when subjected to sub-zero
temperatures. However, there is not a significant difference between the Uy, values for
UHSS subjected to -40°C and -80°C, meaning that once UHSS is subjected to sub-zero
temperatures of as low as -40°C, it loses a large fraction of its ability to absorb strain

energy and by further decrease of temperature, the strain energy absorption is no more

decreased.

Table 6-9. Variation of strain energy after cooling down to sub-zero temperatures

Temperature -40°C -80°C

Ug/Ugr) 0.63 0.61

6.3.4. Investigation of steel grade effect

To investigate the effect of steel grade on the mechanical behaviour of steel under
extreme cooling conditions, two lower strength grades of steel, Grade 800 high strength
steel (HSS) and Grade 350 mild steel (MS), are also discussed and their behaviour is
compared with that of Grade 1200 steel (UHSS). Figure 6-6 illustrates the plots of the
thermodynamic stability of the phases present in the microstructure of these steel
materials. These plots were calculated using the software package Thermo-Calc [32] and
TCFe7 steel data base. From these plots, the percentage of each phase at different
temperatures can be understood for MS, HSS and UHSS materials. Due to the importance
of the retained Austenite phase, the percentage values of this phase at different
temperatures are also illustrated next to these plots. It can be seen that for each of these
steel alloys, there is a critical temperature (around 700°C) that the green curve
representing the Austenite phase is appeared and the identity of the phases present in
the microstructure of the material changes. This critical temperature specifies the
boundary between the low and high fire temperatures for each steel alloy. Further details

about these plots are presented in Refs [3, 16] and the phase changes in the
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microstructure of UHSS cooled from different fire temperatures are explained in section

4 of this paper.

Figures 6-7 and 6-8 present the HSS and MS stress-strain curves obtained from the water-
quenching cooling tests, in which the effect of extreme cooling rate is evaluated. For
comparison purposes, the stress-strain curves obtained in Ref. [16] for HSS and MS
materials cooled from fire temperatures with natural air-cooling method are also
included in these figures. Similar to the labelling system used in the previous sections,
HSS(or MS)-CT-AC and HSS(or MS)-CT-WQ labels represent the HSS( or MS) specimens
tested at room temperature after cooling from fire temperature T with air-cooling and
water-quenching methods, respectively. Also, the HSS-RT and MS-RT stress-strain curves
are related to the virgin HSS and MS materials tested at room temperature. It is important
to note that since the mechanical properties of both HSS and MS materials are not
significantly changed when cooled from fire temperatures below 700°C [16], the

minimum fire temperature considered for these materials is 700°C.

The stress-strain curves of the air-cooled and water-quenched HSS specimens indicate
that the post-fire mechanical behaviour of the HSS material cooled from fire
temperatures below 750°C, is not significantly affected by the cooling rate. The only
considerable difference that can be observed between the HSS-C750-AC and HSS-C750-
WQ curves is the pronounced yield point in the stress-strain curve of the air-cooled HSS,
which disappears in the water-quenched sample. Also, during transformation from
elastic to plastic deformation, the water-quenched HSS specimen exhibits continuous
yielding behaviour and thus a lower yield strength compared to the air-cooled HSS
specimen which exhibits a yield plateau. When HSS is cooled from 800°C to room
temperature, the strength of the water-quenched specimen (HSS-C800-WQ) is higher
than the air-cooled one (HSS-C800-AC), meaning that the extreme cooling rate is able to
affect the mechanical response of the HSS cooled from this fire temperature. This result
was expected from the calculated plots of the thermodynamic stability of the phases
present in HSS microstructure [3, 16] (Figure 6-6b), according to which, temperatures
above 750°C are considered as high fire temperatures for this material. Regarding the
uniform elongation of the tested HSS materials, while the uniform elongation of the HSS
air-cooled and water-quenched from 750°C to room temperature are quite the same, the

uniform elongation of the HSS water-quenched from 800°C to room temperature is
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smaller than that of the air-cooled one. Also, although the strength in HSS-C700-AC and
WQ curves are almost the same, they have a considerable difference in uniform

elongation.

From the stress-strain curves shown in Figure 6-8, it can be seen that unlike HSS, MS
specimens cooled from different fire temperatures with the natural air-cooling and
water-quenching methods exhibit very different mechanical responses. Even for fire
temperature exposure of 700°C, the water-quenched MS specimen shows quite higher
strength compared to the air-cooled MS, such that its residual strength is almost equal to
the virgin MS material (MS-RT). For fire temperature exposures of 750°C and 800°C, the
difference between the mechanical response of the water-quenched and air-cooled
samples is very significant. The ultimate tensile strength of the MS specimen water-
quenched from 750°C and 800°C to room temperature (MS-C750-WQ and MS-C800-WQ),
respectively, increases by ~50% and ~87% of that of the air-cooled samples (MS-C750-
AC and MS-C800-AC) and ~24% and ~37% of that of the virgin MS tested at room
temperature (MS-RT). Regarding the effect of cooling rate on the ductility of the MS
cooled from fire, it can be seen that the uniform elongation of the MS material water
quenched from fire temperatures of up to 800°C is reduced to as low as 40% of the air-
cooled samples. As the maximum temperature the MS has experienced during fire
increases, more strength increase and uniform elongation reduction is observed. These
results also show that when cooling from high fire temperatures (above 700°C) with
extreme cooling rates, the microstructure of MS can significantly change leading to a very
different mechanical response compared to that of the MS naturally air-cooled from fire

at its own rate.
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Figure 6-6. The plots of the thermal stability of ferrite (BCC), cementite and austenite (FCC)

phases in a)MS, b)HSS and c)UHSS calculated in Ref. [3] as a function of temperature using the

software package, Thermo-Calc [32]
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Figure 6-7. Stress-strain curves of HSS specimens tested at room temperature after being
cooled from various fire temperatures using different cooling methods: Air Cooling (AC)
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Figure 6-8. Stress-strain curves of MS specimens tested at room temperature after being
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The effect of steel grade on the mechanical response of steel cooled to extreme low
temperatures was also investigated in this study. For comparison purposes, the stress-
strain curves of HSS and MS at sub-zero temperatures are illustrated in Figures 6-9 and
6-10. In general, for all three materials, as the temperatures decrease, the yield strength
and ultimate tensile strength increase, while the yield strain and uniform elongation
decrease indicating that the materials become strong, yet less ductile as expected [33].
By comparing the curves in Figures 6-5, 6-9 and 6-10, it can be observed that out of all
three materials, HSS had the most significant variation of the ultimate tensile strength
with ~10% and ~15% increase when cooled from room temperature to -40°C and -80°C,
respectively. The ultimate strength of UHSS and MS on the other hand had an increase of
~3% and ~5% when cooled from the ambient state to -40°C, and ~8.5% and ~7% when
cooled to -80°C. Considering the ductility of the three grades of steel at low temperatures,
they all experienced a considerable reduction in their uniform elongation with decrease
in temperature. UHSS in particular had the lowest uniform elongation at different subzero
temperatures but had yield strains higher than HSS. This phenomenon can be attributed
to the higher yield strength of UHSS specimens resulted due to the roundness they
portrayed in their stress-strain curves as they gradually transitioned from the elastic to

the plastic state.
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Figure 6-9. Stress-strain curves of HSS specimens tested at sub-zero temperatures
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6.4. Microstructure characterization

The UHSS material considered in this study derives its ultra-high strength from a
tempered martensitic microstructure [34]. The SEM micrographs of the bulk
microstructure of the virgin UHSS material obtained in Ref. [3], are shown in Figure 6-11.
In these images, the lath shaped microstructure represents the martensitic
microstructure, and the dark regions and the small white particles in the background are
the ferrite and cementite phases, respectively. Martensite is very strong and brittle
microstructure, which is tempered in order to provide enough ductility for engineering

applications.

Figure 6-11. SEM micrographs of the bulk microstructure of the virgin UHSS specimen at
ambient state [3]
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Exposure of UHSS to low fire temperatures which are in ‘tempering temperature range of
martensite’, continues the tempering process of martensite and subsequently removes
carbon atoms from the solid solution. Since, the strength of the martensitic
microstructure depends on carbon atom concentration in the solid solution, heating up
the material to elevated temperatures leads to further softening of the material. When
UHSS is heated up and cooled to room temperature, depending on whether the elevated
temperature is in the low fire temperature (below 700°C) or high fire temperature (above
700°C) ranges, the microstructure of the cooled UHSS can be very different. According to
the discussion made on the calculated thermodynamic stability phase diagrams (Figure
6-6) in Ref. [16], when UHSS is cooled from low fire temperatures, the residual strength
of the material is mainly controlled by the maximum fire temperature and the time it was
subjected to that temperature while the cooling rate does not affect the residual
mechanical response. However, if UHSS is exposed to high fire temperatures, the identity
of the phases present in the microstructure is changed and new phase called austenite is
created. When UHSS cools from these fire temperatures to room temperature, depending
on the steel chemical composition and the cooling rate, the austenite may be converted
to ferrite and cementite [35-39]. However, it is predicted that the faster the cooling rate
of fire is, the higher is the possibility that the original martensite microstructure is re-
created. In this section, in order to have a better insight on the effect of extreme cooling
rate on the microstructure of UHSS after cooling from fire, optical micrographs of UHSS
cooled from fire temperatures of 700°C, 750°C and 800°C to room temperature with both
natural air-cooling and water-quenching methods are illustrated in Figures 6-12 to 6-14.
The images are taken from the bulk microstructure of the gauge length of the cooled
specimens, close enough to the fracture surface such that the temperature gradient effect

is minimised and far enough such that it is not affected by necking of the gauge length.

