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Featured Application: The problems analysed in the study are extremely important from the
point of view of the fire safety of steel structures. In technical approvals, manufacturers of
fire-proofing materials usually provide tables in which the necessary insulation thicknesses are
listed, depending on the type of material used, heating conditions, section factor, and the required
fire resistance class. The manufactures of fireproofing materials recommend that insulation
of a constant thickness be used for all elements of the truss. This approach seems highly
uneconomical. An alternative solution has been proposed in the paper. This proposal determines
the optimal necessary insulation thickness for individual bars of the truss, based on additional
static-strength calculations. This article describes the original approach to modelling protected
steel structures against fire. The advantage of the proposed solution is a more optimal (economical)
method of fire insulation for steel lattice girders.

Abstract: The concept of fire safety covers an extremely vast scope of issues. To ensure an adequate fire
safety level, it is necessary to combine research and actions in several fields, such as the mathematical,
physical, or numerical modelling of a fire phenomenon. Another problem is to design different types
of fire protection, including alarm systems, sprinkler systems, and also roads and evacuation systems,
in a manner that ensures maximum safety for the building’s users. A vital issue is the analysis of
the static-strength response of the structure under fire conditions. This study, concerned with such
analyses, is limited to steel truss structures. In technical approvals, manufacturers of fire-proofing
materials do not account for the character of the performance of individual structural members.
The components in compression need thicker insulation than those in tension. This phenomenon is
related to the fact that under fire conditions, the flexural buckling coefficient in compressed members
is abruptly reduced with an increase in temperature. In turn, this increase in temperature leads to
a fast reduction in resistance. In addition, members in tension have much higher resistance than
those in compression in the basic design situation, i.e., at the instant of t = 0 min. Consequently, even
a considerable decrease in the resistance of tension members is not as dangerous as that of compression
members. Therefore, due to the nature of the performance of individual elements, fire-proofing
insulation of every steel structure should be computationally verified. Additionally, in this paper, the
influence of the type of fire insulation on the mechanical response of the structure was investigated.
Calculations were carried out for different types of sprayed-on insulation, and also for contour
and box insulation panels. The graphs show the behaviour of the elastic modulus, the yield point,
and the resistance of the elements in the successive minutes of the fire for the different methods of fire
protection used. The best results were obtained for vermiculite and gypsum spray.
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1. Introduction

Steel offers many advantageous properties, including high strength and high resistance.
Those properties make steel an almost ideal structural material. However, under fire conditions,
steel properties deteriorate with exposure to elevated temperatures. This deterioriation leads to
a decrease in the resistance of individual structural elements, which may result in a failure or collapse
of the structure.

In a fire situation, the main priority is to protect human life. Next, the structure should be
protected. These two goals are closely related. Improper protection of the building often prevents
efficient evacuation of people, which may result in a calamity. Therefore, when a structure is designed,
it must be provided with an appropriate fire resistance class to give people a long enough time to
escape. All measures should be taken to reduce the risk of a structural collapse [1-3]. Then, it is
necessary to ensure that after the fire, the structure can still be brought back into use with minimum
necessary repairs.

One of the most catastrophic structure disasters in history was the collapse of the Twin Towers of
New York City’s World Trade Center. Media coverage created a public belief that the towers collapsed
due to the impact of an aircraft. Numerous studies and expert opinions produced after the disaster,
however, show that this impact was only an indirect cause. The impact of the aircraft caused a fire,
which became a direct cause of the destruction of the towers [4-9]. Fires in the tall and high-rise
buildings had happened before, but the September 11th disaster was the only one in which the steel
skyscraper collapsed completely.

Some technical solutions that work perfectly well under normal conditions become a major
disadvantage during a fire. In extreme situations, steel structures exposed to fire can disintegrate very
quickly. This happened in Luban, Poland, in July 2012, as a result of a fire in the production facility.
The steel building, designed and made from thin-walled steel elements with a thickness not greater
than 3 mm, collapsed in just 17 min [10]. The use of cold formed structural elements has become more
common in the construction industry during the past decades due to the various advantages cold
formed structures offer, such as weight reduction of the structural system. The thin-walled sections
differ from hot-rolled sections in terms of failure modes. In addition to local and global buckling,
distortional buckling is also possible. The slenderness of steel members is a major factor in determining
their failure mode at elevated temperatures. Short, stocky elements typically have a slenderness ratio
less than 40, while for long, slender elements this value is greater than 120. The stocky columns
exhibited local buckling as their failure mode, while longer, more slender columns displayed global
buckling accompanied by limited local buckling. Problems related to the description of failure modes
have been the subject of discussion in many works. Articles that deserve special attention include
those in [11-13].

The fire safety of steel structures does not only refer to buildings. Fires of bridges do not happen
often, but if they occur, they produce serious consequences. The effects associated with a bridge
being put out of operation are felt by a significant number of residents of the area and often the entire
economy of the region. That was the case after the fire of the Lazienkowski bridge in Warsaw in
February 2015. An average of 95,000 vehicles travelled daily over the bridge (about 18% of vehicular
traffic on all Warsaw bridges). The initial expert report of the bridge’s technical condition showed
degradation and a loss of carrying capacity in, among other elements, the steel structure of the bridge,
resulting from elevated temperatures. [14]. On February 20, 2015, the city authorities decided to
dismantle the damaged steel structure of the bridge and mount a new one on the surviving pillars.
The team from the Warsaw University of Technology, headed by Professor Zobel, conducted a detailed
post fire inspection, which included materials tests, verification of the construction geometry and
Finite Element Method (FEM) strength analysis [15]. Experts found numerous additional defects,
including dilatation damage, failure of the steel structure of the access walkway, damages to the road
surface, protective barriers, paint coatings, and utilities. It was concluded that the main cause of
damage was thermal shrinkage of steel. Due to various boundary conditions for individual elements
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of the bridge, a number of residual deformations occurred as the structure cooled. That resulted
in selected elements being put out of operation. Finally, a decision was made to replace the steel
structure of the spans using a modified incremental launching method. The bridge was opened on
October 28, 2015.

