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OZET

Yiksek Lisans Tezi

UZAY CELIK YAPILARIN YANGIN ALTINDAKI PERFORMANSI
Enock TUYISHIME

Bursa Uludag Universitesi
Fen Bilimleri Enstitlisu
Insaat Miihendisligi Anabilim Dal1

Damisman: Dog. Dr. Hakan T. TURKER

Yangina dayaniklilik ve tasarimda, yiiksek sicakligin geligin fiziksel ve mekanik
ozellikleri iizerinde bariz bir etkisi vardir. Ates altindaki yap1 elemanlarinin sicakliklar
arttiginda kritik seviyeye ulasana kadar direngleri 6nemli 6l¢iide azalir. Ayrica yapi
elemalarindaki baslangi¢ kusurlart yapiin performansini etkiler. Bu ¢alismanin amaci,
uzay kafes sistemlerin yangin altinda davranislarina iliskin modellerini olusturmaktir.
Spesifik olarak, bu g¢alisma ayrica, yangin kosullar1 altinda basing elemanlarindaki
baslangic egrilik kusurun olmasi halinde ve yangin altinda performanslarini incelemektir.
ABAQUS/Explicit sonlu elemanlar programi, yapisal analizleri ve tiim hesaplama
simiilasyonlart yuriitmek i¢in kullanilmistir. Kiris elemanlart malzeme ve geometrik
dogrusal olmayan davranis dikkate alinarak kullanilmistir. Hem ortam hem de artan
sicakliklarda, baslangi¢ kusurlu ve kusursuz dis yiiklere maruz kalan yap1 elemanlari,
kafes kirisler ve uzay kafes sistemi iizerinde bir dizi incelemenin ¢6ziimleri
gerceklestirilmistir.  Miimkiin oldugunda, ABAQUS c¢oziimleri teorik c¢oziimlerle
karsilastirilmistir. Bu ¢alisma boyunca yapilan analizlere gore, yapisal eleman, termal
genlesme kisitlamast nedeniyle yiiksek sicakliklarda c¢ok Onemli kuvvetler
olusturabilmektedir. Termal olarak {iretilen bu kuvvetler, kolonun dis yiikke dayanma
kapasitesini azaltir ve ayrica ilk kusurlar yap1 kapasitesini de azaltir. Bu nedenle, yangina
maruz kalan kolonlarin performansi, termal olarak olusturulan kuvvetlerden 6nemli
Olctde etkilenebilir.

Anahtar Kelimeler: Geometrik kusur; Termal genlesme; Yangin durumu.

2022, x + 81 sayfa.



ABSTRACT

Master Thesis
PERFORMANCE OF SPACE STEEL STRUCTURE UNDER FIRE
Enock TUYISHIME

Bursa Uludag University
Graduate School of Natural and Applied Sciences
Department of Civil Engineering

Supervisor: Dog. Dr. Hakan T. TURKER

In the fire resistance and design, high temperature has an obvious effect on the physical
and mechanical properties of steel. When the temperature of structural members which
are under fire increases, their resistance reduces significantly until they reach the critical
level. And also, the structural defects affect its capacity. The aim of this study is to provide
analysis of models on the behaviours of steel structural members in fire as single
elements, in truss and in space steel frame. Specifically, this study also, emphases the
effect of initial geometric imperfection on structural compression members under fire
conditions. The ABAQUS/Explicit finite element program is used to conduct all
computational simulations for all structural analyses. The beam elements are used with
considerable material and geometric nonlinearity. The solutions of a number of
investigations on individual structural element, on truss members and the space frame
subjected to the external loads at both ambient and increased temperatures, with and
without initial imperfection are conducted. For single members, ABAQUS solutions is
compared to theoretical solutions. According to the analyses throughout this study, the
structural member can create very significant forces at high temperatures due to thermal
expansion constraint. These thermally generated forces diminish the column's capacity to
withstand external load and also the initial imperfections reduce the structure capacity as
well. Therefore, the performance of columns exposed to fire might be significantly
impacted by thermally generated forces.

Key words: Fire condition; Geometric imperfection; Thermal expansion.

2022, x + 81 pages.
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1. INTRODUCTION

1.1 Overview

In fire resistance and design, high temperature has an obvious effect on the physical and
mechanical properties of steel. The properties of steel materials such as strength, stiffness,
thermal conductivity, specific heat, and thermal expansion vary with temperature
(Eurocode 3, 2003; AISC, 2010). The aim of this study is to provide analysis of models
on the behaviours of steel structural members in fire as single elements, in truss and in
space steel frame. Specifically, this study emphases the effect of initial geometric

imperfection on structural compression members under fire conditions.

When the temperature of structural members under fire increase, their resistance reduces
significantly until they reach the critical level. As the temperature continues to increase,
they collapse and various deformations occur. The initial deflection has an obvious effect
on structural elements loaded with axial force. The initial deflection perpendicular to the
direction of the axial force applied to the structural element causes a bending moment,
which is responsible for bending deformation, and when the applied load keeps increasing
the element becomes unstable and buckle. Besides, as the deflection increases, the
bending moment increases. This study presents also the buckling analysis at different

temperatures.

There are two fundamental approaches in the analysis of fire design, that is, prescriptive
and engineered approaches. The difference between these approaches is that the
prescriptive approach is based on hourly fire resistance given by furnace testing of
individual structural elements under standard fire. In this approach, engineering
calculations are not required. On the other hand, there is the engineered or performance-
based approach. In this approach, fire is considered as a load in the structural design and
the engineering calculations are required (Chung, 2010). The structural fire safety design
of steel buildings has been developed by using different building codes such as AISC
code and the Eurocode. This study is based on guidance provided by the American

Institute of Steel Construction (AISC) and Eurocode.



1.2 Study Objective and Organization

There are a number of studies which have been done and show the effects of elevated
temperature on steel structures. However, since there are many aspects in fire analysis,
some have not been clearly defined. As a result, much more study related to the field of
fire analysis is required. As such, the objective of this study is to provide better
understanding on the behaviours of steel structural members under fire as single elements,
in truss and in space steel frame. More specifically, this study is focused on the influence
of initial geometric imperfection on structural compression members under fire
conditions. In this study, ABAQUS Program will be used as a finite element analysis
platform to analyse the behaviour of steel structural elements, first on individual steel

members and then in structural systems (Truss, Space frame).

This study is outlined as follows: Chapter 2 of this study provides a discussion about
thermal action which represents the action of the fire on the structure as given by
Eurocode 1, temperature in steel section and the basic principles of fire design of steel
structures as they are defined in part 1-2 of Eurocode 3. This chapter also discusses the
steel properties at elevated temperatures, a review of literature on past studies on the
response of steel structures subjected to fire, general overview about space steel structural
as new building technics and the key assumptions that will be used for the analyses in this
study. Chapter 3 presents a general overview of ABAQUS program and materials used in
the study. In addition, the chapter also provides a discussion of different methods of
analysis used in this study. Chapter 4 presents the results of the analysis on the behaviours
of isolated individual structural element at elevated temperatures. Many analyses on
axially restrained and unrestrained structural element at ordinary(room) and elevated
temperature are conducted in this chapter using ABAQUS simulations. Also included is
an ABAQUS analysis of the structural element with initial deflection subjected to
different temperatures to provide preliminary insights on the influence of flexible axial
restraint to initial deflection at given temperature. In additional, this chapter presents
results of a series of ABAQUS analyses for truss system and space steel structures
subjected to high temperature. Included are different space steel structural modals with
different situations. Finally, last chapter presents a summary, conclusions and

recommendations for further studies related to this subject.



2. LITERATURE REVIEW

2.0 Overview

The aim of the study as described in chapter one, was to provide analysis of models on
the behaviours of steel structural members under fire as single elements, in truss system
and in space steel frame. Specifically, this study emphasizes the effect of initial geometric
imperfection on structural compression members under fire conditions. This chapter
provides a discussion about thermal action which represents the action of the fire on the
structure as given by Eurocode 1, temperature in steel section and the basic principles of
fire design of steel structures as they are defined in part 1-2 of Eurocode 3. This chapter
also discusses the steel properties at elevated temperatures, a review of literature on past
studies on the response of steel structures subjected to fire, general overview about space
steel structural as new building technics and the key assumptions that will be used for the

analyses in this study

2.1 Fire analysis

As mentioned before the structural fire safety design of steel buildings has been developed
using different building codes such as AISC code and the Eurocode. In this study,
Eurocode will be much more utilized. EN 1993-1-1 and EN 1991-1-1 provide the rules
to compute the mechanical behavior of steel structures at room temperature. Nevertheless,
in a fire situation, EN 1993-1-2 and EN 1991-1-2 should be used.

EN 1991-1-1 ‘ EN 1991-1-2

Steel Structures \—, Steel Structures
’— at Room temperature ’— in Fire

EN 1993-1-1 ‘ EN 1993-1-2

Figure 1. Relationships between different Eurocodes



2.1.1 Fire in Building

The fire in building structures is one of the serious hazards that the world is facing. Every
year, there are too many lives and property lost due to fire accidents in buildings (Kevin,
2019). In Iroquois Theatre, Chicago on December 30, 1903, 602 people died (NFPA); on
September 11, 2001 in The World Trade Centre, New York, 2,666 people died (NFPA);
On 24 June 2017, 24 storey Grenfell Tower attacked by fire 74 people died and one of
the historical and famous building Notre Dame de Paris got also attacked by fire in 2019

(https://www.theguardian.com).

When a building attacked by fire, the temperature of that building increases and can
exceed 1600°F (Richardson, 2003). The rate of fire increase in a compartment and the
impacts on structures depends on different factors such as the type of structure, the type
of fire, the location of fire source, the characteristic of fire compartment. Without any
other external fire protection, the fire in compartment develops in four basic stages: Stage
one is the ignition, where the fire source starts as a small localized fire. The second Stage
is the growth stage, on this stage the gas temperatures start to increase and reaches around
1100°F, up to this stage the fire can be controlled. The third stage is the burning stage, on
this stage the gas temperature keeps increasing until 1500°F-2000°F and here the fire
cannot be controlled. The last stage is the Decay stage, where without another external
extinguisher, the fire starts to deteriorate on its own. (Kevin 2019)

D Ignition Growth Decay
= Stage Stage Stage
r—
(3]
| -
D
o
£
D
l—
Gas |
Temperature
(Flashover) Ti me

Figure 2. Stages of fire development (Kevin 2019)



2.1.2 Thermal Action

The fire in a compartment has a significant effect on structures. This section of the study
discusses some of the models provided by Eurocode 1 for thermal action on structures.
Eurocode provides Time-temperature functions that present the gas temperatures of the
environment of the structure how it changes with time. Eurocode Provides these time-
temperature relationships by considering the types of fire, parametric values which
describe the compartment characteristics and location of Fire. The Eurocode provides
also the equations which describe how to model the heat flux at the surface of the

structure.
o Nominal Temperature-Time Curves

To calculate the temperature, Eurocode gives the Time-Temperature curves, the
analytical functions of time which are considered as conventional (not representing a real

fire). There are three different nominal Temperature-time curves given by Eurocode.
I. Standard temperature time curve

The standard temperature-time curve or ISO curve has been used for many years and is
still used currently, to represent a temperature in a compartment. This curve is used to
describe the temperature in a compartment which is fully under fire. The standard
temperature-time curve is given by 1SO 834 standard. (ISO 834, 1975)

6,: is the gas temperature in fire compartment, expressed in Degrees Celsius [°C]

t: is the time in minutes [min]
ii. Hydrocarbon time temperature curves

The hydrocarbon time-temperature curve is an analytical function of time given by
Eurocode which is used to describe the effect of Hydrocarbon fire.

6, =20+ 1080(1 — 0.325e %167 — 0.675e72>") (2.2)



6,: is the gas temperature in a fire compartment express in Degrees Celsius [°C]

t: is the time in minutes [min]
Ii. External time temperature curve

The external time-temperature curve is also an analytical function of time given by
Eurocode 1, which is used for describing the effect of a fire developed outside of the
building or the fire frame passing through the openings on exposed structural elements.

But this curve cannot be used for load bearing structural elements.

6, =20+ 660(1 — 0.687e 32t — 0.313e38") (2.3)
6, is the gas temperature near the member in Degrees Celsius [°C]

t: is the time in minutes [min]

The comparison of Hydrocarbon and Standard time temperature curves shows that the
Hydrocarbon curve rise quickly in 30 minutes and reaches 1100°C where it remains
constant. Nevertheless, for the Standard curve, the increase is slow but keeps increasing
during the time considered.