From the images depicted in Figure 6-12, it can be seen that the microstructures of the
UHSS cooled from 700°C to room temperature with air-cooling (UHSS-C700-AC) and
water-quenching methods (UHSS-C700-WQ) are very similar. Since 700°C is very close
to the eutectoid reaction temperature of UHSS, when the tempered martensite is heated
up to 700°C, there should be no or very little austenite formation. Therefore, the
microstructures of both air-cooled and water quenched specimens are mostly tempered

martensite and thus, they look very similar. The reason for the difference between the
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UHSS-C700-AC and WQ stress-strain curves can be formation of a very small amount of
austenite in the microstructure of UHSS at 700°C which did not transform to martensite
and remained as austenite when water-quenched, while transformed to pearlite when
air-cooled to room temperature. Since austenite is softer than pearlite, the strength of the
UHSS water-quenched from 700°C is less than that of the one air-cooled to room

temperature.

For the UHSS specimens cooled from 750°C to room temperature, based on the
thermodynamic stability of the phase diagrams shown in Figure 6-6, formation of
austenite phase at 750°C is expected. Starting from the microstructure of the UHSS water-
quenched from 750°C to room temperature (UHSS-C750-WQ), which is the closest to the
microstructure of UHSS at 750°C, it can be seen that the austenite islands that were
present at 750°C, have transformed to fresh martensite. Therefore, islands of fresh
martensite in a background of tempered martensite can be observed in the micrographs
of Figure 6-13b. The micrographs obtained for the UHSS air-cooled from 750°C to room
temperature (UHSS-C750-AC) look very different from the UHSS-C750-WQ ones. At
750°C, the microstructure should look like the one for UHSS-C750-WQ sample (just
austenite and martensite); when it is water-quenched, it transforms to martensite and
nothing else really changes. In addition to that, the shape of UHSS-C750-WQ stress-strain
curve shows the existence of martensite in its microstructure. However, when UHSS is
air-cooled from 750°C to room temperature (Figure 6-13a), austenite is not transformed
to the martensite anymore and is transformed to either ferrite and cementite, or bainite,
neither of which are as strong as the martensite and this is why the UHSS-C750-AC stress-
strain curve is lower than the UHSS-C750-WQ one (Figure 6-4).

Looking at the micrographs shown in Figure 6-14b and d, it can be seen that the
microstructure of the UHSS water-quenched from 800°C to room temperature (UHSS-
C800-WQ) is almost similar to that of UHSS-C750-WQ, except that the islands of austenite
were bigger and took up more of the volume at 800°C. This is because almost 100%
austenite was formed at 800°C and when UHSS was water-quenched to room
temperature, the austenite transformed to martensite. Therefore, UHSS-C800-WQ is
mostly martensite and is very strong. This is also supported by the shape of the UHSS-
C800-WQ stress-strain curve which illustrates an extended elasto-plastic transition. For

the UHSS naturally air-cooled from 800°C to room temperature (UHSS-C800-AC),
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austenite islands are transformed to bainite or ferrite. From the images shown in Figure
6-14a and c, it seems that the majority of the microstructure is ferrite and there is a little
bit of small martensite islands in the microstructure, but not as much as in that of UHSS-

C800-WQ.

In addition, from Figure 6-4, it can be seen that the UHSS-C800-AC and UHSS-C750-AC
stress-strain curves are quite similar. Although at 800°C, more austenite is formed
compared to 750°C, when the UHSS specimens are air-cooled from these temperatures,
all austenite are transformed and so the microstructures of UHSS-C800-AC and UHSS-
C750-AC are quite similar. However, UHSS-800-WQ and UHSS-750-WQ are different
because different amounts of martensite presents in them. It is important to note that the
water-quenching cooling tests carried out on UHSS specimens in this paper are not
simulating the direct-quenching technique conducted on UHSS materials during their
manufacturing process. Thus, it cannot be expected that the exact original room

temperature microstructure is formed after water-quenching the UHSS specimens from

750°C and 800°C to room temperature.

(a) (b)

Figure 6-12. Optical microscopic images of the bulk microstructure of the UHSS specimen
cooled from 700°C to room temperature: a)with natural air-cooling method, and b)with water-
quenching method
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(@) (b)

Figure 6-13. Optical microscopic images of the bulk microstructure of the UHSS specimen
cooled from 750°C to room temperature: a)with natural air-cooling method, and b)with water-
quenching method

(o) (d)

Figure 6-14. Low and high magnification optical microscopic images of the bulk microstructure
of the UHSS specimen cooled from 800°C to room temperature: a and c)with natural air-cooling
method, and b and d)with water-quenching method
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For the UHSS specimens cooled to sub-zero temperatures, since taking microscopic
images at such low temperatures using the current microscopes was unlikely, for these
specimens, no micrographs are provided in this paper. However, the changes observed
in the mechanical behaviour of UHSS specimens cooled to sub-zero temperatures can be
attributed to the decreased mobility of the dislocations in the microstructure of the
martensitic UHSS material which led to a sudden decrease in its ductility and an increase

in its strength at low temperatures [40].

6.5. Conclusion

The aim of this paper was to investigate the mechanical response of Grade 1200 UHSS
under extreme cooling conditions defined as cooling from fire temperatures to room
temperature with extremely high rate and cooling from room temperature to extremely
low temperatures. Two sets of tests were designed to simulate these conditions: water-
quenching cooling tests (simulating extremely high cooling rate) and sub-zero
temperature tests (simulating extremely low temperatures). The stress-strain curves,
strength and ductility of the UHSS specimens undergone these two sets of tests were
evaluated. From the results of the water-quenching tests, it was concluded that while the
cooling rate of fire does not have a major effect on the residual mechanical response of
UHSS cooled from low fire temperatures (equal or below 700°C), it can seriously affect
those of UHSS cooled from high fire temperatures (above 700°C). The ultimate tensile
strength reduction obtained for the UHSS cooled from high fire temperature of 800°C
with extremely high cooling rate (water-quenched) was 44% of the room temperature
strength, but 60% higher than that of the UHSS cooled with a normal cooling rate
(naturally air-cooled). However, the same water-quenched UHSS showed a lower
uniform elongation compared to the air-cooled one, which indicates that UHSS becomes
stronger, but also brittle when cooled from high fire temperatures with an extremely high
cooling rate. This effect was also investigated for Grade 800 high strength steel (HSS) and
Grade 350 mild steel (MS). Compared to the HSS material, MS exhibited a more sensitive
behaviour with cooling rate increase, such that the residual ultimate tensile strength of
the MS water-quenched from 800°C to room temperature, was 37% higher than that of
the virgin MS. To provide better insights on the results obtained from the water-

quenching tests, microstructures of the UHSS samples water-quenched from high fire
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temperatures were compared to those of the air-cooled ones and the phase changes in

their microstructure were discussed.

From the results obtained from the sub-zero temperature tests on UHSS, HSS and MS
materials, it was observed that while HSS had the most significant variation of the
ultimate tensile strength, i.e. ~15% increase when cooled from room temperature to -
80°C, UHSS and MS experienced an increase of ~8.5% and ~7% when cooled to -80°C.
Concerning the ductility of these materials at extremely low temperatures, UHSS in
particular had the lowest uniform elongation at different subzero temperatures but due
to the gradual elastic-plastic transition in its stress-strain curve, had yield strains higher

than HSS.
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Abstract

This study aims to investigate the effect of manufacturing process on the post-fire
mechanical response of Grade 1200 ultra-high strength steel (UHSS) tubes. To this end,
the post-fire mechanical properties of “direct-quenched” UHSS (UHSS-DQ) standard
tensile coupons are compared to those made of “quenched and tempered” UHSS material
(UHSS-QT) with similar original room temperature stress-strain responses. Thus, to
compare the post-fire compression behaviour of UHSS-DQ tubular stub columns with
those made of UHSS-QT material, a finite element (FE) model is developed in ABAQUS FE
software with precise material properties extracted from the results of the post-fire
tensile coupon tests. Quasi-static compression tests are then conducted on UHSS-QT
tubular stub columns cooled from different fire temperatures to room temperature to
validate the FE analysis. Using the results of the tensile coupon tests and the FE analysis
on UHSS stub columns, it is shown that the manufacturing process substantially affects

the mechanical properties of UHSS stub columns under cooling phase of a fire.