The reported cases of fires that have occurred in recent years clearly indicate the need to improve
the methods and means of increasing the fire safety of structures. The concept of fire safety is an
extremely extensive issue. Ensuring an appropriate level of fire safety has been implemented in
research and activities in several fields, especially mathematical, physical, and numerical modeling
of fire phenomena. Another issue is the design of all types of fire protection, such as types of alarm
systems or sprinkler systems, and the design of roads and evacuation systems in a manner ensuring
maximum safety for building users. Fire protection covers all types of structures, due to the nature of
the work, as well as the material used. Currently popular composite materials, such as concrete filled
steel tube (CFST) columns, papers [16-18], and polypropylene fibers [19] are used in the area of the
structures themselves. In contrast, the connections of load-bearing elements are modeled with the
participation of a high-performance fiber reinforced cement composite (HPFRCC) [13]. The HPFRCC
high performance fiber-reinforced cementitious composite is a mixture of the correct proportions of
Portland cement, fly ash, quartz sand, water, and polyvinyl alcohol (PVA) fibers. It is PVA fibers that
have a decisive influence on improving the mechanical efficiency, elasticity, and durability of concrete
structures [20,21] due to fire conditions. According to Li, Xu, Bao, and Cong [22], PVA fibers under the
influence of high temperatures melt to form channels to alleviate internal vapor pressure and thus
explosive spalling. Therefore, the mechanical properties after a fire are higher compared to those of
conventional concrete. In [22], the authors performed experimental studies of four two-story and
two-nave frames, two made of typical concrete (S1 and 52) and two in which the beam~-column joint was
made of high-performance cement composite reinforced with HPFRCC fibers (S3 and S4). The frames
S2, S3, 54 were subjected to fire. The results of the tests carried out in the fire chambers showed that the
application of HPFRCC increased the initial stiffness by 30%, the resistance and ultimate displacement
by 6% and 3%, and the energy dissipation by 21%. In addition, only small surface flakes appeared
at the HPFRCC joints, without the participation of explosive spalling on the HPFRCC. In works [23]
and [24], as thermal insulation, polystyrene foam was used and in [25], a portable compressed air foam
system was used (regardless of its material of construction). An extremely important problem is the
analysis of the static-strength response of structures in fire conditions [26]. This paper focuses on this
field and narrows it down to steel trusses. In steel structures, fire insulation is used in the form of
intumescent paints or fireproof spray materials. The properties of these materials are discussed in
other scientific articles [1,27,28]. In this paper, thermal vermiculite mortar, vermiculite fireproof plaster
with gypsum, protection in the form of vermiculite fire protection boards with cement, as contour
insulation (for all types of cross-sections), and as box insulation (only for I-sections), were adopted
as thermal insulation. In technical approvals of their products, the manufacturers of fire insulation
recommend the adoption of a constant insulation thickness for all elements of the analyzed structure.
However, such a solution is scarce (unprofitable). In this paper, we propose to carry out additional
static-strength calculations in order to determine the optimal, required insulation thickness for each
type of member truss.

2. Thermal and Strength Analysis of Compression and Tension Steel Elements in Fire

2.1. Thermal Analysis

Designing a structure for an accidental situation, i.e., a fire, is based on an analysis of thermal
interactions. With an increase in the temperature of fire gases 0, the temperature of the steel element
increases 6, and its resistance N decrease. Fire engineering requirements for the assumed time # .,
are met if either of two conditions is satisfied:

o 0Oy > 0,—Check in the temperature domain;
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e N > E—Check in the resistance domain.

The temperature domain check involves a comparison of the temperature that the steel element
achieves (0,) after a specified fire duration with its critical temperature 0.,. The disadvantage of this
approach lies in some limitations concerning the critical temperature determination and in the fact that
this approach cannot be applied to some elements. Consequently, resistance domain checks are more
popular. This process involves comparing the resistance of the element (N) with the effect of actions
(E). The latter is the value of forces generated in the structure due to an external load. To describe the
temperature of the fire gases, a standard fire curve was adopted:

0y = 345 logy(8 i +1) + 20, °C. 1)

When the temperature of fire gases 0, is known, it is possible to determine the temperature that
individual elements of the structure will reach.

2.1.1. Element Temperature Increment without Thermal Insulation

For unprotected steel elements, the temperature increment can be estimated according to

the formula: A
AB, = kshﬂhnet,dAtfi/ (2)
CaPa

where:

ks,—correction factor for the shadow effect (dependent on the section factor);

A/ V—section factor for unprotected steel members according to Table 4.2 PN-EN 1993-1-2,
where A, is the surface area per unit length, and V is the member volume per unit length;

c;—specific heat of steel;

hnet,d—net heat flux per unit area according to [29];

Atgi—time interval (not greater than 5 s);

pa—the unit mass of steel.