1400
1200 Standard
time_temperature
Curve
o) 1000
=) .
) Hydrocabon time-
< 800
= temperature Curve
©
g 600
g Extenal
= 400 Time_temperature
Curve
200
0
0 50 100 150 200 250 300

Time[min]

Figure 3. Time-Temperature Curve per Eurocode 3



iv.

The Heat Flux modal

Eurocode provides the formula of how to calculate the heat flux at the steel surface

surrounded by gas temperature. To calculate the net heat flux on surface of the steel

element exposed on fire, the heat transfer from radiation and convection should be

considered.

hnet = hconv + hrad (24)
hconv = ac(eg —0.,) (2.5)
heony = PEmeo[(0, + 273)* + (0., + 273)4] (2.6)
hnee = (0, — 0) + PeEr0[(0, + 273)* + (0,, + 273)%] (2.7
Where,

o

e 1S the net heat flux [W/m?].

h.,, : 1s the convective heat flux [W/m?].

h,qq : 1s the radiative heat flux [W/m?].

a, : Is the coefficient of convection which is taken as 25W/m?K for standard or
external fire curve and 50W/m?2K for the hydrocarbon curve.

@ : Is the configuration factor, is so called view factor, is usually taken equal 1.
&n - Is the surface emissivity of surface member taken as 0.7 for carbon steel, 0.4
for Stainless steel and 0.8 for other material.

g : Isthe fire emissivity taken as 1.0

o : Is the Stephan Boltzmann constant equal to 5.67*108W/m?K*

0,4: Is the gas temperature in Degrees Celsius [°C]

0., Is the surface temperature of the steel member in Celsius degree [°C]

t: Is the time in minutes [min]

Parametric temperature time curve

The development of fire in a compartment is be influenced by the compartment

characteristics such as the materials of compartment elements (walls, ceiling, etc.),

ventilation condition and the size of compartment which may related to the load fire

density. The parametric temperature time curve is an analytical function of time given by



Eurocode to calculate the temperature in compartment by taking into consideration the
parameters that define the significant physical phenomena of compartment. As conditions
of existence for those curves, the maximum height of compartment must be 4m, the
compartment floor area must be greater than 500m? and the roof must not have any

opening.

6, = 20 + 1325(1 — 0.324e 2" — 0.204e 17" — 0.472¢719") (2.8)
Where
0, is the gas temperature in fire compartment [°C]
t*: is the expanded time in hours [min] with t* =t * T
t: is the time in hours

I : is the expansion coefficient,
2

r = (:/OJ) (2.9)
/1160
Where, O is Opening factor and b is the thermal inertia of the compartment

boundary.

» Opening Factor

The ventilation in a compartment has a significant effect on fire compartment. The
opening factor is a parameter that presents the influence of openings on fire compartment.
The openings considered are those which are on vertical boundary elements (walls), since
these parametric curves are valid only for compartments without opening on the roof. The

opening factor value must be in this range [0.02,0.2]

0=A4, /h/ 4, (2.10)

Where,
A, :is the area of opening
A, : is the total area of enclosure (Walls, ceiling and floor)
h : is the height of opening, when in compartment, there is multiple vertical

openings, the average height h,, should be used.

A..h:
heg =% ity A, (2.11)



» The thermal inertia of the compartment boundary, b

The different materials which make up walls, ceilings, floors and other structural elements
of a compartment must also be considered. For instance, if the compartment is a room,
with ceiling, floor and walls on the boundaries under fire, these structural elements with
their thermal properties (the specific heat, the density and the thermal conductivity) can
absorb some amount of thermal energy released by fire. In the formula below, b
parameter presents the thermal inertia of compartment boundary. The parameter b value
must be in this range [100,2200] J/m?s'?K.

b=cpi (2.12)
Where,

c: is the specific heat of the material at room temperature, in J/kgK

p: is the density of material at room temperature, in kg/m?

A @ is the thermal conductivity of the material at room temperature, in W/mK
When the ceiling, walls and floor are not made from the same materials, the global b

should be calculated.
_ 2biA;
b= Sa (2.13)
Where, b; is b parameter value of material of the area A;
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Parmetric temperature time curve (M=1.5) Parmetric temperature time curve (M=0.7)
Parmetric temperature time curve (I=1.0) Standard Temperature time curve

Figure 4. Parametric Temperature Time curve at different Expansion coefficient values

The graph above shows the standard temperature time curve and parametric time-

temperature curves at different expansion values. The parametric time temperature given



by equation (2.8) is very close to that given by Standard time temperature curves, the only
difference is that when T" value is less than one the Parametric curve given by equation
(2.8) increase slowly compare to Standard time temperature curve, but when T value is

greater than one the function increases faster.

» The duration of heating phase, tmax

The duration of the heating phase, tmax is calculated by this equation:
tmax = 0.0002 74/ in [Hour] (2.14)

With q,4 is the design fire load density related to total area of enclosure and is given by
A
qeg = M f/At and g4 € [50,1000] in MJ/m2 (2.15)

Where, Ay is the floor area, A, is a total area of enclosure and g, is floor fire density.

The value given by the equation (2.14) should be compared with the fire growth rate time

limit value given this table.

Table 1. Values of tiim as a function of the growth rate

The fire growth rate = Occupancy tiim In Minutes  tim in hours

Slow Transport (Public space) 25 0.417

Medium Dwelling; Hospital (room); 20 0.333
Hotel(room); Office;

School classroom
Fast Library; Shopping centre; 15 0.250

Theatre (cinema)

After making comparison between the maximum time values given by equation (2.14)
and the time limit values given by Table 1, there are two different cases that can be found.

o tim < tmax- thefire is ventilation controlled.

With t,,., the maximum expanded time, can be calculated:
tmax = [lmax (2.16)
And with t;,,, , the value of the gas temperature at the end of the

heating phase, 6,,4, Can be calculated using the equation (2.8)
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The Eurocode provides the equations which calculates the time-temperature relationship
in cooling phase for this situation.

0, = Omax — 625(t" — tinax) for t]e < 0.5 (2.17)
0, = Omax — 250(3 — inax) (" — tinax) for 0.5 < tiyay < 0.5 (2.18)
0, = Omax — 250(t" — tinax) for 2.0 < gy (2.19)

O tmax < tim:the fire is fuel controlled

For situation, the maximum expanded time can be given by:
tmax = Diimtiim (2.20)

And with t;,,, , the value of the gas temperature at the end of the heating phase, 6,,,4x
can be calculated using the equation (2.8). In addition, for this situation the expanded time

calculated by this new formula (2.21) is:

Olim/ 2
Wlth, Flim = (b—()()4-> (222)
/1160
and
0.0001
Otim = eaf, (2.23)

If the situation meets the following limits (O > 0,04; q.q4< 75 and b < 1160), then the
factor k has to be multiplied to the I};,,,. The factor k is given by equation (2.24)

=1 (%) (17) () ez

The Eurocode also provides the equations which can calculate the time-temperature
relationship in a cooling phase for this situation.

0, = Omax — 625(t" — Ttyy,) for ¢}, < 0.5 (2.25)
0, = Omax — 250(3 — Einay) (t" — Ttyym) for 0.5 <ty < 0.5 (2.26)

11



0, = 0,nax — 250(t" — Ttyim) for 2.0 <ty (2.27)

)

the net heat flux on the surface of the steel element exposed on fire for parametric modal,
can be calculated using the same equation (2.7) as for nominal temperature, however a

coefficient of convection a, should be 35 W/m2K.

o Localized fire

The fire in compartment, starts as a small fire source and grows until flash-over appeared.
The effects of localized fire depend on the location of the fire source for structural element
and also the type of structure. The Eurocode developed the two different models which

shows the effects of localized fire on structural elements:

1. When fire is not impacting the ceiling or the fire is in open air:

In this model, the vertical length of the fire flame is calculated by the equation (2.28)
Ly =0.0148Q%* — 1.02D (2.28)

Where D is the diameter of the fire and Q is the rate of heat release of the fire.

Flame axis |

I AL S L ‘.P///// L L
I

y
). -

Source: Eurocode 3
Figure 5. When fire is not impacting the ceiling or the fire is in open air.

The temperature 6, in the plume along the symmetrical vertical flame axis is given by

1 -
0, =20 +0. 25QC/3 (z — zp) */3 < 900 (2.29)
And
Zo = 0.00524Q%* — 1.02D (2.30)

12



Where, Qcis the rate of heat release for convective part, taken as 0.8Q, z is the heigh from
the source measured in meters and zo is the virtual origin of the fire source. The net heat
flux at the surface of the steel element for this model, can be calculated using the equation

(2.7). However, a coefficient of convection a, should be 35 W/m?K and the 0,=0.

2. When fire is impacting the ceiling:

In this model, the rate of fire release is calculated both in horizontal direction and vertical

direction, using those formulas:

Qy = Q/(l 11 * 106H25) (2.31)

/ (1.11 = 106 H25) (2.32)

Flame axis |

I
|- — —

]

| M

Yz o

Source: Eurocode 3
Figure 6. When fire is impacting the ceiling

In this model, horizontal flame length L is given by the equation (2.33)

L, = (2.9H(Q;)*33®) —H (2.33)
For virtual heat source position in vertical direction, z’ is calculated from equation
(2.34,2.35)

7' = 2.4D(Q}%° - @p*"*) when @} < 1.0 (2.34)
7' =2.4D(1.0 — Q}*/*) when @) = 1.0 (2.35)
the net heat flux at surface of the steel element exposed on fire for this model, can be

calculated using the same equation (2.36).

hpee = h—a (0, — 0,,) + Pene,0[(0,, +273)* — 2934] (2.36)

13



For this model, coefficient of convection . should be 35 W/m?K and h is the heat flux

received from the ceiling which given by:

h = 100000 if y<0.30
h = 136300 — 121000y if 0.30 <y <0.30 [w/m?] (2.37)
h = 15000y37 if y>1

Where, y is the distance between the consideration point and the virtual fire, which is

calculated by:

__ r+H+z/ (2.38)

T Lp+H+z

2.1.3 Temperature in steel sections

When the steel structure is exposed to fire, the increase in the temperature in the structure
depends on the gas temperature in the vicinity of the structure surface and also the area
of the steel structure exposed to fire. In the fire protection system, they use insulating
materials such as sprays, boards and intumescent paint in order to manage the rate of
increase in temperature in steel members under fire. The Eurocode (EN 1993-1-2)
provides the guidance of how to calculate the temperature development of unprotected
steel structure members and also the steel member protected with insulating material,

AB,;. In this study, unprotected structural members are considered.

¢+ The Temperature of unprotected steelwork exposed to fire:

A
m/ .
A0, = ksh_vhnet.dAt [OC] (2-39)

CaPa
Where,
kg, . is the correction factor for shadow effect, equal to 1, when there is no the

shadow effect or ignored.
(Am/V) is the Section factor or Massivity factor for unprotected steel

member, which is the ratio of the exposed area to the heat flux and the volume of

the member per unit length, and is given by:

Am _ PxL _ P(Permeter) 1
V  A«L  A(drea) [m~] (2.40)
Rpera is net heat flux given by equation (2.7)

14



Ca: is the specific heat of steel, [J/kgK]
Pa: is the is the unit mass of steel, 7850 [kg/m?];

At : is the time interval [s], and must be greater than 5s.

2.1.4 The steel Properties at elevated temperature

As described in the previous chapter, in fire resistance and design, high temperature has
an obvious effect on the physical and mechanical properties of steel. The properties of
steel materials such as strength, stiffness, thermal conductivity, specific heat, and thermal
expansion vary with temperature. The Eurocode and AISC provide the different

temperature relationships which define the steel properties in fire. (Ho, 2010)
I. Thermal Reduction factors for Mechanical properties

The change in temperature has effect on the resisting capacity of the steel material, both
the elastic modulus and the strength of steel material vary with temperature. And this
variation of parameters (elastic modulus, yield strength and the limit of proportionality)
due to the change in temperature, affects the shape of strain-stress curves. Therefore, the
Eurocode 3 and AISC recommend the reduction factors which can be used, to calculate
the characteristic value of strength or deformation property of fire situation. This study
considered the carbon steel as reference steel material subjected to standard fire and will

use the guidance provided by Eurocode.

o Theyield strength, f,¢ at elevated temperature ( 8):

fy@ = ky@fy (2.41)

o The elastic modulus, E,q at elevated temperature (6):

Eqp = kioEq (2.42)

o The proportional limit, f,o at elevated temperature (6):

fp@ = kpefy (2.43)

15



Where, E is the elastic modulus at room temperature and £, is the yield strength at room

temperature. k,g, kg and k. are reduction factors for the mechanical properties of steel

material (carbon steel) under fire, are given in the table below.