Key Words: ultra-high strength steel, stub columns, fire, cooling, manufacturing process,

finite element analysis
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7.1. Introduction

In recent years, due to the high strength to weight ratio of ultra-high strength structural
steels (UHSS), researchers have attempted to investigate the potential of utilising this
material in civil engineering construction [1-9]. As an example of the first practical
applications of UHSS in the world, it can be referred to Nippon Steel & Sumitomo Metal
Corporation, which applied these materials for the circular steel pipe columns, welded
built-up H beams used as columns, and four-side-welded-box-type columns [8]. In
addition, during the past decade, innovative fabricated columns composed of ultra-high
strength steel (UHSS) tubes with nominal yield strength of 1200MPa have been proposed
[4-6]. The superior performance of these innovative columns indicates the great potential
of UHSS to be introduced as a structural material in production of sustainable structural
members. However, there is lack of sufficient research addressing the behaviour of this
type of steel under extreme structural loadings. Fire is one of the extreme hazards which
can significantly damage the structure during its service life. After a structure is cooled
from fire, the residual strength of the structural members should be accurately evaluated
to decide whether or not it is possible to reuse them. To date, a number of researchers
have addressed this issue by investigating the in-fire and post-fire mechanical behaviour
of structural steels [10-24]. In recent years, the authors performed an extensive
experimental study to investigate the post-fire tensile mechanical behaviour of Grade
1200 UHSS under fire [17-20]. The results showed a considerable reduction in residual

strength of this material after being cooled from certain fire temperatures.

It has been reported in the literature that the mechanical behaviour of steel materials
under fire conditions can be significantly affected by their manufacturing process
technique [10, 25]. The ultra-high strength of UHSS materials is basically obtained by fast
quenching techniques either in water or oil. If the cooling rate of the quenching process
is sufficiently high, with a proper chemical composition of the steel, “martensite” phase
might be formed which is very strong but also brittle [26]. Considering the great ductility
these steels lose after the quenching process, different methods are used by
manufacturing companies to compensate for this loss. The most applied method used for
manufacturing the UHSS materials is the traditional quenching and tempering technique
(QT). During this process, the material is quenched rapidly in several stages either in

water or oil. Thus, through a final heat treatment, the steel is reheated to moderate
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temperatures for a short time [27]. This process is called tempering, by which a certain
level of the ductility of steel is recovered. In Ref. [27], Heidarpour et al. investigated the
mechanical response of the quenched and tempered UHSS (i.e. UHSS-QT) at different
elevated temperatures. They showed that the deterioration of the in-fire strength of
UHSS-QT is greater than mild steel or high strength steel, which is due to the QT
manufacturing process leading to a fundamentally different microstructure, with a
different thermal stability. In recent years, a unique manufacturing process called the
direct quenching technique (DQ) has been proposed by steel manufacturers [28]. Unlike
the traditional QT technique where the material is quenched in several stages, in direct
quenching method the material is quenched only in one stage. In Figure 7-1, the two
techniques are compared by schematic diagrams. It is important to note that the UHSS
material tested in Refs. [17-20] by the authors was also manufactured by using the DQ

technique.

In this study, it is aimed to understand the effect of manufacturing process on the post-
fire compressive behaviour of the UHSS tubular stub columns. To achieve this, standard
tensile coupon tests are first conducted on direct-quenched, and quenched and tempered
UHSS specimens (labelled as UHSS-DQ and UHSS-QT, respectively) after cooling from
elevated temperatures of up to 800°C to room temperature. Comparing the results of
these tests on UHSS-DQ and UHSS-QT tensile coupons, the effect of manufacturing
process on the tensile stress-strain curves, and also the residual post-fire tensile strength
and ductility of UHSS material is evaluated. Afterwards, using the precise material
properties inputs obtained from the post-fire tensile tests, a finite element (FE) model is
developed using the ABAQUS FE software [29] to compare the post-fire compressive
behaviour of tubular stub columns made of UHSS-DQ and UHSS-QT materials . In order to
validate the results of the FE model, quasi-static compression tests are conducted on
UHSS-QT tubular stub columns cooled from different fire temperatures to the ambient
state. After validation of the FE analysis, the effect of manufacturing process on the post-
fire compressive behaviour of UHSS tubular stub columns is examined in which the load-
displacement curves, and the strength and slenderness values of the two simulated stub

columns are compared.
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Figure 7-1. Schematic illustration of the a) traditional quenching and tempering
manufacturing process of plates compared to the b) direct quenching one.

7.2. The effect of manufacturing process on the post-fire

tensile behaviour of UHSS materials

7.2.1. Tensile coupon tests

The post-fire material properties of the UHSS-QT and UHSS-DQ materials studied in this
paper, are measured by the results of tensile coupon tests. Using the waterjet cutting
facility, the dog-bone specimens are extracted from two strips located at right angles
(90°) to the tube weld line of the UHSS-QT (with D =38.1mm and t=1.8mm ) and UHSS-
DQ tubes (with D =76.1mm and t =3.2mm ). The shape and dimensions of the coupons
as well as their location in the UHSS tubes are indicated in Figure 7-2. In addition, the
chemical compositions of the two UHSS materials are shown in Table 7-1. It can be seen
that despite the different manufacturing techniques of these UHSS materials, except for a
slight difference between their carbon (C) contents, their chemical compositions are

quite similar.
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Figure 7-2. a) Tube section and b) dimensions of test specimens
Table 7-1. The chemical composition of test materials (wt%)
Material C Si Mn P S Cr Ni Mo B

UHSS-QT 0.200 | 0.800 1.700 0.025 | 0.015 1.500 @ 1.000 | 0.500 & 0.005
UHSS-DQ | 0.230 | 0.800 | 1.700 | 0.025 | 0.015 1.500 = 1.000 | 0.500 @ 0.005

The tensile coupons taken from UHSS tubes had an outward curvature representing the
longitudinal residual stresses developed due to cold-forming process. In order to conduct
the tensile coupon test, first, the specimens are mechanically flattened to be gripped
inside the tensile loading machine. Then, they are heated up to elevated temperatures
ranging from 470°C to 800°C inside a split furnace (model SF-16). Once the temperatures
at the three thermocouples attached to points a, b and c on the specimen’s gauge length
(see Figure 7-2) are stabilised (after ~20 mins), they are air cooled to room temperature.
Afterwards, using the Instron 5982 100kN testing machine, quasi-static tensile test is
carried out at room temperature on the cooled specimens with an applied strain rate of
0.005+0.002min". The strain of the specimen during the tensile test is recorded using
the model 3448 High Temperature Contact Extensometer with approximate gauge length
of 25 mm. The setup is similar to that used by the authors for the experiments conducted
in Refs. [17-20]. It is worth noting that the reason for considering the minimum fire
temperature of 470°C is that the results of the previous studies conducted on UHSS
materials indicated that the post-fire mechanical properties of those subjected to

temperatures below 470°C are not considerably changed [17-20].
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7.2.2. Post-fire tensile mechanical properties of UHSS

From the tensile coupon tests conducted on the UHSS materials, nonlinear post-fire
material properties are accurately obtained to be used as input material data for the FE

analysis of UHSS tubular stub columns.

7.2.2.1. Stress-strain curves

The stress-strain curves of the tensile coupon tests are presented in Figure 7-3 for the
UHSS-QT and UHSS-DQ specimens cooled from different fire temperatures to room
temperature. The UHSS-QT-CT and UHSS-DQ-CT labels in the legend of these two figures,
represent the UHSS-QT and UHSS-DQ tensile coupons cooled from temperature T to room
temperature, respectively. Also, RT denotes the specimens tested at room temperature
(RT) without experiencing fire. Due to the inaccurate strain readings after the necking of
tensile coupons and the fact that the elongation of the material is not uniform after
necking, the stress-strain curves are presented up to the onset of necking. From these
curves, it can be observed that the material properties of both UHSS-QT and UHSS-DQ
materials are dramatically changed by the increase of the maximum fire temperature

they have experienced prior to cooling to room temperature.

. UHSS-OT-RT
1400 -
; — — — UHSS-DO-AT
1
1200 - UHSS-T-C470
|
| — — UHS5-DO-C470
1000 - 7
1
i I UHSS-QT-CE00
& 500
= — — — UHS5-DO-CE00
W
w
@ 600 - UHSS-OT-C700
b i
o - = = UHSS-DO-C700
: UHES-OT-CE00
200
UHSS-DA-C200

Strain (%)

Figure 7-3. The engineering stress-strain curves of UHSS-QT and UHSS-DQ tensile coupons
cooled from different fire temperatures to room temperature
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7.2.2.2. Strength

In this section, the effect of manufacturing process on the post-fire tensile strength of
UHSS material is evaluated. To achieve this, the tensile characteristic strengths at certain

strain levels including 0.2%, 0.5%, 1.5% and 2.0% strains shownas f,, f,, f,. and f,,
, and also the ultimate tensile strength ( f,) are calculated for the UHSS-DQ and UHSS-QT

tensile specimens. Illustration of these strain and strength values are presented in Figure

7-4.