2.1.2. Insulated Element Temperature Increment

When temperature distribution in the section is uniform, the temperature increment A6, of the
insulated steel member in the time interval At is given by the following formula [30]:

ApAp/ V(05— 6,)

AO, = At —(e?/10 = 1)A0,, 3
“ dpcapa(1+¢)/3> fi ( ) § ®)
d
" b= 4, 4)
CaPa
where:

Ay /V—section factor for steel members insulated by fire protection material, determined from
Table 4.3 [30];

c;—temperature-dependent specific heat of steel;

cpy—temperature-independent specific heat of fire protection material;

dy—thickness of fire protection material;

At y; —time interval (not greater than 30 s);

0,—temperature of steel members;

0,—temperature of fire gases;

AB,—temperature increment of fire gases in the time interval Atg;

Ap—thermal conductivity of the fire protection material;

ps,—unit mass of steel;
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pp—unit mass of the fire protection material.

2.2. Design Resistance of Tension and Compression Steel Members in Fire

2.2.1. Tension Elements

The design resistance of a tension member with a uniform temperature across its cross-section is

given by formula [30]:
Nfiora = ky,0, Nra [ymo / yasi | ®)

where:

NRg—design resistance of the gross cross-section Ny g4 for normal temperature design according
to [29];

ky,0,—reduction factor for the yield strength of steel at temperature 6, reached by the element in
the fire at time ¢ Fir according to Table 1;

Table 1. Reduction factors for yield strength and modulus of elasticity [30].

Reduction Factors at 6, Temperature Relative to f; or Y at 20 °C

Steel Temperature 0, - -
Reduction Factor of the Effective = Reduction Factor of the Modulus

Yield Strength (relative to f;) Of Linear Elasticity (relative to Y)

ky,0, = fy0./fy Ky,g, = Yoa/Y

20 °C 1.000 1.000
100 °C 1.000 1.000
200 °C 1.000 0.900
300 °C 1.000 0.800
400 °C 1.000 0.700
500 °C 0.780 0.600
600 °C 0.470 0.310
700 °C 0.230 0.130
800 °C 0.110 0.090
900 °C 0.060 0.0675
1000 °C 0.040 0.0450
1100 °C 0.020 0.0225
1200 °C 0.000 0.0000

Ym0 —partial factor used when checking the load capacity of the cross-section;
¥Mm,ri —partial factor for the relevant material property for the fire situation.

2.2.2. Compression Elements

For compression members, with sections having Class 1, Class 2 or Class 3 proportions,
with a uniform temperature across its cross-section, the design buckling resistance in the fire at
time is expressed by formula [30]:

Ny fiora = Xfi Akyo, fy /vmfi (6)

where:

M, fi—partial factor for material properties in a fire situation;

ky,6, —reduction factor for the yield strength of steel at temperature 0, reached in the fire at time
tfi, according to Table 1;

A—cross-sectional area;

fy —yield strength;

X ri —flexural buckling coefficient in the design fire situation calculated according to the formula:

1

Xfi = —
bo, + NP5, — e,

@)
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and 1
—
(pgﬂ = 5[1 + OCAQH + A@a ] (8)

a = 0.654/235/f, )

Non-dimensional slenderness A at temperature 6, is given by the formula:

and

o, = Akyo /v, (10)

where:

A—non-dimensional slenderness in the basic design situation,

ky,0,, ky,o,—Trespectively, the reduction factor of the yield point and the modulus of linear elasticity
of steel at temperature 0,, according to Table 1.

3. Result and Discussion

The structure shown in Figure 1a is a steel, industrial hall with lattice girders pinned jointed
to prefabricated reinforced concrete columns. The bracing system commonly used in this type of
building makes it possible to model lattice girds as flat trusses (Figure 1b). This approach is widely
used in design practice. The connection of a steel lattice girder and a column is implemented as pinned.
For this reason, it was assumed that the truss is simply supported. The system was loaded only with
concentrated forces applied to the nodes of the top chord. In Figure 1b, the compression elements are
marked in red and the tension members are marked in green.

This structure was analysed with respect to basic and accidental (i.e., fire design) situations. It was
assumed that all structural elements are made of S275 steel and heated from all sides. The top and
bottom chords were made from I-sections, whereas bracing members were made from square tubing.
The selected profiles and the effect of actions, i.e., forces arising in individual elements of the structure,
are shown in Table 2.
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(a)
compression
tension
12kN
.
D)
(b)

Figure 1. (a) Example of an industrial hall with steel lattice girders [31]. (b) Static scheme of the
truss model.

Table 2. Truss sections and the effect of actions.

Section Effect of Actions
Bottom chord 1100 N1 =Ng =0kN; N; = N3 =Ny =N5 =53 kN
TOP chord IPE 140 N7 = Ng = Nll = le =-38 kN; Ng = N10 =-54 kN

N13 = N19 =-36 kN; N14 = N16 = N18 =-12 kN; N15 = N17 =0kN

Bracing RHS50x50x5 Nap = Nos = 46 kN; Na; = Npg = —21 kN; Ny = Npg = 1 kN

In the static analysis, by means of FEM, we used a flat truss element, which is a simple two-node
element with two degrees of freedom in each node. The shape functions of the displacement field
are linear. The displacement field of an element contains two translational components: horizontal u
and vertical v. The strain tensor is reduced to one non-zero component of Green’s strain tensor €11,
which characterizes the elongation of the bar. Other components of the strain’s tensor are equal to zero.
The stress tensor is represented by component 011 of Pioli-Kirchhoff’s second stress tensor. The detailed
mathematical formulations of the stress-strain relationship for steel at elevated temperatures are given
in [30]. In Figure 2, this relationship is shown for steel S275.
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Figure 2. Stress—strain relationship for steel 5275.