Table 2. Reduction factors for carbon steel at elevated Temperature

The Figure 7 present the comparisons of how the reduction factor for effective yield
strength, for proportional limit and for the elastic modulus vary with temperatures.

Steel Reduction factors at temperature 6
Temp%rature Reduction | Reduction | Reduction
6 (°C) factor (k,g) | factor (k,e) | factor (kgy)
20 1 1 1
100 1 1 1
200 1 0.807 0.9
300 1 0.613 0.8
400 1 0.42 0.7
500 0.78 0.36 0.6
600 0.47 0.18 0.31
700 0.23 0.075 0.13
800 0.11 0.05 0.09
900 0.06 0.035 0.0675
1000 0.04 0.025 0.045
1100 0.02 0.0125 0.0225
1200 0 0 0

1.2
1
5
£ 0.8
©
(N
S 06 k_y®
©
3 k_p6
S 0.4
2 k_EO
0.2
0
0 200 400 600 800 1000 1200 1400

Temperature, 6(°)

Figure 7: Reduction Factor for stress-strain relationship of carbon steel at elevated
temperature
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ii. Thermal Properties

According to Part 1-2 of Eurocode 3, thermal properties of carbon steel subject to the

standard fire, should be calculated from the following expressions:

o Specific heat, ¢, [J/kgK] at Temperature 8, [°C]:

- For 20°C < 6, < 600°C
Ca=425+7.73+10710,—1.69 107302 + 2.22 « 107%9,° (2.44)

- For600°C < 6, < 735°C
" ¢, =666+13002/(738 —0,) (2.45)

- For 735°C < 6, < 900°C
¢, = 545 + 17820/(0, — 731) (2.46)

- For900°C < 6, < 1200°C
Cq = 650 (2.47)

o Thermal conductivity, 4, [W/mK] at Temperature 8, [°C]:

- For 20°C < 9, < 800°C
= 1,=54+3.33x10720, (2.48)
— For 800°C < 6, < 1200°C
= 1,=27.3
(2.49)

o Thermal Expansion or Thermal Elongation, 2L at Temperature 8, [°C]:
L

— For20°C < 6, < 750°C

. % =1.2+107°0,+0.4+107802 — 2.416 + 10~ (2.50)

— For 750°C < 6, < 860°C
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AL

—=11%1072 (2.51)
~ For 735°C < 6, < 900°C
= Z=2+107%0,-6.2%1073 (2.52)

2.1.5 Mechanical Loading and analysis
I. Combination rules for actions

One of the main purposes of engineering structural design is to keep the structure safe
even in the worst of conditions and every structure should be designed to serve a defined
purpose. Therefore, that’s why the limit states must be controlled in order to avoid the
failing of structure. In the structural design, at normal condition (at room temperature),
there are two limit states: the ultimate limit state and the serviceability limit state. Under
fire conditions, as discussed above, (as the structural material properties vary with
temperature), the resistance capacity of structural elements under fire reduces at elevated
temperatures. Consequently, the limit states (ultimate and serviceability) in normal
conditions should not be used in fire conditions. The Eurocode develops another limit
state, Fire limit state, which has the value which is lower when compared by the other

limit states at room temperature. The design effect of actions, E¢4 during fire exposure is

given by equation (2.53 and 2.54).

* Efq=2j»1Gij+ P+ A3+ 9P110Qu1 + Xiz1 P2, Quj (2.53)
" Efg=Yjp1Gij+ P+ A5+ Y2192 Qra (2.54)

Where,

Gy represents all permanent loads, Q,; represents all live loads, P is the prestressed load
and A, represents the indirect fire action (the effects of thermal expansion), in other words
the internal effects of actions (shear force, axial force and bending moment). y; and ¥,
are quasi-permanent values, those values are recommended by Eurocode 1 (Part 1-2) and

shown in the table 3.

18



Table 3. Recommended values of coefficient for y building

Action
Live loads in building V1 ¥
category A Domestic, residential 0.5 0.3
category B Offices 0.5 0.3
category C Congregation areas 0.7 0.6
category D Shopping 0.7 0.6
category E Storage 0.9 0.8
category F Traffic, vehicles < 30 kN 0.7 0.6
category G Category G: traffic, vehicles < 160 kN 0.5 0.3
category H Roofs 0 0
Snow loads
The countries, altitude H > 1 000 m 05 0.2
The countries, altitude H <1 000 m 0.2
Wind loads 0.2

In conditions where indirect fire actions A, are not considered, the design effect of
actions, Er4 during fire exposure is considered as a constant during whole time of fire

exposure because all other external loads (Dead and Live) are generally constant. The

Eurocode also provided the relationship between the design effect of actions E, in fire
situation and the design value of the resistance of the member at room temperature, by

giving this simplification.

E
Ny, =2 (2.55)

Where, Ef, is the actions in fire situation, R, represents the design value of the resistance
of structural element at ambient temperature and 7, is the reduction factor, and the
Eurocode recommended value for ns, is 0.65 for most situation, however for load

category E (EN 1991-1-1) recommended value is 0.7.

ii. Mechanical analysis

According to Eurocode 3 (Part 1-2), in fire design of steel structures, the steel structural
elements should be designed in in such way that they are able to maintain their load
bearing functions during the time t, in given fire. In mechanical analysis, there are three

different domains where the fire resistance of structural element should be verified.
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1.

2.

3.

Where,

In in time domain

In the temperature domain

04 = 0.pq,attime tegeq

In the strength domain

Efq = Rypeq , attime tepeq

trq - Is the design value of the fire resistance, the time when the structural element
fails

trreq - IS the required resistance time, this value presents the fire resistance which
depend on the type of structure and occupancy.

0, is the design value of steel temperature

0.4 is the design value of the critical temperature, where the steel structure will

fail and is given by:

0.rq = 39. 19ln[ 1|+ 482 (2.56)

S S
0.9674u3833
And p, is reduction factor, and u, value must not be less than 0.013(for the
member of class 1,2 and 3) and is given by:
E
po =L =ky (2.57)
Egq, - is the design value of the relevant of action in the fire situation at time t,

with is constant during the fire.

Rypeq: - is the design value of the resistance of structural member in the fire

situation at time t.

Fire resistance for structural members

The Eurocode provides the guidance of how to calculate the resistance for different steel

structural members under fire, with uniform or non-uniform temperature distribution. In

this study it will be assumed that the steel members are subjected to a uniform
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temperature. According EN1993-1-2, the compression member and laterally restrained

beam fire resistances are calculated from following formulas.

1. Compression Member

The steel structural element under compression load in fire situation should satisfy this
condition.

Efq = Rypeq , attime tepeq
Specifically, the design value of compression load under fire Pg; must be greater than the
design buckling resistance Prq (Pgg > Prq)- Pgq Value is given by general formula
(2.54),

Pra = xfAKyofy/Yus (2.58)
Where, A is the cross-section area of member, k4 is the reduction factor for the yield
strength, £, is the yield strength at room temperature, y, ¢ is the partial safety factor for
the fire situation and the recommended value is 1, x is the reduction factor for flexural

buckling of compression member under fire, is given by (For class 1,2 and 3):
1

Xf=—T1— (2.59)
Po+ |p2+72
Where,
bo =5 [1+ady + 23] (2.60)

a : is the imperfection factor and is given by:

a=0.65 /235/fy (2.61)

g is non-dimension slenderness for the temperature 6 and is given by:

_ _ |k _
_ 7 ke
2o =12 / Ky, ~ 122 (2.62)

A is non-dimension slenderness at room temperature, and given by:

1= 2L (2.63)

PCT

And P, is elastic critical force for flexural buckling and is given by:
w?El

Po="" (2.64)
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Where, E is the young modulus at room temperature, | is the second moment area about

considered axis and based on gross cross-sectional properties. Ly is the buckling length
in fire situation. For example, in braced flames, the recommended values are Ly = 0.7L

for top storey and Ly = 0.5L for intermediate storey.

2.2 Space Steel Frame

2.2.1 Overview

The construction industry plays a great role in the world economy. The development of
all sectors is dependent on the infrastructure which are related to the construction industry
and technology. In ancient times, the construction industry was based on basic needs of
people. People built their own shelters using materials available around them. With time,
people started using some techniques such as shaping stones and using blinding materials
such as clay and wood construction. Later on, concrete, steel and plastics started to be
used. With the use of these materials, the construction industry was boosted to higher
levels (https://www.britannica.com). From the 1800s, the steel construction started to be
more useful in the construction of different infrastructures such as railways, steel framed
building and other activities. Nowadays, in modern constructions and tall building, the
steel is much useful. The space steel frames or space steel structures are one of most
useful new techniques which are used to span a large area without many inertial supports
and provide the right answers to lightness, economy and speed of constructions in
construction industry (Subramanian 1999).

2.2.2 Applications and type of space steel frames

In the construction industry, the application of space steel frames is mostly on structures

where long spans are required.

o Applications:

Space steel frames are more suitable for long spans building with few interior columns or
other support members such as sport arenas or stadiums, different pavilions, assembly

halls (such as cinemas, theatres), transportation terminals, hangars for airports,
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workshops, big warehouses and other different complex structures. Space steel structures
applications are based on their high resistance capacity due to the inherent rigidity of the
triangle. In space steel frames, the applied load on the system is transmitted axially on
structural members as tension or compression load and the influence of bending or
torsional moment is insignificant at the connections (Ramaswamy et al. 2002,
Subramanian 1999).

Source: Ramaswamy et al. 2002
Figure 8. The Nodus space frame, Gatwick railway station

o Types of space steel frames:

There are many different types of the space frames and are classified as follows
(Ramaswamy et al. 2002):

1. Curvature classification

% Space plane covers

¢ Barrel vaults

¢+ Spherical domes

2. Classification by the arrangement of its elements

% Single layer grid

+«+ Double layer grid
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% Triple layer grid

Figure 9. Space plane covers

Figure 10. The Barrel vaults
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Figure 11. The spherical domes (SAFS)
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o Types of space steel frame connections:

The type of connections is also very important in space steel frame. According to

(Ramaswamy et al. 2002), generally, in space steel frame system, there are four types of

connections.

1.

2
3.
4

Nodus connector
Triodetic connector
Tuball node connector

Hemispherical dome connector

2.2.3 Advantages and Disadvantages

The space steel structure are generally light, elegant & economical construction

techniques.

In space steel frame the applied loads carried in three-dimensional.
The space steel structures have high Inherent stiffness.

The space steel frames are easy to construct by comparing with constructions

technics like using concrete.
With space steel structure the time and cost can Saved.

Services (such as lighting, plumbing and air conditioning) can be integrated with

space frames easily.
Durable materials & protective finishes.

The construction space steel structures are simple, safe and fast and site painting

or welding are not required.

Generally, these techniques are more efficient and more useful. Their disadvantages are

related on their site flexibility. The space steel frames are prefabricated and their member

elements can leak into the joints. For instance, the wood can be reshaped and resized on

the site but with these techniques it is difficult. Another disadvantage for space steel

structures is related to the steel thermal conductivity, the thermal insulation measures

should be used.
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3. MATERIALS and METHODS

This chapter describes the materials used, the analysis and techniques used in order to
achieve the objectives of the study. The ABAQUS/Explicit finite element program is used

to conduct all computational simulations.
3.1. Materials

This section describes details about materials used in this study. The material properties
at room temperature and also at elevated temperature. This part also describes the
structural element properties used in all computational simulations conducted. The
material used is Carbon steel S355 given in product standard EN 10025 given by
Eurocode 3 (EN1993-1-1).

3.1.1 Mechanical and thermal Properties of carbon steel

The mechanical and Thermal properties of carbon steel material vary with temperature,
the Eurocode provided the relationships between the change in temperature and the

carbon steel material properties

3.1.1.1 Mechanical Properties
e Thermal properties of carbon steel at room temperature (20°C)

The Carbon steel material at room temperature, is described by Eurocode, and are given

by:

o Modulus of Elasticity E=200*10° N/m?

o Shear Modulus G=E/2(1 + v)=81*10° N/m?
o Poisson’s ratio v=20.3

o Unit Mass po = 7850Kg/m?

o Yield Strength: Normal values of yield strength and ultimate tensile strength for hot

rolled structural steel.
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e Thermal properties of carbon steel at elevated temperature

The carbon steel at elevated temperature changes in the mechanical properties. The
Elastic modulus, the strength of material changes with temperature. According to Part 1.2
of Eurocode 3, the Eurocode describe the reduction factor for Elastic modulus and yield
strengths, those change in those mechanical properties affects also the Stress-strain curves
shape of Carbon steel at elevated temperature. For Carbon steel at ordinary temperature
with linear-perfectly plastic behavior, stress-strain curves change significantly under fire
or at elevated temperature as shown in the Figure 15.