Stress [MPa)

02 05 ¢ 1.5 20 g,

Strain (%)

Figure 7-4. Description of characteristic tensile strengths and strains on a typical stress-strain
curve

In Table 7-2, the values of the afore-mentioned tensile strengths for UHSS-DQ and UHSS-
QT specimens cooled from different fire temperatures to room temperature (noted by CT
index) are normalised with respect to those of the original room temperature specimens
(noted by RT index). It is important to note that for some post-fire tensile tests carried
out on UHSS-QT specimens, since the 1.5% and 2.0% strains are within the post-necking

part of their stress-strain curves, the reduction factors of their corresponding strengths,

f f
i _15CT g4 laocT

1.5RT 2.0,RT

, are not reported in Table 7-2.

Comparison of the general trend of the changes in the post-fire strength values of UHSS-
DQ and UHSS-QT specimens indicates that the reduction in those of UHSS-QT is more

significant than the UHSS-DQ specimens. This difference is specifically more considerable
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fu,CT

for the values of the normalised ultimate tensile strength ( ), such that the reduction

u,RT

of f,;for UHSS-QT cooled from 600°C to room temperature (54%), is close to that of

UHSS-DQ cooled from 800°C to room temperature (59%). It can also be observed that the
reduction in the strength of UHSS-QT specimens becomes stabilised after cooling from
700°C, such that the strength reduction values of the specimens cooled from 700°C and
800°C are very close to each other. Same phenomenon was observed in Ref. [20] for
UHSS-DQ and fire temperatures of 750°C and 800°C, where the reason for this
stabilization was linked to the formation of austenite phase in the microstructure of the
UHSS-DQ after experiencing 750°C fire temperature. Therefore, following the same
reasoning, it may be resulted that when UHSS-QT is exposed to fire temperature of 700°C,
the steel phase is 100% austenite and its residual strength after cooling from
temperatures above 700°C would be basically the same. In addition, the higher values of
the ultimate tensile strength for the UHSS-QT and UHSS-DQ specimens cooled from 800°C
indicates that the post-yield part of the UHSS-DQ-C800 and UHSS-QT-C800 stress-strain
curves has a more rounded shape compared to that of other curves as shown in Figure 7-
3. The reason behind this is the major microstructural changes in the two materials after
exposing to this fire temperature, which allows them to experience significantly more
strain hardening capacity compared to the original room temperature materials.

Table 7-2. Reduction factors of characteristic strengths for UHSS-DQ and UHSS-QT tensile
coupons after cooling from various fire temperatures to room temperature (RT)

Temperature
P (N 470°C 600°C 700°C 800°C
Material

foacr UHSS-DQ 0.850 0.650 0.575 0.258
foomr UHSS-QT 0.743 0.527 0.233 0.230
foscr UHSS-DQ 0.840 0.687 0.565 0.269
fos.rr UHSS-QT 0.703 0.498 0.218 0.228
fiocr UHSS-DQ 0.818 0.676 0.558 0.285
fionr UHSS-QT 0.480 0.208 0.230
f,ocr UHSS-DQ 0.808 0.667 0.553 0.301
foort UHSS-QT 0.202 0.227
f,or UHSS-DQ 0.809 0.681 0.574 0411
foar UHSS-QT 0.643 0.458 0.289 0.329
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7.2.2.3. Ductility

In order to determine if the structure can undergo sufficient plastic deformation, it is
important to evaluate the ductility of the construction materials. In this section, the effect
of manufacturing process on the ductility of UHSS material is investigated. The ductility

parameters considered for this end are f,/f,, and ¢,/¢,, which according to AS4100

[30], AS/NZS 4600 [31] and Eurocode 3 [32] codes of practice, must meet certain
requirements for the plastic analysis. Table 7-3 presents these ductility parameters for
the UHSS-DQ and UHSS-QT materials cooled from different fire temperatures to room

temperature. It can be observed that while the values of f,/f,, are close for the two

UHSS materials cooled from fire temperatures below 600°C, their difference becomes
considerable for higher temperatures. In addition, it can be observed that there is a

considerable difference between the gu/gy values of the UHSS-DQ and UHSS-QT

materials cooled from different fire temperatures. In Ref. [20], based on the
thermodynamic stability of the phases present in the microstructure of UHSS material,
the authors of this paper defined two temperature regimes for the evaluation of the post-
fire mechanical response of UHSS: the low fire temperatures (T< 600°C) and the high fire
temperatures (T> 600°C). Considering this classification, it can be seen from Table 7-3

that for the low maximum fire temperatures, the values of gu/gy for the UHSS-DQ

specimens are up to 4 times larger than those for the UHSS-QT specimens. However, for
the high maximum fire temperatures, compared to the UHSS-DQ specimens, UHSS-QT

specimens experiences significantly higher ¢, / ¢, after cooling from fire temperatures to
room temperature. The reason is related to the variation of the uniform elongation (¢,)
and the yield strength (¢, ) for the UHSS materials cooled from the low and high fire
temperature regimes. From Figure 7-3, it can be understood that the &, values for the

UHSS-QT specimens cooled from low fire temperatures can be as small as 30% of those
for the UHSS-DQ specimens; whereas the UHSS-QT specimens exposed to high fire

temperatures, experience &, of up to 3.4 times higher than that of the UHSS-DQ
specimens. On the other hand, from Figure 7-4, it is obvious that the values of & have a
direct linear relationship with the 0.2 proof strength ( f,,) values. Thus, according to the

values shown in Table 7-2 for the reduction of f,, with the maximum fire temperature,
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except for the UHSS specimens cooled from 700°C to room temperature, the difference

between the ¢, values of the two materials is less than 20% for most temperatures. As a
result, the variation of the values of ¢, /¢, for the UHSS materials cooled from both
temperature regimes is mainly controlled by the changes in their g, values.

Table 7-3. Variation of the ratios of f,/fy, and &,/e, for the UHSS-DQ and UHSS-QT tensile

coupons cooled from various fire temperatures to room temperature (RT)

emperature (T)
RT 470°C 600°C 700°C 800°C
Material

¢ /f UHSS-DQ 1.174 1.117 1.231 1.171 1.867

u 0.2
UHSS-QT 1.154 0.999 1.005 1.434 1.648
/ UHSS-DQ 3.106 3.341 9.939 10.391 30.963

Eu/éEy
UHSS-QT 4426 1.811 2.409 52.349 54.703

7.3. The effect of manufacturing process on the post-fire

compressive behaviour of UHSS stub columns

In order to investigate the effect of manufacturing process on the post-fire compressive
behaviour of UHSS stub columns, the behaviour of two tubular sub columns made of
UHSS-QT and UHSS-DQ materials after cooling from different fire temperatures to room
temperature are discussed and compared. To this end, these stub column are numerically
modelled using the commercial finite element (FE) software, ABAQUS [29]. In order to
take into account the changes occurred in the material properties of these columns under
cooling phase of a fire, the results of the experimental tensile tests presented in
Section 7.2 of this paper are used as material inputs. The results of the FE analysis are
then validated with the experimental tests conducted on the UHSS-QT tubular stub

columns.

7.3.1. Stub column Modelling

In this section, the details of modelling the post-fire behaviour of UHSS-QT and UHSS-DQ
tubular stub columns (SC) in ABAQUS FE package are explained. The developed FE model

can be used for further case studies without the need to conduct experimental tests.
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7.3.1.1. Initial Modelling

For modelling the UHSS-QT and UHSS-DQ stub-columns in ABAQUS, using the
engineering stress-strain curves illustrated in Figure 7-3, the elastic modulus and the
yield strength of the materials are directly extracted. However, in order to take into
account the isotropic hardening behaviour of the materials, since the initially measured

dimensions are no longer valid at this stage, the true stress (o, ) and strain (&, ) values

calculated from the following equations are used:
o, =0,(1+¢), &=Inl+¢,) (7-1)
in which, ¢, and o, represent the engineering strain and stress values, respectively.

The external diameter (D) and the wall thickness (t) of the columns are chosen based on
the real dimensions of the available UHSS-QT tubes, i.e. D =38.1mm and t =1.8mm. The
length of the stub columns are chosen using the guidelines set out by Johnston [33] which

specifies a minimum stub column length of L =3D and the maximum length of L = 20r_

, where r_. is the least radius of gyration (r =/l1/A). Since based on the cross-section

area dimensions used for the stub columns of this study, 3D < 20r_ , their length is

min ?
considered to be L =3D. For the FE modelling of these stub columns, due to their small
thickness compared to their length and diameter, four-node reduced integration shell
elements (S4R) with 6 degrees of freedom per node were used [29]. Mesh sensitivity
analysis is performed and the mesh size of 2.4mm is used for the simulated stub columns.
It is worth noting that the residual stresses resulted from the fabrication process are
neglected in this simulation. However, since the stress-strain curves were obtained from

the tensile coupons taken from the actual welded tubes, the residual stresses resulted

from welding have been considered in the simulations.