The starting point of a full fire analysis is to define fire scenarios. It is assumed that the
structure is in the fully developed fire phase, so the standard fire curve (Equation (1)) is adopted.
For unprotected and insulated steel members, the temperature increment was estimated in accordance
with the formulas in Equations (2) and (3). The temperature field is uniform along the member length
and along the cross-section height. Next, the mechanical properties that influence the resistance of
tension and compression members are calculated. The most important mechanical properties of steel
elements are yield strength and Young’s modulus of elasticity. A decrease in the values of mechanical
parameters leads directly to a reduction in the resistance of tension and compression members, as per
Equations (5) and (6), which finally results in the limit state being exceeded. Thermal load is brought
into the nodes as an additional load, in accordance with the incremental FEM method. For thermal
load defined in this way, the stiffness matrix of the truss element is determined for Young’s modulus as
a function of temperature.

The fire analysis is not intended to determine the value of the limit load but that of fire resistance,
i.e., to specify the time of the structure’s failure. In this particular case, static loads are constant,
whereas additional axial forces can be created in the truss elements under thermal load. Due to
the fact that the structure is statically determinate, during the whole fire analysis, internal forces
remain the same as in the basic situation. The computations, aimed at finding axial forces, strains,
and displacements, are run with the MES3D program [32-34]. The computations proceeded in two
steps. The first step (20 °C) produced the specification of the state of the structure in a basic design
situation. In the second step, temperature increments related directly to time steps, are taken into
account. The analysis was repeated every second.

The simplest and most effective way to protect steel structures in the event of a fire is to isolate
them from the influence of high temperature using the following protection [35]:

e  Thermally activated (reactive) agents, e.g., swelling coatings;
e  Thermally passive means, e.g., spray masses and plate claddings;
e  Hybrid means combining plate claddings and spray masses.

Thermal properties of insulating materials change as fire develops [28,36-38]. However, the Polish
standard [29] allows adopting them as fixed values.

In this paper, fire analysis of the structure was carried out using three different types of thermal
insulation with a thickness of 2 cm:

e  Protection with vermiculite fireproofing mortar;
e  Protection with vermiculite mortar with gypsum (high density);
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e  Protection in the form of vermiculite boards with cement, as contour insulation (for all types of
cross-sections) and as box insulation (only for I-sections).

The characteristics of the selected fire-proofing materials are listed in Table 3.

Table 3. Thermal properties of selected fire-proofing materials [35].

Fire-Proofing Insulation Material Unit Mass pp, kg/m3 Thern/::,l &(/)(t:};gtlvﬂy Spec;/f;ckgHIz)a tCpr
vermiculite 350 0,12 1200
vermiculite (or perlite) and gypsum 650 0,12 1100
vermiculite boards (or perlite) and cement 800 0,20 1200

Sprayed-on coatings are the most popular type of fireproofing insulation because of the
many advantages they offer, including low thermal conductivity, low self-weight, cost-effectiveness,
and simple installation [28,37].

Sprayed-on fireproofing pastes are produced in the form of dry mix, the ingredients of which
are [35]: cement- or gypsum-based binder, aggregate (e.g., vermiculite, perlite, mineral fibre, or mineral
(rock) wool granulate), and modifiers.

Sprayed-on pastes can be applied in wet or dry technology. Currently, the most commonly used
is a dry technology, consisting of transporting a pneumatically dry mix, which is combined with
water or a liquid binder at the outlet end of the sprayer. Wet technology is less frequently used, i.e.,
mechanical application of water-mixed mixture using pump-spray units in a manner similar to machine
plastering [2,35]. The all wet process involves dirt and wetting the surroundings. Fireproof spraying
is performed based on the thickness in one or several layers, which are most often 2 or 3 layers.
The thickness of the insulation from the spray masses ranges from 15 to 60 mm. The fire resistance
class obtained with the participation of spraying fire-retardant masses is R15-R240.

Fireproofing protection of steel structure members can be provided using the following types of
boards [35]: rock wool, gypsum plasterboard, magnesium oxide-based, those that have gypsum or
cement binder, those with cement and lime binders with reinforcement (most often a glass fibre one),
and various types of filler materials.

Board insulations can be installed using different designs, namely contour or box configurations.
In the first design, boards are fixed in such a way that the protected element cross-sectional shape
is maintained. The other configuration involves the formation of the cuboid box, inside which the
protected section is built-in.

Board claddings are aesthetically appealing, and they usually do not need additional finishing,
but they provide a more expensive fire protection option compared with sprayed-on or intumescent
coatings. Additionally, the time necessary for installation is much longer than for fireproofing coatings.
That contributes to higher investment costs and extends the duration of the construction works [1].
Board protection, applied as single or multilayer cladding, allows one to achieve fire resistance class
R15-R240 [35].