300
250 = 100 celcius Degree
e 200 celcius Degree
& 200 g
= 300 celcius Degree
- 150
o 400 celcius Degree
S 100
wn = 500 celcius Degree
50
= 600 celcius Degree
0
e 700 celcius Degree
0 0.005 0.01 0.015 0.02 0.025
Strain = 800 celcius Degree

Figure 15. Stress-strain relationship for S275 carbon steel at elevated temperatures

The stress-strain curves of carbon steel at elevated temperature becomes more complex
and have more numerical problems. To avoid this, Eurocode proposed another modal
which can represent the carbon steel material under elevated temperature, Elastic-elliptic-

perfectly plastic modal. The Figure 16, shows elastic elliptic perfect plastic model.

Stress A

i Eapn = tana

(=3
—

p.6 v, 0 €0 £uo  Strain s

Figure 16. Elastic-elliptic-perfectly plastic modal from Eurocode
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Where, f, o is Effective yield strength, f,, ¢ is Proportional limit, E, g is Elastic moduls,
&pp Is Strain at proportional limit, &, is Yield strain, & o is Limiting strain for yield

strength and ¢, ¢ is Ultimate strain.

In this study, also in order to avoid those numerical complications, the Linear-Perfectly
plastic modal considered for carbon steel at elevated temperature. The Poisson ratio was
kept unchanged. Nonetheless, the change in elastic modulus and yield strength at elevated
temperature was considered and the reduction factors given by Eurocode was used as

shown in Figure 17.

300000000
250000000 e 20-100 Degree Celcius
200000000 200 Degree Celcius

300 Degree Celcius
150000000

Stress

400 Degree Celcius

100000000 .
= 500 Degree Celcius

50000000 = 600 Degree Celcius

e 700 Degree Celcius
0 0.005 0.01 0.015 0.02 0.025 ——— 800 Degree Celcius

0

Strain

Figure 17. Stress-strain relationship for carbon steel at elevated temperature

3.1.1.2 Thermal Properties

The carbon steel material at elevated temperature doesn’t change in mechanical properties
only, thermal properties also vary with temperature. The Eurocode also recommends
formulas which define the thermal properties of carbon steel at elevated temperature.

e Specific heat

According Eurocode 3, the specific heat of carbon steel at elevated temperature should
be calculated by the following expressions and shown in the Figure 18:
> For 20°C< 6, < 600°C

C,=425+4+7.73%10"1 %60, —1.68 % 1073 x 6, + 2.22 * 107¢ x 6,°[J/KgK],
(3.1)
> For 600°C< 6, < 735°C
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C, = 666 +13002/(738 — 6,)  [JIKgK] (3.2)
> For 735°C< 6, < 900°C

C, = 545 + 17820/(8, — 731)  [JKgK] (3.3)
> For 900°C< 6, < 1200°C

C, = 650 [J/KgK] (3.4)
Where 6, is the steel temperature [°C] and C, is Specific heat of carbon steel [J/KgK].
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Figure 18. Specific Heat at elevated temperature

e Thermal conductivity

The thermal conductivity of carbon steel at elevated temperature should be determined
from following expressions and shown in the Figure 19:
> For 20°C< 6, < 800°C
Ay =54 —3.33 10726, [W/mK] (3.5)
> For 800°C< 6, < 1200°C
Aq =27.3 [W/mK] (3.6)
Where 6, is the steel temperature [°C] and A, is thermal conductivity of carbon steel
[WImK].
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Figure 19. Thermal Conductivity at elevated temperature
e Thermal elongation/Expansion
The Eurocode 3, also provides the expressions of thermal elongation of carbon steel at

elevated temperature and shown in the Figure 20:
> For 20°C< 6, < 750°C

T =12%1075+06, + 0.4« 107°6,” — 2.416  10™* (3.7)
> For 750°C< 6, < 860°C

% = 111072 (3.8)
> For 860°C< 6, < 1200°C

A= 20510756, — 6.2 +10739,2 (3.9)

l

Where, 6, is the steel temperature [°C] and % is thermal elongation of carbon steel.
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Figure 20. Thermal expansion AL/L at elevated Temperature
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3.2 Modeling Techniques

This part of the chapter describes the materials used, the analysis and techniques used in

order to achieve the objectives of this study.
3.2.1. ABAQUS Program

ABAQUS Program is one of the most famous and useful finite element analysis and
engineering computer aid program released in 1978 by David Hibbitt, Bengt Karlsson,
and Paul Sorensen. For now, it is maintained by SIMULIA Corp. Generally, ABAQUS
program can be used as simulation tool for many different analyses such as: nonlinear
analysis, computation of fluid dynamics, thermal analysis, dynamic and stability analysis
and other different engineering problems.

ABAQUS program consists of many different versions, in this study, ABAQUS 6.14, and
ABAQUS 2019 student version are used. Generally, ABAQUS program, contain three
model databases: Standard/Explicit Model, CFD model and Electromagnetic model. For
this study, Standard/explicit model database is used. ABAQUS program also consists of
three main steps: the first part is Modelling or in other words Pre-processing. This step is
related with all required input data. The second step is evaluation and simulation. This
stage consists of the requested analysis. The last one is post-processing or visualization
stage and this step contains results and reporting.

The complete structural modeling in ABAQUS consists 10 modules: The first one is the
Part module which contain sketching and geometry characteristics of structural model.
The second one is the property module and this module contains inputs of material data
and element sections. The third module is Assembly. In this module, created part of
structural element can be manipulated and make some operations such as duplicate,
translation, rotation. Besides, in this module, the created part should be made as an
independent or dependent element. The fourth module is the step module which describes
the created steps, the type of analysis method and incrementations considered. The next
module is interactions module which describes the interactions considered in modeling.
The sixth module is the load module. This module describes the applied load and

boundary conditions. The seventh module is the mesh module (In finite element analysis
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mesh size is one of the important factors and the finer the mesh size, the more accurate is
the analysis). Thus, this module describes the considered mesh size and element type. The
eighth module is the job module. In this module, the job should be created and submit the
analysis. The ninth module is visualization module which visualizes the results obtained

after the analysis. The last one is the sketch module.
3.2.2. Structural modeling under Fire in ABAQUS

As discussed above, the ABAQUS program can do many different analyses and offer
many answers for different engineering problems. Therefore, the structure under fire can
be analyzed by taking into consideration the changes in materials properties due to
changes in temperature, the boundary conditions and fire interactions. To create fire

analysis model, generally the most important modules should be considered.

i. Part Module

Abagus program can make any modelling and provide the structure geometry
characteristics of any part. 2D and 3D models. For simple structural element(beam)
created directly in ABAQUS. Nevertheless, for space steel structure with many structural
members (More than hundred members) in 3D, it is difficult and complex to create such
kind of models in Abaqus program. Therefore, SAP 2000 program is used to create the
space steel structure and imported as IGES file and used as 3D deformable geometry in
ABAQUS program. In addition, the imported structural model file keeps geometry

characteristics (dimensions).

Figure 21. The space frame part from Abaqus program.
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ii.  Properties Module

As mentioned earlier, the material used in this study is Carbon steel S355. According to
Eurocode, the mechanical and thermal properties of carbon steel at room temperature and
at elevated temperature are given. And all properties inputs are based on assumption

considered in this study.
A. Elasticity

Elasticity of Carbon steel S355 material at elevated temperature values was defined in
this study, and in Abaqus, option of *ELASTIC is used and to describe linear elasticity
of Carbon steel material, an isotropic type is selected. The Poisson’s ratio is assumed to
remain constant at all temperature value and equals 0.3. Young modulus changes with
temperature, the Eurocode provided the reduction factor of elastic modulus of carbon
steel under elevated temperature and as shown in Figure 22. With Abaqus, the value of

the elastic modulus of carbon steel at elevated temperature can be defined.
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Figure 22. The Elastic modulus under elevated temperature.

B. Plasticity

Plasticity of Carbon steel S355 material at elevated temperature values was defined by
using Eurocode guidelines and inputted in Abaqus, by using option of *PLASTIC. The
linear-perfectly plastic model was used. And the yield strength of carbon at elevated

temperature can be defined with Abaqus.
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C. Expansion

For this analysis, thermal expansion was considered and inputted in Abaqus by using
*EXPANSION option, and the expansion coefficient of carbon steel at elevated
temperature varies with temperature. the variation in temperature affects steel structure

element dimensions, due to the thermal expansions.

lg =1, + Al (3.10)
Al = apl, A (3.11)
F=Eg*xAxayx*A0 (3.12)

Where [, is initial length of carbon steel member at room temperature, I, is final length
of carbon steel member at temperature 6, ay is thermal coefficient at temperature 6, A is

the section area of steel member, A6 is the change in temperature.

By using *EXPANSION option in Abaqus, the thermal expansion coefficients of carbon
steel material are inputted in analysis. In this study, consider the thermal expansion
coefficient as temperature independent material property and the thermal expansion
coefficient used is 1.2E-5/°C.

D. Thermal Properties

Thermal properties of carbon steel are related to thermal conductivity and specific heat
of carbon steel. Those properties are inputted in Abaqus in order to define the thermal

behaviors of carbon steel.

e Specific Heat

The specific heat of carbon steel represents the amount of heat energy required to increase
one degree of temperature of carbon steel material per unit of mass. The specific heat
property is inputted in ABAQUS using *SPECIFIC HEAT by taking into consideration

the variation of temperature.

e Thermal conductivity

The thermal conductivity of carbon steel represents the capacity of carbon steel to conduct

heat. In other words, represent the thermal energy flows in one unit of time through a unit
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of length with one degree of temperature. The thermal conductivity property inputted in
Abaqus using *CONDUCTIVITY by taking into consideration the variation of

temperature.

iii.  Step Module

The step Module is one of the important and fundamental module in Abaqus. Like other
analyses, fire analysis is also split into different steps. The main task of step module in
Abaqus is to create the needed steps in analysis and defining output request. In this

analysis, three steps are created.

1. Room Temperature

The properties of Carbon steel at room temperature and at elevated temperature are
different. At elevated temperature, mechanical, physical and thermal properties of carbon
steel are changed. Consequently, in fire analysis, it is important to define the initial
temperature condition of structural member in order word to define the room temperature

of structural member before get at elevated temperature.

In Abaqus, the normal conditions of structural members at ordinary temperature should
be defined during fire analysis. And by using *INITIAL steps, the room temperature is
defined. The room temperature considered is 20°C. To input the room temperature in
analysis, *PREDIFINED FIELDS option is used.

2. Heating and Static Steps

As mentioned above, the Abaqus analysis is split into different steps. Therefore, in fire
analysis after defining the initial condition, Heating and Static steps are created. Heating
Step defines the elevated temperature conditions of structural members. This heating
steps were created using general static procedure for resolving all calculation in the
analysis of steel member under elevated temperature. pre-defined field was used to apply
the temperature on structures, thermal Load and fire interaction are not considered, in this
study the temperature was assumed to uniform for the whole structure. And as well, non-

linear geometric was considered by activating *NIlgeom.
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iv. Load Module

In Abaqus, Load module is used to define all loads applied on the system and creating all
boundary conditions. In fire analysis, the fire loads are defined in heating step. When the
surface radiation heat transfer is considered, surface heat flux load type is created.
Nonetheless when convection heat transfer is considered, the temperature boundary

condition type is created.