In this study, special end fixtures are designed to avoid premature end failures (elephant
buckling) of the stub columns during compression loading. The geometry and dimensions
of the meshed stub columns and the end fixtures modelled in ABAQUS FE software are
illustrated in Figure 7-5. As shown in Figure 7-5b, the plates used at the end fixtures are
modelled as solid sections made of a rigid material with a much greater elastic modulus

compared to that of UHSS material. Solid plates #1 and #2 of the end fixtures are
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connected by the “Tie” constraint (Master surface: Solid plate #1, Slave surface: Solid
plate #2). To model the interaction of Solid plate #2 and the outer surface of the UHSS
stub-column, “General contact” with “Penalty friction formulation” (friction coefficient of
0.8) for the tangential contact behaviour, and “Hard contact” for the normal contact
behaviour is used [29]. For the interaction of the UHSS stub column and Solid plate #1,
“Surface-to-surface contact” with finite sliding, and tangential and normal contact
properties similar to those used for the interaction of Solid plates #1 and #2, are used

[29].

: Solid Plate #1
(100x100) mm?

UHSS Stub Column

Solid Plate #2
(75%75) mm?2

() (b) (9

Figure 7-5. The finite element models of the a) tubular stub column, b) the anti-buckling end
fixtures and c) the total assembly

7.3.1.2. FE analysis procedure

In order to take into account the unstable post-buckling behaviour of the modelled stub
columns, displacement-controlled analysis must be performed. To achieve this goal two
subsequent methods are used to simulate the compressive loading and the post-buckling
analysis of the stub columns cooled from different fire temperatures to room
temperature. In the first step, a “linear buckling analysis” is conducted on the stub
column. While the reference point of the Solid plate #1 (Figure 7-5b) in the bottom fixture
is completely fixed, the one for the top fixture has free axial displacement and a unit
displacement is applied to it. From this step, the critical buckling displacements at
different buckling modes are achieved. Examples of these mode shapes for UHSS-QT stub

column cooled from 470°C to room temperature are illustrated in Figure 7-6. For the
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sake of simplicity, it was assumed that the imperfect geometry of the columns could be
represented by their first buckling mode shape. The “dynamic explicit analysis” is the
next step of the nonlinear buckling analysis of the stub columns. In this step, initial
imperfection data is given to the software as an important input data. In this study, this
imperfection is considered as a factor of the displacement of the first mode of the linear
buckling analysis. The factor is normally obtained based on the maximum imperfection
of the experimental stub columns. However, in this study since the main goal of the FE
analysis is comparison of the post-fire behaviour of two UHSS stub columns with different
manufacturing processes, this factor is assumed to be 0.1 based on the measured
imperfections available in the literature for UHSS tubes [4]. Noting that since the
slenderness of the modelled UHSS circular hollow section is relatively low, it would be
acceptable to use the imperfection value measured for a virgin section at room

temperature.

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5

Figure 7-6. lllustration of the modes shapes resulted from the FE linear buckling analyses of
the UHSS-QT stub column cooled from 470°C to room temperature

7.3.2. Verification of the FE analysis

7.3.2.1. Stub column experimental tests

In order to validate the FE analysis results experimental tests are conducted in which
UHSS-QT tubular stub columns with the same nominal dimensions as those used in the
numerical simulations (i.e. D=38.1mm, t=1.8mmand L=3D) are used. In order to

simulate the post-fire conditions, the stub columns are located inside the split furnace
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shown in Figure 7-7 . Similar to the procedure explained in Section 7.2.1 for the material
coupon tests, they are heated up to different elevated temperatures and cooled to room
temperature. The temperature of the stub columns along their height is recorded by three
thermocouples attached to the top, middle and bottom of the columns. The status of the
column inside the furnace and test setup of both heat-up and cooling phases are
illustrated in Figure 7-7. It is worth noting that the furnace is split into three zones and
heats up the specimen through a combination of convection and radiation, dependent on
the test temperature. The variation of the stabilised maximum temperature recorded by
the three thermocouples with the height of the columns are presented in Figure 7-8 for
different tests. The CT curve represents the sample cooled from temperature T to room
temperature. Also, to better illustrate the location of the temperature recordings, the

column is schematically shown in this figure.

Figure 7-7. a) Status of the column inside the furnace and b) heat-up and c) cooling phases of
the test

120
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Figure 7-8. Temperature distribution of the heated columns along their height for different
maximum fire temperatures.
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To apply quasi-static compression load to the UHSS-QT stub columns cooled from

different fire temperatures to the ambient state, Schimadzu testing machine with the
capacity of 300kN is used. The displacement rate of 0.3mm.min"is applied to the top

plate of the end fixture connected to the top of the stub columns. The geometry of the end
fixtures are similar to those used in the numerical simulations (Figure 7-5b). The vertical
deformation of the columns is recorded using an MTS non-contact laser extensometer. To
derive exact strain values in both elastic and plastic region of the stress-strain curves and
ensure strain uniformity along the height of the stub columns, reflective tapes are
attached to two points with a ~4 mm distance in the middle of the column and also to the
top and bottom of the end fixtures. The laser extensometer records the vertical
displacement between the two middle reflective tapes, and the top and bottom ones to
derive the elastic and plastic strains, respectively. The test setup for the compression

loading of the columns is presented in Figure 7-9.

§ Anti-elephant foot -~ ;
buckling fixture MTS Laser Extensometer

Figure 7-9. The test setup for compression loading of the UHSS stub-columns cooled from
fire.

7.3.2.2. Stress-strain curves

In Figure 7-10, the post-fire stress-strain curves of the UHSS-QT stub columns (SC)
obtained from both the experimental (Exp.) tests and the FE model (FEM) are presented.
These curves are labelled as SC-UHSS-QT-CT-Exp. and SC-UHSS-QT-CT-FEM, respectively,
where CT denotes cooling from fire temperature T to room temperature. Also, SC-UHSS-
QT-RT-Exp. and SC-UHSS-QT-RT-FEM curves indicate the stress-strain curves of the

UHSS-QT stub columns tested at room temperature (RT) without experiencing fire.
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From Figure 7-10, it can be understood that the stress-strain curves obtained from the
experimental tests and the FEM are in good agreement for the original room temperature
stub columns and those cooled from different fire temperatures to room temperature,
except for 600°C. The reason behind the difference between the experimental C600 test
results and the FEM ones can be attributed to the temperature distribution along the
heated column and the fact that this temperature (i.e. 600°C) is critical for the UHSS. From
Figure 7-8, it can be understood that the temperature of the middle of the column exceeds
600°C. Besides, from the investigation conducted in [34], 600°C is defined as a critical
temperature, above which the phases present in the material start changing in identity
and thus the mechanical properties of UHSS above this temperature change considerably.
Therefore, considering that the exact same heat-up and cooling conditions are present
for the tensile coupons and the UHSS-QT stub columns cooled from different fire
temperatures, one certain reason for this difference can be the temperature distribution

along the column’s height.

In addition, the experimental failure mechanism of the UHSS-QT stub column cooled from
470°C and subjected to compression loading at room temperature is compared to that of
FE model, as illustrated in Figure 7-11. The general shape of all deformed columns cooled
from different fire temperatures is quite similar due to their identical initial geometry
and boundary conditions; therefore, only one maximum temperature (470°C) is
considered for comparison of the deformed shape of the FE column with the experimental
one. As can be observed from Figure 7-11, the deformed shapes obtained from numerical

and experimental models are in a good agreement.
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Figure 7-10. Comparison of the experimental and FE analysis results of the stress-strain
curves of the UHSS-QT stub-columns cooled from different fire temperatures to room
temperature.

Figure 7-11. Comparison of the failure mechanism of the experimental
and FE Model for UHSS-QT stub column cooled from 470°C to room
temperature
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7.3.3. Post-fire compressive behaviour of UHSS stub-columns

7.3.3.1. Load-displacement curves

In this section, the post-fire load-displacement curves of the UHSS-DQ and UHSS-QT
tubular stub columns are compared. Figure 7-12 depicts the compression force with
respect to the axial displacement of these columns after cooling from different fire
temperatures, which are obtained from the FE simulations explained and validated in
Sections 7.3.1 and 7.3.2, respectively. The labelling system used in this figure is similar to
that explained in Section 7.3.3. From these curves, it can be observed that by increasing
the maximum fire temperature up to 800°C, the maximum loading capacity of both UHSS
columns tested at room temperature are reduced up to 70%. As expected from the
material coupon tests, the deterioration of the post-fire compressive load capacity of
UHSS-DQ stub columns after experiencing fire temperatures of up to 700°C is
considerably less significant than the UHSS-QT stub columns. The difference between the
post-fire load-displacement curves of the UHSS-DQ and UHSS-QT stub columns however,
becomes less considerable after they are cooled from 800°C to room temperature. This
can be related to the formation of 100% austenite in the microstructure of both UHSS
materials which was mentioned in Section 7.2.2.2. Comparing the general shape of the
load-displacement curves of UHSS-QT and UHSS-DQ stub columns, it can also be inferred
that the UHSS-DQ stub columns cooled from different fire temperatures undergo more

plastic deformation.