In accordance with Equations (2) and (3), the temperature increment in steel members also
depends, among others, on the section factor. For sprayed-on contour board insulation, this factor
is equal to the perimeter to the sectional area ratio. For box insulation, this factor is computed from

formula [29]:

Ap  2(b+h)
VA an

where b is I-section width, h is section height, and A; is the cross-sectional area of the profile.

The highest section factor is found for the 1100 section, used in the bottom chord. The value is
equal to 349.057 m~! for sprayed-on and contour board insulation. The value of box board insulation
is reduced to 283.019 m~!. The top chord sections, namely IPE140, with box insulation show an
exposure factor of 259.756 m~! and 335.976 m™~! for other types of insulation. With respect to the
bracing elements, made from square tubing RHS50x50x5, the exposure factor equals 214.204 m~'.
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The temperatures of unprotected members, and the temperatures of all sections used in the
experiment with different insulation types, are shown in Figure 3.

The results presented above indicate that as the fire develops, the temperature of the members
without fire-proofing insulation becomes closer to and, over time, equal to the temperature of fire gases.
In such a situation, an abrupt fall in the modulus of elasticity and yield strength occurs, which results
in a substantial reduction in the section resistance, leading to the exceedance of the ultimate limit state.
Hence, further analysis involved only the members with fire-proofing insulation.

The thermal analysis was followed by the examination of the effect produced by different types
of insulation on a decrease in the modulus of elasticity (Figure 4) and yield strength (Figure 5).
The approach proposed in Eurocode [30], namely reduction factors (Table 1), was applied.
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2B S
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KI5
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150 i i
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G |
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Fire duration [min]

(@)

Figure 3. Cont.
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Figure 3. Temperature of steel members in the successive minutes of the fire (insulation 2 cm):
(a) I 100 bottom chord, (b) IPE 140 top chord, (¢) RHS 50 x 50 x 5 bracing elements.



Appl. Sci. 2019, 9, 2606

Modulus of elasticity [GPa]

Modulus of elasticity [GPal

oB5238B8EEZE8E

Modulus of elasticity [GPall

BE8ESR

—

53 88

EEE8EE

= e

oBE5EBE8S

¥

S

[
(=T =1

1100 bottom chord
[
0 5 10 15 20 25 30 35 40 45 50 55 60
Fire duration [min]
(a)
IPE 140 top chord
E

0

5 10 15 20 25 30 35 40 45 50 55 60

Fire duration [min]
(b)

RHS 50x50x5 bracing elements

12 of 20

—— vermiculite

—— vermiculite with
gypsum
== vermiculite board with

cement (contour

insulation
vermiculite board with

cement (box insulation)

—t— vermiculite
—#— vermiculite with gypsum
i vermiculite board with

cement (contour insulation)

vermiculite board with
cement (box insulation)

=t yermiculite

vermiculite with gypsum

e vermiculite board with
cement (contour insulation)

L]
~
N 15 —s
y
\X\
R 74
5 10 15 20 25 30 35 40 45 50 535 60

Fire duration [min]

(©)

Figure 4. Decrease in modulus of elasticity under fire conditions (insulation 2 cm): (a) I 100 bottom
chord, (b) IPE 140 top chord, (c) RHS 50X50X5 bracing elements.



Appl. Sci. 2019, 9, 2606 13 of 20

1100 bottom chord
300 I
o ——————————
E %ﬁ ‘k ¥ —+— vermiculite
S 20 LN
= 200 =i vermiculite with sum
= 180 i gy¥p
& 160 NT I 163
g gg 127 b vermiculite board with
@ 100 104 cement (contour insulation)
e
o g 81 vermiculite board with
-
~ W cement (box insulation)
20
0

0 3 10 15 20 25 30 35 40 45 50 55 60

Fire duration [min]

(a)

IPE 140 top chord

—— vermiculite
—#—vermiculite with gypsum
169
=
[ Y134 s — vermiculite board with
£ 100 114 i .
w g a5 cement (contour insulation)
o
= $ vermiculite board with
; 28 cement (box insulation)
0 5 10 15 20 25 30 35 40 45 50 55 60
Fire duration [min]
(b)
RHS 50x50x5 bracing elements
300
—_ 280 ﬁ=&=&=ﬁ=&=ﬁ=ﬁ=%‘=%‘<‘€-
o 260
E 240 = 238
220
& 50 219
= 180 S
ED 160 =
3 }33 142
B 100 —4— vermiculite
= 80
;_.: ﬁ —#— vermiculite with gypsum
23 e vermiculite board with
0 5 10 15 20 25 30 35 40 45 50 35 60 cement (contour insulation)

Fire duration [min]
(o)

Figure 5. Decrease in yield strength under fire conditions (insulation 2 cm): (a) 1100 bottom chord,(b) IPE
140 top chord, (c) RHS 50X50X5 bracing elements.

The truss in Figure 1b is statically determined. A serial reliability system is suitable for such
a structure. In this case, the failure of one of the most stressed elements is equivalent to a failure of the
entire structure. Therefore, the resistance analysis includes the most stressed elements of the truss.
Tension members of the bottom chord from number 2 to 5 have the same resistance. The most stressed
of the compressed top chord were elements 9 and 10. Next, the resistances of compressed members
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21,24 and tension members 20,25 were calculated. The analysis results are shown in Figure 6, in which
the dotted line represents the effect of actions, i.e., internal forces arising in individual members due to
the action of an external load.
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Figure 6. Cont.
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Figure 6. Resistance decrease in truss members under fire conditions (insulation 2 cm): (a) I 100 tension
members 2-5, (b) IPE 140 compression members 9,10, (¢) RHS 50X50X5 compression members 21,24,
(d) RHS 50X50X5 tension members 20,25.