In static steps, other mechanical categories loadings are created: concentrated or
distributed loads. To define the displacement and rotation conditions on the boundary
conditions on the Abaqus models used in this study, the boundary conditions are created
in initial step. For instance, for simple supported members, space steel structures and

other models used in this study.
V. Mesh Module

In finite element analysis mesh size is one of the significant factors and the finer the mesh
size, the more accurate is the analysis. In Abaqus, for fire analysis, mesh module allows
the user to generate the meshes (mesh size) to the parts or assemblies and used to assign

the mesh element type.
vi.  Job Module

The Job module has the three main important roles: the first, the job module allows the
user to create the job, the second one, allows the user to submit the job for analysis and

the last one, is used to monitor the analysis progress.
3.2.3. Buckling analysis in ABAQUS

To analyze the buckling behavior of steel structural member in Abaqus, there are two
different methods for obtaining the load-deflection response: the first method the Static-
Riks analysis. The second one is General static analysis of steel member subject to an
initial deflection and also by considering nonlinear geometric analysis (ABAQUS,
2008c).
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e Static-Riks Analysis:

To analyze the buckling behavior for simple steel structural member (such as an
individual column or beam), Static-Riks analysis is suitable. To conduct static-Riks
analysis method, two analyses are required: eigenvalue analysis as the first analysis and
then Riks analysis. Eigenvalue analysis is used to get the buckling loads(eigenvalues) and
buckling shape(eigenvectors), in Static-Risk analysis, the initial deflection is introduced

and then perform the full load-deflection response.

e General Static analysis:

To analyze the buckling behavior for complex structures where, there are buckling of
several members or where loading condition are complex, the General Static analysis is
used. For this approach the structural members should be modelled with an initial

deflection and introduce geometric non-linearity.
3.2.4. Example Problem: A single beam exposed to fire

This example problem (Gillie M., 2009), is consisting of a single beam that is exposed to
fire, and its behavior is taken into account when it is uniformly heated from 0 to 800 0C
before being cooled once more. This Example problem was considered as the most basic
illustration of a heated structure where the impacts of geometric non-linearity, material
non-linearity, complexity boundary conditions, and time changing forces all become
significant. Therefore, it is stipulated that the material properties of the beam be those of
an Elasto-plastic steel with a yield strength decreasing linearly from 250 MPa at 0°C to 0
at 1000°C. Young's modulus and coefficient of thermal expansion are considered to be
temperature-independent and to have values of 207 GPa and 1.2E5 /°C, respectively.
Figure. 23 depicts these specifics graphically. A uniform distributed load of 4250 N/m is
also applied to the beam and then the temperature loading (800°C) applied as second step.
Although the beam can rotate freely at both ends, the lateral constraint is used. The axial
stiffness of the beam, which was independent of temperature, is expressed as a percentage
for the intermediate restraint settings (for this example consider 75% only).
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Figure 23. The definition of example problem. (Gillie M., 2009)
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Figure 24. The axial force vs Temperature curve of 75% support stiffness.
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Figure 25. The Mid-span deflection vs Temperature curve of 75% support stiffness.
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The Figure 24 And Figure 25 shows the results given by Abaqus analysis. On heating
step, the axial forces (Fig. 24) rise quickly as a result of the lateral supports' resistance to
thermal expansion. The rigidity of these supports has a direct impact on how quickly the
axial forces increase. The beam buckles and deflections increase quickly at a particular
point (Fig. 25). Because previously restrained thermal strains can now be released by
geometrically stretching the beam, the axial forces decrease as a result. The axial forces
continue to decline until the heating is finished. (Gillie M., 2009).
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4. ANALYSIS AND DISCUSSION

4.1. Overview

This chapter consists of three main parts. In the first part of the chapter, the results of the
studies on the buckling analysis of the individual structural element (column) under axial
compression are presented. For this part the analysis was done under different conditions,
for the temperature condition: the analysis was done at room temperature and elevated
temperature. For boundary conditions: restrained and unrestrained conditions are used for
different analysis. The second part of the chapter, the analysis of the interior compression
member in truss which under axial loading are investigated and exposed to fire. For this
part, the temperature conditions at room and at elevated temperature are considered. In
the third part of the chapter, the results of the analysis of the members in space frame
under fire condition are included. As described in chapter 3, the analysis was conducted

using the finite element analysis with ABAQUS.
4.2. Analysis of Individual Structural Element

In this part, the series of analysis of single compression member at ordinary and elevated
temperature were conducted. In this study, due to steel's strong thermal conductivity, it
was generally assumed that during a fire, the temperature considered constant throughout
a steel part. The goals of his section's analysis are to validate several ABAQUS solutions
including thermally induced deformations and also the deformations caused by the
external static loads. In addition, this part of analyses provides some information on the

impact of elevated temperature on capacity of structural member.

4.2.1. Buckling analysis of unrestrained structural element under axial

compression at ordinary temperature

- Theoretical Methods for buckling analysis.

At room temperature, the buckling analysis for perfect straight structural element and
structural element with initial imperfection is discussed in different literature such as
Timoshenko (1961), Gerard (1962). For Perfect straight structural element, the Euler

equation is used to define the elastic buckling load, the equation is:
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=t (4.1)
Where:

E is elastic modulus.

| is moment of inertia.

L is the length of the element.

k is the effective length factor,

this equation represents the maximum axial load can be applied on straight structural
element before it becomes unstable and buckle (Gerald 1962). Generally, the straight
structural element without any imperfection does not exist in reality, the structural
element can have some defects: on initial out-of-straightness, loading eccentricity and

residual stress. In simple expression for the initial imperfection can be defines as follow:
y = DSin(%) (4.2)

Where, A, is maximum imperfection at midspan (x = L/Z)'

For applied loading P and elastic material, the imperfection A can be calculated by this

equation:

A= P (4.3)
-

Where, P, is the elastic buckling load given by Euler equation (Eq. 4.1) and A, is initial

deflection at the structural element center.

42



A/1=0.003 A/1=0.03 A/L=0.3 A/L=0.0003 == A/L=0

1.2
P
1 SQ@E
0.8 I
3]
g 06
[a
0.4
0.2
0
0 0.05 0.1 0.15 0.2 I
AL VAN

Figure 26. The load-deflection relationship for elastic structural element.

The figure above shows load-deflection relationship. Besides, it shows the effects of

initial imperfection on the compression element capacity. For the perfect straight
structural element, where AO/L =0, the PL remains constant and equal to 1. Therefore,

the size of imperfection affects the shape of curves, as the Figure 26 shows. The smaller
the imperfection size is, the more the curve is similar to the perfect straight column’s

curve and the bigger the imperfection size is, the more diverse the curve is.

To describe the size of imperfection and how it affects the structural element strength
capacity, the ABAQUS analysis was done, and the results are shown in Figure 27. The
Figure 27 shows how the size of imperfect affects the load-deflection response for the
column under compression loading. The buckling analysis of unrestrained plastic column
under compressive load using ABAQUS (Riks analysis) was done with different values
of initial imperfection. For this analysis, the perfect plastic behavior material was used
with the Modulus of Elasticity of 200GPa and Yield Strength of 355Mpa on a pipe section
column with an area of 1205.76 mm? and a length of 3 m and for boundary condition:
k=1. Thus, as mentioned before the initial imperfection used is 0.1% of total length which

is equal to 3mm
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Figure 27. The load-deflection relationship of the column with different imperfections.

This non-linear analysis solutions from Figure 27, show that for A/L:O.Ol% the P reach

on 96.7% of the elastic buckling load. Nonetheless, for A/Lzl%, the loading P increase

uniformly and reach 48.1% of the elastic buckling load value. Increase in the imperfection
result in reductions in the column strength capacity. The ASTM recommended initial
deflection for analysis of the steel column is 0.1% of the column length. To introduce the

geometric non-linearity, this value (L/1000) was used during the all analysis in this study.
- ABAQUS Models for Buckling Analysis

As mention in the previous chapter, to analyze the buckling behavior of steel structural
member in Abaqus, there is two different methods for obtaining the load-deflection
response: the first method the Static-Riks analysis. The second one is General static
analysis of steel member subject to an initial deflection and also by considering nonlinear
geometric analysis (ABAQUS, 2008c).

To conduct static-Riks analysis method, two analyses are done: eigenvalue analysis as
the first analysis and then Riks analysis. Eigenvalue analysis is used to get the buckling
loads(eigenvalue) and buckling shape(eigenvectors), in Static-Risk analysis, the initial
deflection is introduced and then perform the full load-deflection response. In parallel,
the General static analysis was also conducted. Nonetheless, the Static-Riks analysis was

used only for single column analysis. The maximum initial deflection at column center
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used during analysis is 0.1% for total length of the column.

The buckling analysis of unrestrained elastic column under compressive load using
ABAQUS (Riks analysis) was done and compared with a theoretical solution calculated
from Equation 4.3. For this analysis, the elastic behavior material was used with the
Modulus of Elasticity of 200GPa on a pipe section column with an area of 1205.76 mm?
(CHS 10/4) and a length of 3 m and for boundary condition: k=1. Thus, as mentioned

before the initial imperfection used is 0.1% of total length which is equal to 3mm.

Based on the analysis results, the displacement at the midpoint of the steel column with
P/P., the relationship between the two is shown in Figure 28. For the perfect straight
elastic column, the material non-linearity and geometric non linearly are not considered.
It assumed that the material is elastic and perfect straight. For elastic column with
imperfection also analyzed for this: the geometric non-linearity is considered by
introducing the initial deflection of 0.1% of column length which is equal to 3mm. in
addition, the material non-linearity was not considered, elastic material used. For the
plastic column with imperfection, describe the total non-linear behaviors. At this point

material non-linearity and geometric non linearity is considered.

Perfect straight Column Elastic Column with Imperfection
Plastic Column with imperfection
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Figure 28. The load-deflection relationship for Perfect column, elastic and plastic
column.
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Abaqus solutions for the imperfect elastic column which is under compression load, the
first part of the load-displacement relationship with the theoretical solution shows a good
similarity up to a midpoint displacement of about 200mm. beyond this, the two solutions
differ significantly. For the imperfection Plastic column subjected to compression load,
where both material and geometric non-linearity are included, the Abaqus solution shows
P/P¢r reaches 85% and start to decrease significantly.

4.2.2. The Axially Restrained Elastic Column subjected to Elevated Temperature

The increase in temperature creates a change in the cross-thermal strain. The length of
the column elongates due to thermal expansion and if the column is merely supported,
there is no need to apply force in order for the contraction to occur. However, if there is
pinning of the columnat both ends, the contraction is inhibited and the column
experiences tensile compression. An equation for induced tensile force is provided by
Usmani et al. in 2001 and is as follows:

N = ggEA (4.4)
Where, E is the modulus of elasticity, A is the cross section of the member and ¢4 is
thermal strain which is calculated by:

&g = alAT (4.5)
Where, «a is the coefficient of the thermal expansion and AT is the temperature gradient

over cross section.

As mentioned in the previous chapters, in fire resistance and design, high temperature has
an obvious effect on the physical and mechanical properties of steel. The properties of
steel materials such as strength, stiffness, thermal conductivity, specific heat, and thermal

expansion vary with temperature.
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Figure 29. The Thermal Load-Temperature relationship.

The graphs (from Figure 29) plotted from equation (4.4), for elastic member of 2E11Pa
Elastic modulus, the section of 0.05966m? and a coefficient of thermal expansion of
12*10-6 (1/ °C). The column is 3m long and has a hollow tube section profile of 0.1m
radius and 0.01m thickness. The column cross-section was considered independent to the
temperature change. In previous chapter, the relationship between the changes in carbon
steel mechanical properties and the change in temperature were described, for the
coefficient of thermal expansions and the reduction for elastic modulus at elevated

temperature as provided by Eurocode (Equation 2.58).

Figure 29 shows the correlations between temperature change and thermal load with
considering different assumptions, first assumption: when Young modulus and
coefficient of thermal expansion, are assumed remains constant for all temperature. Here,
the curve is linear, for the second assumption, where Young modulus is constant within
all elevated temperature, nevertheless consider thermal expansion is varies with
temperature, the curve changes significantly, due to the increase of thermal expansions.
For third assumption, considering the young modulus is changing with the temperature,
nonetheless Thermal expansion remain constant and fourth assumption considering the
both coefficient of thermal expansion and young modulus changing with temperature. the
curves shows that where we have the change in elastic modulus, the load increase with
the elevation of temperature until around 480° and starting decreasing, it is because the

critical temperature for this member is 476°C.
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4.2.3. Buckling Analysis of Axially Restrained Elastic Column under Elevated

Temperature

Due to the good heat conductivity of carbon-steel, as was mentioned above, temperatures
for a steel column during a fire are often assumed to be uniform. Thermal expansion will
occur when a member has a consistent temperature increase throughout its length and
across its cross section during a fire. Thermal expansion take place unhindered and
without the application of any force if a member is unrestrained in the axial direction.
However, an axial force will be created when a part is axially constrained to stop thermal
expansion. The induced force is direct proportional to the axial restraint's stiffness. The
smaller the stiffness is, the smaller the force is. The induced axial force, on the other hand,
will be substantial and may even be high enough to result in buckling when the stiffness
of the restraint is high. Usmani et al. (2001); Quiel and Garlock (2008) and Ho (2010) are
some of studies that studied at the impact of thermal constraint on the induced forces and

deflections in columns.