Considering the fact that the original room temperature curves of the two simulated stub
columns are quite similar, it can be understood that the manufacturing process of their
construction materials plays an important role on their post-fire residual loading

capacity.
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Figure 7-12. Comparison of the load-vertical displacement curves of UHSS-QT and UHSS-DQ
stub-columns cooled from different fire temperatures to room temperature

7.3.3.2. Strength and slenderness

In this section, the post-fire strength and slenderness values of the UHSS-DQ and UHSS-

QT stub columns (SC) are discussed and compared.

The values of 0.2% proof stress and ultimate strength for the two simulated stub columns

cooled from different fire temperatures are normalised with respect to their

f f
. : 2,CT T .
corresponding room temperature values, i.e. (—2<).. and (-*<)., respectively, and
0.2,RT u,RT

presented in Table 7-4. The general decreasing trend of these strength reduction factors
can be observed for both UHSS stub columns with increasing the maximum fire
temperature. However, similar to the tensile strength values, the serious deterioration of
the residual compressive strength for UHSS-QT stub columns starts after cooling from
temperatures above 600°C, whereas this significant deduction occurs for UHSS-DQ stub
columns after exposure to temperatures above 700°C. Nevertheless, both columns
experience up to ~70-75% reduction in their ultimate compressive strength when cooled
from 800°C to room temperature. Also, while the 0.2% proof strength reduction of the

UHSS-QT stub column cooled from 700°C and 800°C is stabilised at ~77%, that for the
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UHSS-DQ stub columns steadily increases up to ~84% when cooled from 800°C to room

temperature.

In Table 7-4, the ultimate compressive strength of the UHSS-DQ and UHSS-QT stub
columns ( f, . ) cooled from different fire temperatures are also compared to the
corresponding ultimate tensile strength ( f,) values obtained from the material tensile

coupons by the following ratio:

(7-2)

fu,SC
u,SC —
fu

From literature [35], it is known that the columns, for which the ultimate compressive

strength values match their tensile coupon ones, i.e. the r, . values are close to 1, are
failed under compression by cross section yielding. According to the r, .. values

presented in Table 7-4, it can be concluded that the original room temperature UHSS-DQ
and UHSS-QT cross sections and those cooled from different fire temperatures to room

temperature are mainly failed by yielding.

Another important parameter which is given in Table 7-5 is the slenderness parameter
(A) of the simulated UHSS-DQ and UHSS-QT stub columns cooled from different fire
temperatures to room temperature. The values of A for different stub columns are derived
based on the definitions given by the available references for the yield slenderness limit
of circular hollow-section (CHS). In the formulas presented in this Table, D and t are the
outer diameter and wall thickness of the tube, respectively. E is the elastic modulus which
is obtained using the strain values of the reflective tapes attached to the middle of the
columns. It is worth mentioning that the elastic modulus of the columns exposed to
different fire temperatures remains unchanged when cooled to room temperature [34].
Thus, the original room temperature elastic modulus is used for the stub columns cooled
from different fire temperatures. Comparing the A values presented in Table 7-5 with the
yield slenderness limits set out by different standards, it can be interpreted that for the
virgin UHSS-DQ and UHSS-QT stub columns, A values are greater than the limits given by
the standards. This means that if the values of slenderness limit set out by the standards
are used, these sections should be categorised in “Class 4” and considered as slender

sections. However, as stated above, the r o values for the virgin UHSS-DQ and UHSS-QT

u
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stub columns are close to 1 and therefore, the failure mode of UHSS-DQ and UHSS-QT
stub columns is cross section yielding at room temperature. Therefore, the limits set out
by the standards are too conservative if adopted for the design of a UHSS CHS at room
temperature and to have an economical design, higher values of A must be defined to
differentiate the slender columns from compact ones. This is consistent with the yield
slenderness limit suggested by Jiao et al. [36] for virgin UHSS-QT tube at room
temperature, in which, considering the slenderness formula given by AS 4100 [37], anew
limit of 258 (instead of 82) was proposed. On the other hand, the A values of UHSS-DQ
and UHSS-QT stub columns cooled from fire temperatures of up to 800°C, are well below

the limits defined by the standards. Considering the close values of r, .. to 1 for these

columns, it can be concluded that these sections are also mainly failed by cross section
yielding which is in accordance to the standards. While this paper only aims to identify
the effect of manufacturing process on the slenderness limits and perform a comparison
study between the slenderness of the tested columns and the limits set out by the
standards, it is important to note that, in order to define the exact yield slenderness limits
for the room temperature and post-fire behaviour of UHSS CHSs, excessive experiments
on various sizes of UHSS columns are required.

Table 7-4. The strength reduction factors and the normalised slenderness values of the UHSS-DQ

and UHSS-QT stub columns (SC) after cooling from various fire temperatures to room
temperature (RT)

Temperature
RT  470°C 600°C = 700°C 800°C
Material
forcr UHSS-DQ 1.000 = 0.816 | 0.645  0.559 0.163
(2T,
1.000 = 0737 = 0449 | 0229 0.230
for UHSS-DQ 1.000 0755  0.633 = 0537 0.353
( : )sc
u,RT _
UHSS-QT 1.000 = 0591 @ 0430 @ 0.263 0.290
UHSS-DQ 1.085 1012 @ 1008 @ 1.016 0.933
fi.sc
UHSS-QT 1.082 = 0993 @ 1015 @ 00984 0.955
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Table 7-5. Slenderness parameters (A) of UHSS-DQ and UHSS-DQ stub columns cooled from
different fire temperatures based on the definitions given by different standards for cold-formed
circular hollow sections (CHS)

Yield Slenderness Jemperature
References limits RT 470°C | 600°C | 700°C | 800°C
Material

o f UHSS-DQ 103.717 | 84.667 | 66.887 | 57.997 | 16.933

AS4100[37] | ;- (Zy-l) <82
t 7250 UHSS-QT 103.717 | 76.454 | 46.567 | 23.707 | 23.876
EN-1993-1-1 o fy UHSS-DQ 110.337 | 90.071 | 71.156 | 61.699 | 18.014

[38] A= (F)g8) = %0
UHSS-QT 110.337 | 81.334 | 49.539 | 25.220 | 25.400
AISI S100 D f, UHSS-DQ 0.141 | 0.115 | 0.091 | 0.079 | 0.023
UHSS-QT 0.123 | 0.091 | 0.055 | 0.028 | 0.028

7.3.3.3. Ductility

In order to compare the ductile post-fire compressive behaviour of the UHSS-DQ and

UHSS-QT stub columns, the ductility factors introduced as (f,/f,,)sc and (D,/D,), are
calculated. Noting that D, and D, are the displacements corresponding to the ultimate

compressive strength (or load) and the 0.2% proof strength (or load) of the stub columns,
respectively. These displacements are extracted from the load-displacement curves
illustrated in Figure 7-12. In Table 7-6, the afore-mentioned ductility factors are
presented for the UHSS-DQ and UHSS-QT stub columns cooled from different fire
temperatures to room temperature. It can be seen that while there is a general increasing
trend for both ductility factors of the UHSS-DQ and UHSS-QT stub columns with

increasing the maximum fire temperature, the changes in (D, / D,)sc is considerably

more significant. This indicates that despite the strength reduction observed for the two
UHSS stub columns after cooling from fire temperatures (Table 7-4), the ductility of the
UHSS-DQ and UHSS-QT stub columns can be increased up to 6.1 and 4.7 times their
original room temperature values, respectively. Also, comparing the two UHSS stub
columns, it can be concluded that the UHSS-QT stub columns undergo more plastic
deformation when cooling from high fire temperatures (above 600°C) to room

temperature. This can be justified by the significant difference between the values of the
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corresponding strain ratio (i.e. ¢, /¢, ) for the two UHSS materials cooled from high fire
temperatures (Table 7-3). Similar to the reasoning given for the variation of ¢, /¢, ratio
for the tensile coupons, the (D,/D,)s. values vary mainly due to the variation of D,
displacement. However, at low fire temperatures, a considerable difference cannot be
observed between the ductility parameters of the UHSS-DQ and UHSS-QT stub columns
cooled from fire temperatures to room temperature. The reason can be referred to the

considerable difference in the microstructure of the materials of these columns after

exposure to high fire temperatures, as a result of their different manufacturing process.