Analysing Figures 36, it is easy to notice that the best results were obtained by vermiculite with
gypsum insulation. With this type of protection, steel members are heated up to the least extent value
(Figure 3), which corresponds to a slower decrease in the modulus of elasticity (Figure 4) and yield
strength (Figure 5) and, consequently, produces a milder reduction in resistance in the successive
minutes of the fire (Figure 6). Slightly worse results were obtained using sprayed-on vermiculite
insulation (Figures 3-6). In terms of fire analysis, this means density is one of the major parameters.
The higher the density, the better fire-proofing properties a material has. Another important property
is thermal conductivity; conversely, the material should have the lowest possible thermal conductivity
value. In this analysis, the worst results were observed when the insulation from vermiculite and
cement boards was applied. The boards had the highest density of all materials under consideration,
but their thermal conductivity was over 50% higher relative to the sprayed-on insulation (Table 3).
With vermiculite and cement boards, considerable improvements in results could be found using box
insulation configuration instead of the contour one, which lowers the section factor. These results
demonstrate that the lower the factor, the less heated up the element, which produces an advantageous
effect on steel’s mechanical properties in fire. It should also be emphasised that differences in the results
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obtained for different types of insulation tend to grow as the fire develops. An adequate selection of
fire-proofing insulation is of key importance for those members that require a high fire resistance class.

The diagrams in Figure 6 indicate that the use of 2 cm fire insulation makes it possible to reach the
fire resistance class R30 for compression and class R60 for tension members of the truss. This result
means that elements of bottom chord and tension members are able to withstand 60 min of exposure
to fully developed fire, whereas compression elements are able to withstand only 30 min. The fire
resistance class of the whole structures is equal to the lower fire resistance class of any single element.
So, with the assumed insulation, the structure reached the R30 class.

The analysis of the graphs in Figure 6 clearly indicates a large capacity reserve in the tension
elements. For instance, regarding the tension elements of the bottom chord, when 2 cm-thick vermiculite
and gypsum insulation is used, the capacity of elements No. 2-5 after 60 min of fire duration is
172 kN, whereas the effect of action is 53 kN. That gives a reserve of 225%. A similar situation
holds for the most stressed elements of the latticework, No. 20 and 25. After 60 min of the fire,
their capacity is 208 kN while their effect of action amounts to 46 kN. Thus, the capacity reserve is
352%. Conversely, the performance of the compression elements is quite different. Figure 6 again
illustrates this result. It can be seen that the most stressed elements of the top chords, No. 9 and 10,
have a capacity of 36 kN and an effect of action of 54 kN. As a result, their capacity is exceeded by 33%.
For the compression elements of the latticework, No. 21 and 24, their capacity exceedance is 9.5%.

On the basis of Figure 6, we can see that the commonly used method of constant insulation
thickness is uneconomical. This paper proposes a differentiation of insulation thickness on truss
elements. The best results were reached for the insulation of vermiculite with gypsum, so this material
was used in the next analysis. The decrease of resistance during fire for different thicknesses of
insulation is shown in Figure 7.
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Figure 7. Resistance decrease in truss members under fire conditions depending on fire insulation
thickness: (a) I 100 bottom chord, (b) RHS 50X50X5 bracing elements, (c) IPE 140 top chord.

According to charts in Figure 7, the thickness of fire insulation was altered. For the top chord it
was increased to 3 cm; for bracing elements it was increased to 2.5 cm. The insulation thickness of the
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tension elements of the bottom chord was decreased to minimum value of 1.5 cm (Table 3) to reduce
the costs of fire protection. Finally, the structure reached the R60 fire resistance class.

4. Conclusions

In technical approvals, manufacturers of fireproofing materials usually provide tables in which
the necessary insulation thicknesses are listed, depending on the type of material used, heating
conditions, exposure factor, and the required fire resistance class. Those recommendations, however,
do not account for the character of performance of individual structural members. The components in
compression need thicker insulation than those in tension (Figure 6). This phenomenon is related to
the fact that under fire conditions, the flexural buckling coefficient in compression members is abruptly
reduced with an increase in temperature. In turn, this leads to a fast reduction in resistance (Figure 6b,c).
In addition, members in tension have much higher resistance than those in compression in the basic
design situation, i.e., at the instant of { = 0 min (Figure 6a,d). Consequently, even a considerable
decrease in resistance of tension members is not as dangerous as that of compression members.
The manufactures of fireproofing materials recommend that insulation of a constant thickness should
be used for all elements of the truss. This approach seems highly uneconomical. In this paper, we
propose an alternative solution, which determines the optimal necessary insulation thickness for
individual bars of the truss based on additional static-strength calculations. The approach proposed in
the paper, which is different from a conventional solution, is cost-effective in real terms. Our approach
improves the ratio of fire safety to the cost of a fireproofing project.

Author Contributions: Introduction was prepared by K.K., U.P,, and U.R. Definition of fire analysis and properties
of insulating materials were written by K.K., U.P.,, and U.R. Results were obtained by K.K., U.P, and U.R.
The analysis of the results and conclusions were written by K.K., U.P, and U.R.