Usmani considered the thermal restraint for axially constrained columns that are just
subjected to elevated temperature (i.e., no external load) as the source of the axial force
in these columns. As long as the temperature in column stays below the critical
temperature which established by Equation 4.6, that column does not bend. The column
will start to buckle, when the temperature reaches the critical level, and the produced axial
force is equivalent to the critical load at buckling of the same column exposed to external

axial forces alone. The critical temperature calculation (Usmani, 2001):

P=Exegx*xA (4.4%)

€ = aAT (4.5%)
T2El

Pcrzsz*A*a*ATcr

2] w2

axAx(kL)2  a*A2

AT,, = (4.6)

Where is E young modulus, A is area cross section of member, I, is moment of inertia, L
is the length of column, € is thermal strain, « is the coefficient of thermal expansion, 4 is
the slenderness ratio of the column, AT is temperature increase and AT, is the critical

temperature increase. For elastic restrained column of 2*E+11Pa Elastic modulus, the
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section of 0.05966m? and a coefficient of thermal expansion of 12*10-6 (1/ °C). The
column is 3m long and has a hollow tube section profile of 0.1m radius and 0.01m
thickness. The critical temperature was computed by using theoretical technic from the

equation (4.6) and Abaqus.
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Figure 30. The Temperature-Displacement relationship and Critical temperature for
elastic column.

The solutions of ABAQUS studies of an axially constrained elastic column under
increased temperature are presented in this section. The theoretical answers mentioned
above are contrasted with the ABAQUS solution. A general static and an eigenvalue
analysis are used to create ABAQUS solutions. In other words, the elevated temperature
is applied to the column instead of an external load, and ABAQUS does the analysis to
determine the column's response to the temperature increase. A 1°C rise in temperature is
applied to the column during the eigenvalue analysis. The value of the increased
temperature that results in the substantial bend out in the column is then determined by
the value of the eigenvalue at the first buckling mode as determined by ABAQUS
analysis. In order to relate to room temperature, the critical temperature is consequently
equal to the given by Abaqus (Eigenvalue) add 20°C as room temperature. The
introduction of an initial imperfection at column center was done and maximum initial
imperfection considered at midspan is equal to 0.1% of the column's length, or 3mm.
There is no thermal difference along the cross-section and the columns experience an
unchanging temperature along their whole length. 12*10-6 (1/°C) is assumed to be the

coefficient of thermal expansion value.
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Figure 30 shows the relationships between temperature and midspan deflection as a result
of this analysis. As mentioned, that 20°C has been added to the increased temperature in
this graph to represent ambient temperature. In other words, the column's temperature

does not change at 20°C.

Figure 30 shows that the ABAQUS studies for the critical temperature value and the load-
deflection response of the column reasonably match with the theoretical calculations. The
critical temperature determined by ABAQUS using an eigenvalue analysis is 425°C,

which is quite similar to 476°C, the critical temperature determined using Equation (4.6).

According to the analyses in this section, restricting thermal expansion can significantly
affect how columns behave. At 650°C(1200°F), The column'’s capacity to support external
loads is probably limited above this temperature and note that ordinary structure fires may
produce temperatures of roughly 1200°F (Buchanan 2002). However, in this
investigation, it just focuses on the elastic response. In practice, the reaction of the column
at high temperatures must also take into account the material inelasticity. The next part

will consider material non-linearity.

4.2.4. Buckling Analysis of Axially unrestrained Plastic Column under Elevated

Temperature

This section examines how material non-linearity affect a column's ability to resist
buckling at high temperatures. In several publications, such as Galambos (1998), Chen
and Lui (1985), Shanley (1947), etc., mentioned the methods used to analyses the inelastic
buckling of columns at room temperature and the building standards like the AISC
Specification and Eurocode 3 gives also the formulas to determine the strength of actual

columns and taking into account the impacts of material inelasticity.

In addition, as mentioned in Chapter 2, when temperature rises, steel loses stiffness and
strength. The column buckling analysis methods used at room temperature no longer
work to the column exposed on elevated temperature (Takagi and Deierlein 2007).
Equations to determine the buckling strength of a column at high temperatures are
provided in the AISC 2010 Specification and Eurocode 3. These equations explain how

steel loses strength and stiffness at high temperatures as well as how the stress-strain
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relationship changes. In this part, using ABAQUS, the behavior of axially unrestrained
columns under axial compression stress at high temperatures will be examined. The
results will be compared to the strength forecasts provided by the Eurocode 3

Specification, which was covered in Chapter 2.

The calculations of column strength using Eurocode 3 equations are compared to
ABAQUS solutions in this part of analysis. The temperature dependent material
properties (Elastic modulus and Yield strength) for steel at high temperatures are used in
this study using ABAQUS as provided by Eurocode. Therefore, for different temperatures
values, the relationship between displacement at the column center and axial load applied
on the column was analyzed. In this part of analysis used: the CHS-100/4 column of
2*E+11Pa Elastic modulus and 355Mpa yield strength at room temperature, the cross-
section area of 12.06E-3m?. The boundary conditions used were a simple supported
boundaries with a roller and a pin at either end (k=1). As mentioned previously, the
ABAQUS computation used the reduction factors for mechanical properties as defined in
Eurocode 3. Additionally, an initial imperfection was considered in the ABAQUS model,
the maximum initial imperfection used at midspan equal to 3mm, or 0.1 percent of the

column's length, and for this part of analysis the thermal expansion are not considered.
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Figure 31. The Load-Displacement relationship for imperfect inelastic column under
elevated temperature.

Figure 31 show how column strength diminishes quickly as temperature rises. This

decline is caused by the loss of steel's strength and stiffness as well as the nonlinearity of
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the steel's mechanical properties at high temperatures. When the temperature is above
100°C, neither the properties of material nor the column capacity is degraded according
to the steel's Eurocode 3 temperature reduction factors. As a result, the column's axial
force-deflection relationship at 100°C and at 20°C are the same. The column strength
starts to diminish over 100°C in temperature. At 300°C, the column loses roughly 20% of
its strength, more than 68% of its strength at 600°C, and more than 90% of its strength at
800°C compared to the strength at room temperature. As a result, the decreases in column

strength at high temperatures seen in Figure 30 are extremely remarkable.

Based on the ABAQUS results in Figure 31, Figure 32 depicts the maximum axial force
that the column could withstand at various temperatures and the strength of this 3m long
hollow tube column which is computed by using the equations of column strength under
elevated temperature given by Eurocode 3 (Eqg. 2.58). Additionally, the yield strength and
elastic modulus values at elevated temperature are considered and are substituted in the
column strength formulae in Eurocode 3 to calculate the column's strength. As a last point
of comparison, the column elastic buckling load at ordinary temperature, was calculated,
plotted 305,333 N and used as reference value.
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Figure 32. The Column Strength Capacity-Temperature relationship for imperfect
inelastic column under elevated temperature.

The graphs in Figure 32 demonstrate that, both column elastic buckling load at room

temperature and the column capacity at elevated temperatures, the column strength
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calculated from ABAQUS closely resembles the values calculated by Eurocode 3. The
compressive strength-temperature relationship given by ABAQUS and Eurocode 3 are
similar. Nevertheless, since residual stress was not taken into account in this analysis by
ABAQUS, the compressive strength obtained by ABAQUS is rather greater than that of
the solution from Eurocode. The column strength equations in Eurocode 3 were derived
from Takagi and Deirlein (2007) and Franssen (1995) studies and are provided for column
exposed on high temperatures. At high temperatures, the significantly temperature
reduction factors cause a considerable decrease in tangent modulus, which in turn causes
a significant decrease in column strength. Tagaki and Deierlein made an identical
observation (Tagaki and Deierlein 2007).

4.3. The Analysis of Truss under fire condition

The earlier sections focused on the behavior of isolated individual elements (columns)
when they were exposed to an external load with axial unrestraint or with full axial
restraint under fire condition. Practicality, however, the structural members which are
exposed to external loads and high temperature during a fire, interacting with the nearby
other structural parts. Therefore, a variety of factors, including material degradation
brought on by rising temperatures, restraint from surrounding members to thermal
expansion, the additional external force applied to the whole system, and the
redistribution of force to the other surrounding elements with the one which is under fire
condition. All those factors influence how columns respond when exposed to fire.

The impacts and interactions of structural members exposed to high temperature in space
framed structures are examined in the next section. However, the interactions between a
compression member and the adjacent structures are initially looked at for a simpler
scenario in this section. The study of a compression member that is a component of a

relatively simple truss is covered in this section. Figure 33 represents the model structure.
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Figure 33. The compression member between two struts.

A central compression member within the studied truss is joined to two struts. There is
no rotational restriction at the ends of the members because all connections are described
as pins. A central member’s finite axial restraint is provided by the struts that are selected.
The struts are modelled in the study such that they are not affected by temperature
fluctuations and continue to be elastic. By acting as a flexible axial constraint, the struts
are effective. The inner member is heated up, and it is modeled to take into account the
initial deflection, the inelasticity of material, and the deterioration of material stiffness
and strength caused by temperature change. The truss is put under an externally applied
load P. The amount of P that the truss inner member resists depend on how stiff that
member is in relation to the struts since the truss is statically indeterminate. The
relationship between temperature and load will alter its relative stiffness. The axial force
in the inner member in this case will produced from two different causes. The inner
member will initially withstand some of the axial load due to limited thermal expansion,

and the axial load due the external applied load.

The CHS-100/4 member in the truss, which is used as inner member with 3m long was
used. The material is modeled using a 355Mpa yield strength at room temperature. At
high temperatures, the temperature reductions factors provided by Eurocode 3 were used

as the steel mechanical properties and elevated temperature relationship. The Steel is
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assumed to have a thermal expansion coefficient of 12*10-6 (1/°C). A maximal
imperfection at midspan used is equal to 0.1 percent of the column's length, or 3mm.

ABAQUS is used to examine the behavior of the internal compression member in the
truss. For comparison, the single compression member's strength is also calculated using
Eurocode 3 specification's increased temperature column strength formulae. Three
ABAQUS studies of the truss and one study of an individually axially unrestrained
structural member was performed. The load control approach was used in the ABAQUS
analysis of the specific structural member. Moreover, since the truss remained able to
support larger loads after the inner truss member failed, load control was employed for
the ABAQUS assessments of the truss to forecast the whole in member response at both
stages (pre and post buckling). The four ABAQUS analysis instances are each given a

thorough detail below.

Case 1: To examine the impact of temperature restraint and thermal deterioration on the
axial force created in the inner member, an ABAQUS analysis of the truss was performed.
Zero external load P was applied to the truss in this study. The temperature within the
inner member was raised from ambient to 1200°C, which is the point at which steel almost
loses all of its capacity. This study took into account the impacts of the inner member's
thermal expansion and the temperature-dependent loss of material strength and stiffness.
The axial force produced in the column was calculated by the inner member's temperature

change.

Case 2: When an axial external load P was imposed on the truss, ABAQUS studies were
performed to examine the impact of temperature-dependent material deterioration on the
compressive strength of the inner truss member. There is no thermally generated force in
the inner member since the thermal expansion coefficient of the inner member material
was not taken into account for this case in these analyses. As a result, only the external
load P caused the column to experience axial force. Each study assumes that the inner
column of the truss is exposed to a specific increased temperature, which was maintained
throughout the investigation. The study employed temperature-dependent material
characteristics for the given temperature, although, as mentioned above, thermal

expansion was not simulated. 12 ABAQUS studies were performed for the following
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temperature values: 20, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000 and 1200. The
external load P was put to the truss at every temperature and raised until ABAQUS
stopped working or a mechanism developed. The maximum axial force that the truss inner
member could withstand at that temperature as well as the connection between the axial
force in the column as well as the deflection of inner member at its midspan were
calculated for each analysis. As was already mentioned, in this example, the applied load

was the only source of the axial force in the inner member of the truss.