Table 7-6. Variation of the ratios of f,/f;, and gu/gy for UHSS-DQ and UHSS-QT stub columns

cooled from various fire temperatures to room temperature (RT)

Temperature
RT 470°C 600°C 700°C 800°C
Material
UHSS-DQ 1.217 1.125 1.194 1.169 2.630
( fu / fO.Z)SC
UHSS-QT 1.248 1.000 1.196 1.436 1.574
UHSS-DQ 2.347 1.873 2.278 3.271 14.370
(D./Dy)sc
UHSS-QT 3.184 1.533 2.197 17.704 14.888

7.4. Conclusions

This paper investigated the effect of manufacturing process on the mechanical response
of Grade 1200 ultra-high strength steel (UHSS) tubes under cooling phase of a fire. To
achieve this, a comparison study was conducted on the post-fire tensile and compressive
mechanical behaviour of “direct-quenched” and “quenched and tempered” UHSS tubes,
i.e. UHSS-QT and UHSS-QT, respectively. Standard tensile coupon tests were first carried
out on UHSS-DQ and UHSS-QT dog-bone specimens cooled from fire temperatures of up
to 800°C to room temperature. The post-fire stress-strain curves and the residual
strength and ductility of the two UHSS materials were then discussed and compared. It
was shown that the reduction in the residual post-fire tensile strength of UHSS-QT
specimens became maximum and stabilised at alower temperature (700°C) compared to
the UHSS-DQ specimens. The tensile coupon tests results also showed that the ductility

of the two UHSS materials have a considerable difference when cooled from low and high
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fire temperature regimes. Afterwards, using the precise post-fire material properties
obtained from the tensile coupon tests, a finite element (FE) model was developed in
ABAQUS FE software simulating the post-fire compression behaviour of UHSS-DQ and
UHSS-QT tubular stub columns. The model was validated by the quasi-static compression
tests conducted on UHSS-QT tubular stub columns after cooling from different fire
temperatures to room temperature. The post-fire load-displacement curves, strength,
slenderness and ductility of the UHSS-DQ and UHSS-QT stub columns were also
compared. It was shown that while for the UHSS-QT stub columns cooled from fire
temperatures, serious deterioration in their residual strength starts after exposure to
temperatures above 600°C, this occurs for UHSS-DQ stub columns after exposure to
temperatures above 700°C. The slenderness parameters of both stub columns which has
a direct relationship with their 0.2% proof strength were compared to the limits set out
by different standards. It was shown that except for the virgin room temperature
columns, the slenderness values of the cooled ones are consistent with the yield
slenderness limits defined by the standards. It was also indicated that while the ductility
parameters of UHSS-DQ and UHSS-QT stub columns cooled from low fire temperatures
do not exhibit a considerable difference, UHSS-QT stub columns experienced more plastic

deformation when cooled from high fire temperatures.
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8.1. Summary of outcomes

Experimental tests conducted on Grade 1200 UHSS tubes subjected to fire temperatures
and the following analytical and numerical investigations carried out in this thesis are the
pre-requisite for using this material in structural members. Results and outcomes of each

phase of this thesis are summarised below.

In chapters 2 and 3, an experimental study was performed to examine the in-fire and
post-fire mechanical behaviour of the Grade 1200 UHSS tube subjected to fire
temperatures ranging from 150°C to 800°C. The results obtained from the tensile tests
conducted on the UHSS specimens at fire temperatures showed that the strength of UHSS
deteriorates considerably when heated to temperatures above 300°C. The strength
reduction becomes more significant as the fire temperature increases, such that the
materials loses most of its strength at 800°C. According to the tensile tests conducted on
the UHSS specimens at room temperature after cooling from fire temperatures, the
reduction in the residual strength of UHSS starts when the material is cooled from fire
temperatures equal and above 470°C. However, the most significant deterioration in the
residual strength was observed after exposure to temperatures above 600°C. In addition,
the results showed that when the UHSS is cooled from fire temperatures above ~750°C,
the deterioration in the residual strength is stabilised, such that there is no more strength
reduction after exposure to temperatures above 750°C. As for measurement of the
ductility of the UHSS tube specimens cooled from elevated temperatures, different
parameters (the uniform elongation, the energy absorption, etc.) were calculated. The
general trend of the variation of these parameters with fire temperature indicated that
the higher temperature the specimens have experienced, the more ductility is recovered.
On the other hand, for the UHSS tube specimens tested at elevated temperatures, while
there was no change in the uniform elongation with increasing the fire temperature, a

general decreasing trend was observed for their energy absorption.

For understanding the effect of steel grade on the post-fire mechanical response of steel
materials, the experimental tests results for the UHSS tube specimens were compared to
those obtained for Grade 350 MS and Grade 800 HSS tube specimens. It was shown that

unlike the UHSS, the deterioration in the residual strength of MS and HSS starts after
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exposure to fire temperatures above 600°C and becomes significant when subjected to

fire temperatures above 700°C.

To rationalise the changes occurred in the post-fire mechanical properties of the tested
specimens, micrographs were obtained from their bulk microstructure both in their
original sate and after being cooled from some critical fire temperatures to the ambient
state. The microstructural reason for the resulted residual strength of the specimens
subjected to cooling phase of fire was explained. The thermodynamic stability plots of the
phases present in the microstructure of the UHSS, HSS and MS materials were calculated.
Based on these curves, a recommendation was made to emphasise that the studies of the
effect of elevated temperature exposures on the residual strengths of steels should be
separated for two regimes of behaviour depending on the maximum temperature
reached: the low temperature and high temperature regimes, the ranges of which depend
on the alloy composition. For the steels examined in this study, the critical fire
temperature dividing these two classes of temperatures is ~650-700°C. In the low
temperature regime, while the post-fire behaviour of steel is insensitive to the cooling
rates studied in this research, it strongly depends on the maximum fire temperature and
less strongly on the time at elevated temperature. Insensitivity of the residual stress-
strain behaviour of UHSS material to the cooling rate of fire was also experimentally
shown by considering three different cooling rates. As opposed to the low temperature
regime, it was shown that in the high temperature regime, the effect of cooling rate from

fire is much stronger than the time and maximum fire temperature.

Using the modified version of the compound Ramberg-Osgood equations and the
experimental results, an empirical material model was proposed for the post-fire
behaviour of the UHSS material in terms of the maximum fire temperature and some of
the original room temperature mechanical properties. The model showed a good
accuracy in prediction of the post-fire stress-strain curves of the UHSS specimens cooled

from different fire temperatures.

In chapter 4 of this thesis, the mechanical behaviour of Grade 1200 UHSS tube under a
multi-phase loading scenario including fire and creep was experimentally examined.
According to the stress-strain curves obtained from the experimental tests, for a constant

value of sustained axial load ratio ( 4 ), with increasing the maximum fire temperature,
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the deterioration in the residual strength became more significant as larger creep strains
were experienced by the specimens. Furthermore, it was concluded that for a constant

maximum fire temperature value, as the values of £ were increased up to 0.85, the

specimens experienced a considerable increase in the creep strain and consequently, a
significant reduction in their residual strength (i.e. ~23% more reduction than the UHSS
cooled from same fire temperature without experiencing creep). Therefore, the
deterioration in the residual strength of the tested specimens during the considered
multi-phase loading scenario, is directly related to the creep strain resulted from the
existence of sustained axial load on the specimens during fire. As a result, the residual
post-fire strength of a UHSS structural member is mainly controlled by the maximum fire
temperature and the sustained loads applied to the member during fire. Chapter 4 also
discussed the steel grade effect on the residual stress-strain behaviour of UHSS subject to
fire and creep. To this end, Grade 800 HSS and Grade 350 MS tube specimens were
undergone the same experimental tests with the maximum fire temperature of 700°C and

axial load ratio of #=0.8. From the comparison of the results obtained for the three

grades of steel, it was concluded that the HSS was the most resistant material to creep,
whereas the UHSS and MS materials experienced a substantial creep strain during fire.
Comparing the resistance of the UHSS and MS materials to creep during a simulated fire
exposure, it was shown that the UHSS was more sensitive to creep. Nevertheless, the
residual strength of UHSS under such multi-phase loading scenario was still almost equal
to that of the virgin MS at room temperature. This result can be an indication of the great
potential of the UHSS material for being used as a construction material in structural
members. For interpretation of the results, using the SEM method, micrographs were
obtained from the UHSS specimens cooled from 700°C to room temperature, without

experiencing creep strain and with creep strain caused by axial load ratio of #=0.8

during heat-up and cooling phases. It was shown that the creep strain during fire further
accelerates the tempering process and consequently, the cementite growth in the
microstructure. Thus, the average size of cementite particles increases leading to a

reduction in the residual strength of the martensitic UHSS.

After finishing the experimental investigations of the effect of severe temperature
changes and the creep strain on the post-fire mechanical response of Grade 1200 UHSS

tubes in chapters 2 to 4, using the experimental results and the Bernstain-Bézier
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equations, a material model was proposed in Chapter 5. The model presented the
relationship between the stress, strain, the maximum fire temperature and the sustained

axial load ratio (f) for the UHSS material cooled from different fire temperatures to

room temperature. The model was validated by showing its success in predicting the
stress-strain curves for the UHSS cooled from fire temperatures which were not used in
the calibration of the model. It is also capable of extrapolating the post-fire stress-strain
curves of UHSS out of the temperature range of the available test data. The extrapolation
technique works correctly provided that the same trend in the changes of the mechanical
properties is continued and no unexpected material behaviour is observed. Another
capability of the model was shown in predicting the instantaneous stress-induced strain

(¢,) of UHSS subjected to a constant stress level, i.e. o =Const., in a transient fire. Thus,
knowing ¢, from the model and other strain components from the experimental tests,
variation of the creep strain (&, ) of UHSS with the fire temperature for different constant

stress values was obtained. It was shown that if the magnitude of the constant stress
applied to the UHSS during fire is close to the ultimate tensile strength of UHSS at the
elevated temperature, even if it has a small value, the material may experience a
considerably large creep strain. Nevertheless, it is a general conclusion that the creep
strain has a direct relationship with the magnitude of the constant stress and the fire

temperature.