Funding: Project financed under the programme of the Minister of Science and Higher Education under the name
“Regional Initiative of Excellence” in the years 2019-2022; project number 025/RID/2018/19; amount of financing,
12 000 000 PLN.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bilotta, A.; da Silva, D.; Nigro, E. Tests on intumescent paints for fire protection of existing steel structures.
Constr. Build. Mater. 2016, 121, 410-422. [CrossRef]

2. Biegus, A. Designing of Steel Structures According to Eurocode 3. Fire Safety of Steel Structures; Lectures: Wroctaw,
Poland, 2013. (In Polish)

3. Note, ET. Fire Resistance of Steel Structures; European Convention for Constructional Steelwork:
Brussels, Belgium, 1995.

4. Rakowski, G. Why did the WTC towers collapse in New York? Eng. Constr. 2003, 1, 9-13.

5. Simensen, C. A theory for the collapse of the World Trade Centre. Eng. Fail. Anal. 2014, 41, 39-47. [CrossRef]

6.  Skowroniski, W. Collapse of the World Trade Center—TFire engineering aspects. Delta (Sci. Expert ].) 2007, 1, 9-11.

7. Usmani, A.; Chung, Y.; Torero, ]. How did the WTC towers collapse: A new theory. Fire Saf. ]. 2003, 38, 501-533.
[CrossRef]

8. Lane, B.A. Suggested cause of fire-induced collapse of World Trade Towers. Fire Saf. ]. 2003, 38, 589-591.
[CrossRef]

9.  NCSTARTI, N. Final Rep. of the World Trade Centre Tower. 2005. Available online: https://nvlpubs.nist.gov/
nistpubs/Legacy/NCSTAR/ncstarl.pdf (accessed on 10 May 2017).

10. Gierczak, J.; Kmita, A.; Wréblewski, R.; Smardz, P. Steel structure catastrophe as a result of a fire in the
production facilities in Luban. In Proceedings of the XXVI Scientific and Technical Conference “Construction
Failures 2013”, Miedzyzdroje, Poland, 21-24 May 2013; pp. 485-489.

11.  Ogzyurt, E.; Wang, Y. Effects of Non-Uniform Temperature Distribution on Critical Member Temperature of
Steel Tubular Truss. Eng. Struct. 2016, 116, 95-106. [CrossRef]

12.  Maraveas, C. Local buckling of steel members under fire conditions: A review. Fire Technol. 2019, 55, 51-80.
[CrossRef]


http://dx.doi.org/10.1016/j.conbuildmat.2016.05.144
http://dx.doi.org/10.1016/j.engfailanal.2013.07.032
http://dx.doi.org/10.1016/S0379-7112(03)00069-9
http://dx.doi.org/10.1016/S0379-7112(03)00058-4
https://nvlpubs.nist.gov/nistpubs/Legacy/NCSTAR/ncstar1.pdf
https://nvlpubs.nist.gov/nistpubs/Legacy/NCSTAR/ncstar1.pdf
http://dx.doi.org/10.1016/j.engstruct.2016.02.044
http://dx.doi.org/10.1007/s10694-018-0768-1

Appl. Sci. 2019, 9, 2606 19 of 20

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Franssen, ] M.; Kodur, V;; Zaharia, R. Designing Steel Structures for Fire Safety; CRC Press: Boca Raton, FL, USA, 2009.
Available  online: Www.ppoz.pl/ratownictwo-i-ochrona-ludnosci/738-pierwszy-pozar-mostu,
(accessed on 12 December 2016).

Zobel, H.; Karwowski, W.A.; Wrébel, M.; Mossakowski, P. Lazienkowski bridge fire in Warsaw-structural
damage and restoration method. Arch. Civ. Eng. 2016, 62, 171-186. [CrossRef]

Ibafiez, C.; Bisby, L.; Rush, D.; Romero, M.L.; Hospitaler, A. Post-heating response of concrete-filled steel
tubular columns under sustained loads. Structures 2019. [CrossRef]

Ekmekyapar, T.; Alhatmey, I.A.H. Post-fire resistance of internally ring stiffened high performance concrete
filled steel tube columns. Eng. Struct. 2019, 183, 375-388. [CrossRef]

Zhou, K,; Han, L.-H. Modelling the behaviour of concrete-encased concrete-filled steel tube (CFST) columns
subjected to full-range fire. Eng. Struct. 2019, 183, 265-280. [CrossRef]

Maluk, C.; Bisby, L.; Terrasi, G.P. Effects of polypropylene fibre type and dose on the propensity for
heat-induced concrete spalling. Eng. Struct. 2017, 141, 584-595. [CrossRef]

Meng, W.; Valipour, M.; Khayat, K.H. Optimization and performance of cost-effective ultra-high performance
concrete. Mater. Struct. 2017, 50, 29. [CrossRef]

Meng, W.; Khayat, KH. Effects of saturated lightweight sand content on key characteristics of
ultra-high-performance concrete. Cem. Concr. Res. 2017, 101, 46-54. [CrossRef]

Li, X.L.; Xu, Z.B.; Bao, Y.; Cong, Z.G. Post-fire seismic behaviour of two-bay two-story frames with
high-performance fiber-reinforced cementitious composite joints. Eng. Struct. 2019, 183, 150-159. [CrossRef]
Xu, Q.; Jin, C,; Griffin, G.; Jiang, Y. Fire safety evaluation of expanded polystyrene foam by multi-scale
methods. . Therm. Anal. Calorim. 2014, 115, 1651-1660. [CrossRef]