Case 3: ABAQUS studies were performed to determine the impact of thermal constraint
and temperature-dependent material deterioration on the truss inner member's behavior.
For these calculations, the truss inner member's thermal expansion was considered, and
an external load P is applied to the truss. As a result, for these studies, the axial force in
the truss inner member was produced by the external load as well as the restriction of
thermal expansion. For each analysis, the truss inner member's temperature was raised
from ambient temperature (20°C) to a specific temperature value and then kept constant.
Then, until ABAQUS stopped operating or a mechanism formed, the external load P was
applied to the truss and increased. The axial load produced by thermal expansion restrain,
can cause the truss inner member fail even without any external applied load. For case,
only four analyses were conducted just to compare with the solutions given by Case 2.
As in the prior case, those four ABAQUS analyses were performed for temperatures of
40°C, 70°C, 120°C, 150°C. For each analysis, the maximum axial force that the truss
inner member could withstand at that each temperature as well as the connection between
the axial force in the truss inner member and the deflection of the that member at its
midspan were calculated. As mentioned above, in this scenario, the axial force in the truss
inner member was caused by the external load P and the thermal expansion was restrained

during the temperature increase.

Case 4: To ascertain the compressive strength of an axially unconstrained single structural
member at a high temperature, ABAQUS studies were carried out. The material, thermal,
and geometrical characteristics of this single structural member were identical to those of
the inner member in the truss. A pin at the base and a roller at the top were used to simulate
the structural member. As a result, there was no restriction on thermal expansion, and the

structural member is able to withstand the whole imposed weight. This the structural
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member was presumptively subjected to a high temperature for each analysis, and this
temperature was maintained throughout the analysis. 12 ABAQUS analyses were
completed prior to the specified temperatures (as in case 2). The load control was used to
evaluate that single structural member capacity for this case. Following completion of
those analyses for each temperature, the maximum generated axial force at that
temperature was calculated and the relationship between the induced axial force in the
structural member and deflection of that member at its midspan were calculated. Note
that in this instance there was no axial force in the structural member since thermal

expansion was restrained.

For Cases 2 and 4 of the ABAQUS analysis, the analyzed structural member's
compressive strength (or maximum produced axial force) at different temperature values
is described in Figure 34. These correlations are illustrated on a graph beside the curve
that represents the compression member strength at high temperatures and was calculated
using the equations in Eurocode 3. The link between Case 1 of the ABAQUS analysis's
induced axial force in the inner structural member and temperature increase is also shown

in Figure 34.
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Figure 34. The Column strength capacity-Temperature relationship for imperfect
inelastic column (in truss) under elevated temperature.

Plots on Figure 34 demonstrate that Cases 2 and 4 curves and the curve given by Eurocode

have a strong similarity on the strength-temperature relationship. This shows that the truss
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inner member's axial strength is notable affected by the truss system due the restrain of
external struts. However, the difference between capacity of inner member and isolated
member reduces with temperature until all capacities become around 0 on 1200°C.
Nevertheless, also the truss inner member's axial strength is higher than the capacity of
the individual structural member given Eurocode formula, this is because in Abaqus the
residual stress was not considered. The results from ABAQUS, the Case 1 are likewise
plotted in Figure 36. In this case, no external stress was applied as mentioned. Nonetheless
the truss's struts prevented the truss inner member from thermally expanding. The thermal
constraint causes the axial force in the structural member to initially rise with temperature,
as seen in the plot. When the temperature hits between 150 and 200°C (168°C), the axial
force in the truss inner member starts to diminish as a result of the material's loss of
stiffness and strength as well as the column'’s buckling. When the temperature hits roughly
1200°C, the material has essentially lost all of its stiffness and strength, therefore the
resultant axial force is negligible. To learn more about the behavior of the structural
member at high temperatures in truss system, ABAQUS Cases 2 and 3 are explored in
further depth. The relationship between the external load P which applied on the truss
system and the axial force generated in the truss inner member is different for those cases.
In Figure 34, for case 1, the truss inner member's compressive strength, or buckling
capacity is roughly 245 kN at 168°C, so, the chosen temperature values for this
comparison better to take a value less than critical temperature(168°C). The ABAQUS
analysis for 40, 70, 120, and 150°C were done for both cases. And their results are shown
in Figures 35 to 38.

300000
250000
200000
150000
100000

50000

0
0 200000 400000 600000 800000 1000000 1200000

Applied External Load(N)

CASE 3
CASE 2

Total Axial load(N)

Figure 35. At 40°C, the equivalent applied force versus truss inner member axial forces
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Figure 36. At 70°C, the equivalent applied force versus truss inner member axial forces.
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Figure 37. At 120°C, the equivalent applied force versus truss inner member axial forces
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Figure 38. At 150°C, the equivalent applied force versus truss inner member axial
forces
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These graphs show how thermal expansion affects the axial force within a truss inner
member. The truss inner member in Case 3 was already under an axial force before
external load (P = 0) applied. The restrained thermal expansion of the truss inner member
with rising temperature is what caused that initial axial force. Despite the truss being
subjected to the same external load P as in Case 2, the Case 3 truss inner member always
experiences a larger total axial force than in Case 2. This is because of the thermally
generated force. Therefore, the capacity of the truss inner member to carry the externally
applied load P is reduced for that member which is under thermally restrained. For
instance, in Figure 38 shows the analysis results done at 150°C for both cases, the external
load-P on the truss at the moment the truss inner member buckle is around 760kN in the
case when thermal restraint is not present (Case 2). Nevertheless, the external load-P on
the truss, is only around 98.8kN for the case the thermal expansion (Case 3) was
considered. As a result, the amount of external load that the truss inner member could
resist was dramatically decreased by the axial force created in that member by restricted
thermal expansion. This suggests that the performance of structural member exposed to

fire might be significantly impacted by thermally generated forces.

4.4. The space Frame under Elevated temperature

As previously said, the goal of this thesis is to look at how the structural elements will
behave when they have exposed to fire as an isolated individual element or as system of
many structural elements. This thesis has thus far looked at how specific member respond
to external loads and/or temperature increases in order to validate the modeling methods
employed on ABAQUS and to offer some early insights into the issue. In this section, the
steel space frame structures were analyzed by using ABAQUS, in order to show the
behavior of the whole structural while exposed to fire. In addition, the influence of the
imperfection on space frame performance was considered in this part of analysis. The
model used is described in Figure 39. The analysis methods used for the space frames

examined in this part are called "Temperature control” and “Load control”.
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Figure 39. The Model used definition (NOORI M., 2020).

The space frame model used in this study was used by (NOORI M., 2020), all dimensions
and sections are kept intact. The imperfections of the structural members are considered.
The carbon steel material of Elastic modulus of 2E11 Pa, Yield strength of 355Mpa and
1.2E-5/°C of thermal expansion coefficient. During analysis the Elastic modulus and
Yield strength are temperature depend, means change with temperature, nevertheless the
thermal expansion coefficient considered as constant during the analysis. The moment is

released for the all elements.

Table 4. The Elements sections of model used.

Elements of Model Element section

Top layer Element CHS 64/2.5
Bottom layer Element CHS 62.8/1.4

Diagonal Element CHS 66.4/0.7

This study (Temperature control) considers the gravity load as the external static loads,
The Dead load was assumed to be 0.5kN/m? and 0.8kN/m? for Snow load and then the
load combination considered as Q+G. The static load was applied for each joint on the
top layer of the space frame. Therefore, the tributary area for each Joint was considered
as 2.5m*2.5m. For the temperature, in this study, consider 20°C as room temperature and
600°C temperature was applied to the whole structural (all nodes). Besides, is assumed

that the temperature is uniform to the whole structure.
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4.4.1. Analysis of space Frame Using Load Control

The load control approach, it involved heating the whole structure to a specific
temperature while no applied of any external load to the frame. Then, while maintaining
the same temperature, the external load on the frame was applied and raised until the
frame fails. While load control analysis may not accurately depict the conditions that exist
during a structure fire, it can offer some useful insights into essential behavior. The
concentrated load at the all joints on the top layer of the space frame was applied, the
20kN was used. This approach evaluates the space frame performance at a specific high
temperature using the load control method. However, this approach does not accurately
depict the circumstances in a normal building under fire. Using the temperature control
method is only strategy that may be used to forecast how a structure would react in the

event of a fire and is more realistic. In this part of analysis, two cases were considered:

Case 1: ABAQUS studies were performed to determine the impact of temperature-
dependent material deterioration on the space frame performance. Each study assumes
that the whole structure frame is exposed to a specific elevated temperature, which was
maintained throughout the investigation. The study employed temperature-dependent
material characteristics for the given temperature, although, for this case the thermal
expansion was not simulated. 9 ABAQUS studies were performed for the following
temperatures: 100, 200, 300, 400, 500, 600, 700, 800 and 1,000°C. And the influence of
space frame members imperfection was taken into consideration. Those 9 analyses were
done without imperfection (0.1mm, the smallest imperfection) and with 5Smm (2%L)
imperfection, in order to evaluate how the imperfection size can affect the performance
of space frame. The external load was applied to the space frame at every temperature
and raised until ABAQUS stopped working or a mechanism developed. In order to
evaluate the performance of space frame capacity, the totaling of all reaction forces at Z
direction for space frame support was used as one of the approaches. And also, in order
to measure the global displacement of the space frame, the center of bottom layer

displacement was used.
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Case 2: ABAQUS studies were performed to determine the impact of thermal constraint
and temperature-dependent material deterioration on the column'’s behavior. The same
consideration as the case 1, only difference is that the thermal expansion was simulated
in order to determine the effect of thermal constraint. for this case two different analysis
was done as well as on case 1, in order to make a comparison of both cases. The analyses
were done on 50°C and on 75°C and the total load of space frame was measured for both

cases and compered on the Figure 43 and 44.
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Figure 40. Total load from Z direction vs global displacement on the space frame without
imperfection at different temperature values
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Figure 41. Total load from Z direction vs Global displacement on the space frame with
5mm imperfection at different temperature values
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Figure 42. Total load from Z direction vs temperature without imperfection and with
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Figure 43. Total load from Z direction vs global displacement space frame without
imperfection at 50°C
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The figures 40 and 41 show the ABAQUS solution which represent the performance of
space frame under elevated temperature, the main target in those analyses is to enlighten
the effect of material degradation on the performance of space frame under fire as
mention before. Figure 40 represents the space frame without imperfection (0.1mm, the
smallest). Nevertheless, Figure 41, shows the ABAQUS solution of the space frame with
imperfection of 5mm. The graphs in Figures 40 and 41 show how space frame capacity
strength diminishes rapidly as temperature increases. This decline is caused by the loss
of steel's strength and stiffness as well as the nonlinearity of the steel's mechanical
properties at high temperatures. When the temperature is above 100°C, neither the
properties of material nor the space frame members capacity is degraded according to the
steel's Eurocode 3 temperature reduction factors. As a result, the total load from Z
direction and global displacement space frame relationship at 100°C and at 20°C are the
same. The space frame capacity strength starts to diminish over 100°C. At 300°C, the
space frame loses roughly 24% of its strength, more than 65% of its strength at 600°C,
and more than 90.3% of its strength at 800°C compared to the strength capacity at room
temperature. As a result, the diminutions in space frame performance capacity strength at

high temperatures seen in Figure 40 and 41 are awfully notable.

Based on the ABAQUS solutions in Figures 40 and 41, Figure 42 illustrates the maximum
total load from Z direction that the space frame could withstand at various temperatures
for the solution given by both Figures 40 and 41. This figure shows how the presence of
imperfection affect the space frame performance strength capacity. The graphs show that
for space frame with 5mm imperfection the space frame capacity is 94.9% of space frame
capacity without imperfection. The presence of imperfection of space frame members

reduces the space frame capacity as well.

As mention above, in order to compere the case 1 and case 2, two ABAQUS analysis
were done. And Figures 43 and 44 show those ABAQUS results of space frame modeled
where the whole structure was initially exposed to 50°C and 75°C, and then the
concentrated load at the all joints on the top layer of the space frame was applied, the
20kN was used. For Case 2, the space frame experiences the deformation due to the
thermal expansion of structure members during heating phase. Nevertheless, for the case

1, there are no initial deformation due to the elevated temperature, because the Expansion
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coefficient was not simulated. That why, always the displacement at the center of bottom
layer started in negative values for case 2. The negative values represent the initial
displacement caused by the load produced by thermal expansion restraint. The more
Temperature increase the more initial deformation increase. The graph of space frame
capacity at 50°C for case 2, the initial displacement is -16.6mm, and become -30.42mm
for 75°C. This observation show that the more temperature increases the more
deformation of the space frame increase, in case the thermal expansion coefficient was

simulated.

4.4.2. Analysis of space Frame Using Temperature Control

In temperature control approach, primarily, the dead and snow loads were applied to the
frame and then kept constant, and the following step, the temperature was applied to the
whole structure, while doing a temperature control study. In order to show the behavior
or performance of space frame under elevated in realistic situation. The factors that exist

during a building under fire are more accurately portrayed by thermal control analysis.