Following the conclusions made from the microstructural examinations conducted in
chapters 2 and 3, chapter 6 mainly attempted to discuss the effect of extreme cooling
rates on the post-fire mechanical response of UHSS cooled from fire temperatures,
specifically the high temperature regime. The post-fire strength and ductility of the UHSS
cooled from different fire temperatures to the ambient state with an extremely high
cooling rate (water-quenched with ~3500°C/min average cooling rate) were compared
to those of the UHSS naturally air-cooled to room temperature (~20°C/min average
cooling rate). It was concluded from the results that while the cooling rate of fire has a
significant effect on the residual mechanical response of UHSS cooled from high fire
temperatures (above 700°C), it has a minor effect on those of UHSS cooled from low fire
temperatures (equal or below 700°C). In addition, it was observed that the UHSS cooled
from 800°C with an extremely high cooling rate (water-quenched) experienced 60%

higher ultimate tensile strength compared to the air-cooled UHSS. On the other hand, the
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same water-quenched UHSS undergone a lower uniform elongation compared to the air-
cooled sample. Thus, it can be inferred that extremely high cooling rates from high fire
temperatures makes the UHSS stronger, but also brittle. For better interpretation of the
results, the microstructures of the tested UHSS specimens were discussed. Moreover, the
steel grade effect was investigated by conducting a comparison study on Grade 800 HSS
and Grade 350 MS. It was indicated that the effect of extreme cooling rate on the post-fire
mechanical response of MS material is more significant compared to the HSS. In this
chapter, in addition to the extreme cooling rate, as another extreme cooling condition, the
extreme cooling temperatures were also simulated. The UHSS, HSS and MS materials
were cooled from the ambient state to sub-zero temperatures of down to -80°C.
According to the results, while the strength of the materials increased when cooled to
sub-zero temperatures, the uniform elongation they experienced decreased and thus the
material became stronger, but more brittle. When the three steel grades were cooled from
room temperature to -80°C, the HSS material had the most significant increase in the
ultimate tensile strength, i.e. ~15%, while UHSS and MS experienced an increase of
~8.5% and ~7%, respectively. In addition, the UHSS material exhibited the lowest
uniform elongation at the simulated subzero temperatures. Nevertheless, because of the
gradual elastic-plastic transition in its stress-strain curve, the yield strain of UHSS was

higher than HSS.

In chapter 7 of this thesis, it was attempted to examine the manufacturing process effect
on the post-fire mechanical response of Grade 1200 UHSS tubes. According to the
experimental results obtained from the standard tensile coupon tests, compared to the
UHSS material manufactured by the DQ technique (UHSS-DQ), that manufactured by the
conventional QT method (UHSS-QT), showed more sensitivity to the temperature history
when cooled from fire temperatures below 800°C to room temperature. For example,
while there was a ~20% reduction in the ultimate tensile strength of the UHSS-DQ cooled
from 470°C to room temperature, that for the UHSS-QT undergone the same test was
~35%. However, these strength reductions for the UHSS-DQ and UHSS-QT specimens
cooled from 800°C to room temperature were close, i.e. 60% and 68%, respectively. The
results also showed that while the reduction in the residual strength of UHSS-DQ is
stabilised after 750°C temperature exposure, this stabilisation occurs for UHSS-QT at

700°C. For addressing the manufacturing process effect on the post-fire compression
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behaviour of UHSS tubular stub-columns, a finite element model was developed using the
results of the post-fire tensile tests carried out on UHSS-DQ and UHSS-QT tubes. The
model was validated against the experimental compression tests conducted on UHSS-QT
stub-columns cooled from different fire temperatures to room temperature. The detailed
finite element modelling showed an acceptable agreement with the experimental post-
fire behaviour of the tested stub-columns. Comparing the post-fire response of UHSS-QT
and UHSS-DQ tubular stub-columns, it was shown that the UHSS-QT stub columns cooled
from fire temperatures experienced the serious deterioration of the residual strength
after exposure to temperatures above 600°C. However, this considerable strength
reduction occurs for UHSS-DQ stub columns after exposure to temperatures above 700°C.
The slenderness parameters of the simulated UHSS-DQ and UHSS-QT columns were also
calculated. It was shown that unlike the cooled UHSS-DQ and UHSS-QT columns, the
slenderness values of the virgin room temperature UHSS-DQ and UHSS-QT columns are
consistent with the yield slenderness limits defined by the standards. However, the room
temperature results of this study were consistent with the yield slenderness limit
suggested by Jiao et al. [1] for virgin UHSS-QT tube at room temperature. Moreover, while
the UHSS-QT stub columns experienced more plastic deformation when cooled from high
fire temperatures, there is not a considerable difference between the ductility parameters

of UHSS-DQ and UHSS-QT stub columns cooled from low fire temperatures.

8.2. Future work

The in-fire and post-fire mechancial response of different grades of steel tubes, with a
focus on Grade 1200 UHSS, have been investigated during this PhD study. However, there
are still other research problems which can be invetigated to further explore the
behaviour of UHSS tubes under real fire conditions to enable their application in
structural engineering fields. Some suggestions for future research work in this area are

listed in the following sections.

8.2.1. The effect of strain rate on in-fire/post-fire mechanical response of UHSS

Although various experimental tests have been conducted on Grade 1200 UHSS
specimens to simulate their behaviour under real fire conditions, the effect of strain rate
has yet to be investigated. It is obvious that the creep strain caused in the material during

fire can be considerably higher if strain rate is much higher than the moderate strain
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levels defined by the standards (i.e. 0.005+0.002min™" [2]). Therefore, the high strain
rate can significantly affect the in-fire and post-fire strength reduction of UHSS and other
steel grades. Thus, a potential future research can focus on the effect of high strain rates
on the mechanical behaviour of UHSS (and other steel grades) at elevated temperatures
and after cooling to room temperature. The high strain rate tests conducted on UHSS
materials at elevated temperatures can be referred to as post-fire impact/blast multi-

phase loading scenario.

8.2.2. Characterization of the post-necking true stress-strain response of UHSS

tubes under in-fire/post-fire conditions

The in-fire and post-fire stress/strain results obtained during this PhD are only valid
within the uniform strain regime. The necking phenomenon occurring during the tensile
tests carried out on ductile materials such as steel, deviates the strain from the uniaxial
state into a triaxial one [3]. Therefore, the readings of the strain values obtained from the
uniaxial tensile tests are only accurate up to the onset of necking. While the true stress-
strain curves are very important for the deformation analysis in theoretical plasticity and
numerical simulations, there is a knowledge gap about the post-necking true stress-strain
behaviour of steel materials under fire conditions. Thus, a potential future research can
focus on this problem by introducing innovative correction methods for the non-uniform
plastic deformation of the post-necking portion of the true stress-strain curves of UHSS

(and other steel grades) under in-fire/post-fire conditions.

8.2.3. Large scale in-fire/post-fire tests on members composed of UHSS tubes

An innovative concept of prefabricated steel tube column has been developed by the
Monash team which is composed of four Grade 1200 UHSS tubes welded to corners of
four mild steel (MS) plates. While researchers from Monash University [4-7] have
investigated the behaviour of these prefabricated columns at real scale under different
loading scenarios, their response under fire and after cooling from fire temperatures have
not been investigated. Knowing the precise nonlinear in-fire and post-fire mechanical
behaviour of the materials used in these columns, numerical models can be developed to
simulate their behaviour under real fire conditions. Experimental full-scale tests must be

then conducted for validation of these models. The models can be used as powerful tools
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for prediction of their behaviour under various loading scenarios including fire and creep,

post-fire extreme loading, etc.

8.2.4. Analysis of multi-story UHSS buildings subjected to fire

In order to assess the behaviour of a multi-story UHSS building subjected to fire,
numerical methods known as performance based methodologies can be used. The approach
must use the experimental data on the performance of the material and structural systems,
such as columns, subject to a realistic fire hazard. Due to the various uncertainties involved
in characteristics of a fire hazard (such as heating rate, fire temperature, cooling rate,
etc.), employing a probabilistic approach would be suitable to assess the in-fire/post-fire

behaviour of these structures.

In the field of earthquake engineering, hazard analysis is conducted on multi-story
buildings to describe the earthquake hazard in a probabilistic manner [8]. A hazard curve
is produced by this analysis, which represents the variation of the ground motion
parameters (as an intensity measure) with respect to the mean annual frequency (MAF)
of exceedance [9]. Following the same concept, similar hazard analysis can be also
created for the multi-story buildings subjected to fire. The hazard curve obtained from
this analysis may show the relationship between the variation of maximum fire
temperature (or any other characteristics of fire hazard) and the probability of collapse
in a multi-story building at fire temperatures or after cooling to room temperature. This
analysis can be then combined with structural analysis and the response of multi-story
buildings under various characteristics of fire hazard (such as fire temperature) can be

evaluated.
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