Wang, S.P.; Chen, H.X,; Liu, N. Ignition of expandable polystyrene foam by a hot particle: An experimental
and numerical study. J. Hazard. Mater. 2015, 283, 536-543. [CrossRef]

Okunrounmu, O.; Lhotsky, P.; Hadjisophocleous, G. Discharge Characteristics of a Portable Compressed Air
Foam System. IOP Conf. Ser. ]. Phys. Conf. Ser. 2018, 1107, 062007. [CrossRef]

Bedon, C.; Fragiacomo, M. Fire Resistance of Thermally Insulated Log-House Timber Walls. Fire Technol.
2019, 55, 307-341. [CrossRef]

Arablouei, A.; Kodur, V. Cohesive zone model properties for evaluating delamination of spray-applied
fire-resistive materials from steel structures. Eng. Fract. Mech. 2015, 143, 138-157. [CrossRef]

Kodur, V,; Arablouei, A. Effective properties of spray-applied fire-resistive material for resistance to cracking
and delamination fram steel structures. Constr. Build. Mater. 2015, 84, 367-376. [CrossRef]
PN-EN1991-1-2. Eurocode 1 Actions on Structures. Part 1-2: General Actions: Action on Structures Exposed to
Fire; The European Union Per Regulation: Brussels, Belgium, 2002.

PN-EN1993-1-2. Eurocode 3 Designing Steel Structures. Part 1-2: General Rules—Calculation of Structure Due to
Fire Conditions; The European Union Per Regulation: Brussels, Belgium, 2005.

Available online: www2.um.bydgoszcz.pl/miasto/aktualnosci/aktualnosci-2015marzec/Centrum_targowe_
_S_upy_gotowe__Raport_nr_3.aspx?option=print (accessed on 11 June 2019).

Kubicka, K.; Obara, P.; Radon, U.; Szaniec, W. Assessment of steel truss fire safety in terms of the system
reliability analysis. Arch. Civ. Mech. Eng. 2019, 19, 417-427. [CrossRef]

Kubicka, K.; Pawlak, U.; Radoni, U.; Szaniec, W. Comparative analysis of the reliability of steel structure with
pinned and rigid nodes subjected to fire. IOP Conf. Ser.: Mater. Sci. Eng. 2017, 245. [CrossRef]

Kubicka, K.; Radon, U.; Szaniec, W. The influence of description of fire curves on the thermal and reliability
response of steel structure. MATEC Web Conf. 2017, 117, 00095. [CrossRef]

Turkowski, P; Sulik, P. Design of Steel Structures Due to Fire Conditions According to Eurocode 3; ITB:
Warszawa, Poland, 2015.

Biegus, A. Active and passive fire protection of steel constructions. Insulation 2013, 3, 38-48.


www.ppoz.pl/ratownictwo-i-ochrona-ludnosci/738-pierwszy-pozar-mostu,
http://dx.doi.org/10.1515/ace-2015-0104
http://dx.doi.org/10.1016/j.istruc.2019.04.003
http://dx.doi.org/10.1016/j.engstruct.2019.01.024
http://dx.doi.org/10.1016/j.engstruct.2018.12.100
http://dx.doi.org/10.1016/j.engstruct.2017.03.058
http://dx.doi.org/10.1617/s11527-016-0896-3
http://dx.doi.org/10.1016/j.cemconres.2017.08.018
http://dx.doi.org/10.1016/j.engstruct.2019.01.015
http://dx.doi.org/10.1007/s10973-013-3431-6
http://dx.doi.org/10.1016/j.jhazmat.2014.09.033
http://dx.doi.org/10.1088/1742-6596/1107/6/062007
http://dx.doi.org/10.1007/s10694-018-0792-1
http://dx.doi.org/10.1016/j.engfracmech.2015.06.037
http://dx.doi.org/10.1016/j.conbuildmat.2015.03.022
www2.um.bydgoszcz.pl/miasto/aktualnosci/aktualnosci-2015marzec/Centrum_targowe __ S_upy_gotowe__Raport_nr_3.aspx?option=print
www2.um.bydgoszcz.pl/miasto/aktualnosci/aktualnosci-2015marzec/Centrum_targowe __ S_upy_gotowe__Raport_nr_3.aspx?option=print
http://dx.doi.org/10.1016/j.acme.2018.12.002
http://dx.doi.org/10.1088/1757-899X/245/2/022051
http://dx.doi.org/10.1051/matecconf/201711700095

Appl. Sci. 2019, 9, 2606 20 of 20

37. Kodur, VK Shakya, A.M. Effect of temperature on thermal properties of spray applied fire resistive materials.
Fire Saf. ]. 2013, 61, 314-323. [CrossRef]

38. Wang, L.; Dong, Y.; Zhang, C.; Zhang, D. Experimental Study of Heat Transfer in Intumescent Coatings
Exposed to Non-Standard Furnace Curves. Fire Technol. 2015, 51, 627-643. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/j.firesaf.2013.09.011
http://dx.doi.org/10.1007/s10694-015-0460-7
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Thermal and Strength Analysis of Compression and Tension Steel Elements in Fire 
	Thermal Analysis 
	Element Temperature Increment without Thermal Insulation 
	Insulated Element Temperature Increment 

	Design Resistance of Tension and Compression Steel Members in Fire 
	Tension Elements 
	Compression Elements 


	Result and Discussion 
	Conclusions 
	References