The external load used, 0.5kN/m? and the Snow load used is equal to 0.8kN/m?, the
tributary area used is 2.5m*2.5m as mentioned early. The applied temperature is 600°C
in heating phase. For this part of analysis, the global structural performance was
calculated by totaling all reaction forces at Z directions. In addition, the most deflected
element on bottom layer and in diagonal elements were chosen to represent the other
structure elements. The Figures 45 to 53, show the ABAQUS solution, about the
performance of the space frame and the behaviors of its some elements under fire

condition by using temperature control method.
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Figure 45. The total load from Z direction vs time step
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Figure 46. The total load from Z direction vs the displacement at the center of the bottom
layer
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Figure 47. The Axial Force in the one of most critical elements on the bottom layer vs
ABAQUS time step
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The Figures 45 and 53 show the ABAQUS solution as mentioned of space frame under
fire, in case the temperature control was used. these figures demonstrate how significantly
the force in space frame members increases when the external load applied on space frame
and also when the temperature increased, not only on the space frame members, on global
space frame structural as well as. The Figures 44 and 46, show how total axial load in
space frame change during the static step and heating step. The relationship between
ABAQUS time step and the axial force in space frame members is linear when the
external load is applied (Time Steps 0 to 1), those graphs are demonstrating that the space
frame elements (Most deflected element on Bottom layer and diagonal members) were
still elastic under the external applied load at ambient temperature. Therefore, While the
temperature increased, the huge rise in axial force is detected, this large change in total
axial force is due to thermal expansion restrained and whereas the external load was
keeping constant. The force produced by constrained thermal expansion is almost three
times as strong as the force produced by the external load. The Figure 49 and 52, show
the relationship between total axial force in space frame elements (Bottom layer element
and diagonal element) and the temperature, and Figure 48 and 51 show the total axial load

versus displacement of its midspans.

These relationships show that: for bottom layer element, the axial force is 30.123kN
before starting heating phase means at ordinary temperature, this amount of load due to
the applied external load. And during the hearing phase, the axial load increases up to
62.26KkN and start decreasing due to the buckling. The total axial force -temperature
relationship shows that the element starts buckling at 77.6°C, while the total axial force -
displacement at midspan relationship shows that the element starts buckling at 24.92mm.
so, for the diagonal element, the axial force is 7.81kN at room temperature, this amount
of load due to the applied external load as mentioned. Thus, when the temperature started
to increase, the axial load increases up to 40.895kN and start to buckle and lose capacity.
The total axial force -temperature relationship for diagonal element shows that the
element starts buckling at 86.5°C, while its total axial force -displacement at midspan
relationship shows that the element starts buckling at 11.26mm. According to this
investigation, thermal expansion restraint forces can significantly affect the capacity of
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space frame element under fire. These thermally induced forces may be powerful enough
to bring about a space frame's collapse.

The Figure 53, shows the Reaction Forces-Temperature relationship at corner supports of
space frame. This figure, shows the graphs of axial load on X, Y and Z direction versus
temperature. The reaction force at X(RF1) and Y(RF2) axis behave in the same way.
Nevertheless, in Z(RF3) direction, the reaction force reacts differently. At room
temperature, means after applying the external load, RF1 equals to -3.63kN and RF2
equals to -3.68kN, almost the same value. Nonetheless, for the RF3 equals to +20.56kN.
This big difference due to the external load which is initially applied. The external load
was applied in Z direction and the support RF3 reacted directly in Z direction. And after
static loading step, when the temperature increased, the space frame expanded in all
direction due to thermal expansions of structural members and the type of support used
in this modal allow the rotation but restrain the displacement. Therefore, the reaction
forces increase dramatically due to the resistance support to the space frame expansion.
From room temperature to around 85°C, the reaction forces increase lineally, and started
to decrease because as shown in the Figure 51 and 54, around that temperature some of
space frame elements started to buckle due to total axial force due to the applied external
load and the load generated by thermal expansion restrain. The maximum reaction force
at corner support RF1 is equal to 56.26kN, RF2 is equal to 60.25kN and RF3 is equal to
82.08KkN.

The Figure 45 shows the relationship between the total reaction load of space frame from
Z direction and ABAQUS time step. In the Figure 45, the loading proportions at each step
of the ABAQUS analysis are indicated by the step time on the horizontal axis in this
graph. The external load increases from zero to the stated value, as step time increases
from 0 to 1. The heating phase also increasing from 1 to 2 correspond to the increase in
temperature from room temperature to 600°C as stated before. The relationship between
ABAQUS time step and the axial force in space frame members is linear when the
external load is applied (Time Steps 0 to 1). Nonetheless, over 1 (in the heating phase),
the total load in Z direction does not experience a big addition loading. The external load

was applied in Z direction and the supports reacted directly in Z direction, that why the
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totalling of those reaction forces in Z direction gives high value and keeping to be a linear
as it on single support. In heating phase, the reactions forces react differently some
supports are under tension others are under compression due to thermal expansions of
structural members, that why for the totalling of reaction forces in Z direction during
heating phase does not add a big amount of force compare to the applied external load.
The Figure 46, represents the relationship between the total reaction load of space frame
from Z direction and displacement at the center of bottom layer, this graph, how the space
frame deforms during static loading and heating phase. 0 to 43.45mm, the Total Load-
Displacement relationship is linear, and represents the applied external loading phase.
And as mentioned, when the temperature in space frame increase, the all-space frame
members experience the expansion and this cause deformation of space frame, and
because of the space frame are supported on the bottom layer, the space frame deform in
opposite of Z direction. That why, when heating phase started, the displacement at the
center of the bottom layer of the space frame change the direction reduce until 14.4mm,

where the space frame elements started to buckle and change the direction again.

4.4.3. Analysis of space Frame exposed on elevated temperature without any

external load.

The space frame was exposed to the elevated temperature without any external load, in
order to demonstrate the behavior of steel frame under fire. In this part of analysis, the
load produced by the thermal expansion restraint was considered as the only source of
deformation of space frame members and the whole structure as well. This type of load
is directly proportional to the temperature, means the more temperature increase the more
axial load in space frame members increase until the structure fails. As mentioned before
these thermally induced forces may be powerful enough to bring about a space frame's
collapse without any external loads. The Figures 54 to 60, shows the ABAQUS solution
about this part of analysis. The Figures 54 and 55, represent the performance of the whole
space structure, the Figures 56 and 57 represent the behaviours of the critical element (at
the bottom layer) and the Figures 58 to 60 shows the reaction force at different supports.
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The load produced by thermal expansion restrain, is not like a gravity load which move
in Z direction only. This load follows the structural member’s directions. In heating phase,
the reactions forces react differently, some supports are under tension, the others are under
compression as shown in Figures 58 to Figure 60. The main cause of this is the thermal
expansions of structural members. That why for the totalling of reaction forces in Z
direction during heating phase does not have a big amount of force compare in case where
the external load was applied on space frame. From room temperature to around 110°C,
the total reaction from Z direction is insignificant. At this range of temperature, the
structural frame elements reacted in elastic way and also some reactions are under
compression and other are under tension. Nevertheless, above this temperature, the curve
started to change and the total reaction started to be significant. As mentioned above,
when the temperature in space frame increase, the all-space frame members experience
the expansion and cause deformation of space frame, and because of the space frame are
supported on the bottom layer, the space frame deform in opposite of Z direction, that
why of the existence of reaction at Z direction. At the 181°C, the total reaction force at Z
direction reach its maximum point. For the analysis where there is no imperfection, the
maximum total reaction at Z direction can reach to 241.245kN with 55.44mm
displacement at the center of bottom layer. Nevertheless, in case where there is 5mm
imperfection, the maximum total reaction at Z direction reduced to 164.587kN with
53.43mm displacement at the center of bottom layer. This comparison shows how the
space frame member imperfection affects the performance of space frame.

75



The Figures 56 and 57 represent the behaviours of one of the critical elements in space
frame located in bottom layer of space frame with and without imperfection. Those
Figures, show how total axial load in space frame change during the heating step (no
external load). Therefore, while the temperature increased, the huge rise in axial force is
seemed, this axial force is due to thermal expansion restrained. Figure 56 shows the
relationship between total axial force in space frame elements and the temperature.

Whereas, Figure 57 shows the total axial load versus displacement of its midspans.

Those relationships show that: In the case, there is no imperfection on space frame
members, the axial load increases linearly from room temperature up to around 80°C and
keep increasing up to 109.5°C at the value of 68.933kN and start decreasing due to the
buckling. As the same as on the case there is 5mm imperfection, the axial load is linear
and after keep increasing until reach the buckling point. For this case the axial load started
to decrease at 61.583kN at 104°C, while the total axial force -displacement at midspan
relationship shows that the element starts buckling at 18.09mm where the is no
imperfection. Nevertheless, in the case, there is 5mm imperfection, the buckling started
at 27.8mm. based on this study part, thermal expansion restraint forces can significantly
affect the capacity of space frame element under fire as mentioned before and also the

existence of imperfection of space frame affects the capacity of the space frame member.

The Figures 58 to 60 shows the reaction force at different supports which are on different
location, once more as mention, when the temperature in space frame increase, the all-
space frame members experience the expansion and cause deformation of space frame,
the space frame enlarge and affect the reaction force on supports. These Figures, show
the Reaction Forces-Temperature relationship at corner supports, the support 2, near the
corner support and the support which is at the edge center (Node 6) of space frame. Those
figures, shows the graphs of axial load on X, Y and Z direction versus temperature. For
the support which is at the edge center of the space frame, The reaction force at X(RF1)
and Z(RF3) axis behave in the same way. Nevertheless, at the center edge of the space
frame where those supports are located, the space frame expand in Y direction, this
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explains why the reaction force at Y(RF2) direction is bigger compare to the other
reaction. This support in X and Z direction is under tension. The maximum reaction force
at this support which is located at the edge center of space frame, RF1 is equal to -
15.14kN, RF2 is equal to 50.15kN and RF3 is equal to -13.99kN. For the support 2 which
located near the corner support, this support reacts on the expanding of space frame on Y
direction and also some amount on X direction, and over 100°C, this supports started to
replied also on Z direction. The maximum reaction force at this support RF1 is equal to
62.86kN, RF2 is equal to 62.82kN and RF3 is equal to 25.08kN. For the corner support,
the support replied to the deformation of space frame to all direction mean X, Y and Z
direction. the reaction force at X, Y and Z direction are significant. those reaction forces
increase dramatically due to the resistance to the space frame expanding. From room
temperature to around 100°C, those reaction forces increase lineally, and around 120°C
all reaction forces at this support start to decrease because around that temperature the
space frame elements started to buckle due to total axial force produced by the thermal
expansion restrain. The maximum reaction force at conner support RF1 is equal to
72.75kN, RF2 is equal to 77.61kN and RF3 is equal to 69.52kN.
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5. CONCLUSION

The solutions of a number of investigations on individual single member subjected to
axial compression at both ambient and increased temperatures, with and without thermal
expansion constraint, were described in this study. The analytical solution for a structural
member which is a component of an indeterminate truss were also provided. For some
cases, ABAQUS solutions were compared to theoretical solutions. The Eurocode 3
estimates for the buckling strength of structural member at high temperatures were also
evaluated. These comparisons demonstrated ABAQUS analysis's accuracy in predicting
thermally generated forces in structural member as well as its accuracy in predicting
structural member's buckling behavior at high temperatures. The temperature and load
control analysis were computed for space frame, in order to demonstrate that thermal
expansion restraint forces can significantly affect the performance of space frame under
fire condition. In addition, this study, was also emphasize on the effect of initial

imperfection on the performance of structures.

According to the analyses throughout this study, the temperature change in structural
members create the axial force due to the force produced by thermal expansion restrain,
these thermally generated forces diminish the structural member's capacity to withstand
external load. In addition, at elevated temperature the capacity of structural members or
perforce of truss or structural frame reduce due to the degradation of material strength
and stiffness. In addition, the presence of initial imperfection has significant effect on the

performance of structural member as an individual element or in the structural system.

Recognizing the force generated by restricted thermal expansion can be crucial when
assessing a structure element's safety in a fire. Neglecting this force can result in unsafety
and risky designs. This study has shown that the force produced by constrained thermal
expansion can significantly affect the capacity and performance of steel structural
components or system exposed to fire. More research is required on the performance of

structural elements under realistic fire conditions and more accurate material models.
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