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ABSTRACT
Purpose. Intumescent coatings are nowadays a dominant passive system used to protect structural

materials in case of fire. Due to their reactive swelling behaviour, intumescent coatings are
particularly complex materials to be modelled and predicted, which can be extremely useful
especially for performance-based fire safety designs. In addition, many parameters influence their
performance, and this challenges the definition and quantification of their material properties. Several
approaches and models of various complexities are proposed in the literature, and they are reviewed

and analysed in a critical literature review.

Design/methodology/approach. Analytical, finite-differences and finite-elements methods for
modelling intumescent coatings are compared, followed by the definition and quantification of the
main physical, thermal, and optical properties of intumescent coatings: swelled thickness, thermal

conductivity and resistance, density, specific heat capacity, and emissivity/absorptivity.

Findings. The study highlights the scarce consideration of key influencing factors on the material
properties, and the tendency to simplify the problem into effective thermo-physical properties, such
as effective thermal conductivity. As a conclusion, the literature review underlines the lack of
homogenisation of modelling approaches and material properties, as well as the need for a universal
modelling method that can generally simulate the performance of intumescent coatings, combine the
large amount of published experimental data, and reliably produce fire-safe performance-based

designs.

Research limitations/implications. Due to their limited applicability, high complexity and little
comparability, the presented literature review does not focus on analysing and comparing different
multi-component models, constituted of many model-specific input parameters. On the contrary, the
presented literature review compares various approaches, models and thermo-physical properties

which primarily focuses on solving the heat transfer problem through swelling intumescent systems.



Originality/value. The presented literature review analyses and discusses the various modelling
approaches to describe and predict the behaviour of swelling intumescent coatings as fire protection
for structural materials. Due to the vast variety of available commercial products and potential testing
conditions, these data are rarely compared and combined to achieve an overall understanding on the
response of intumescent coatings as fire protection measure. The study highlights the lack of
information and homogenization of various modelling approaches, and it underlines the research
needs about several aspects related to the intumescent coating behaviour modelling, also providing

some useful suggestions for future studies.

KEYWORDS
Intumescent coatings; fire protection; modelling; fire safety; structural fire engineering; performance-

based design.

NOMENCLATURE
A Area [m?]
/4 Volume [m?]
AV Section factor [m™]
d, Coating thickness [m]
ds Substrate/steel thickness [m]
DFT Coating dry film thickness [m]
d./DFT  Coating swelling ratio [-]
d, Coating swelling rate [mm/min]
A Thermal conductivity [W/mK]
Aerf Effective thermal conductivity [W/mK]
Aapp Apparent thermal conductivity [W/mK]
Aerrconst  Effective constant thermal conductivity [W/mK]
R Thermal resistance [m?K/W]
Ress Effective thermal conductivity [m2K/W]
Reprconst  Effective constant thermal conductivity [m2K/W]
Cp Specific heat capacity [J/kgK]
p Density [kg/m?®]
£ Emissivity [-]
a Absorptivity [-]
T Temperature [K]



1 INTRODUCTION
Several accidental fires occur every year in buildings, causing considerable losses of human life and

economic costs. Indeed, for most construction materials, the stability and integrity of structural
systems may be compromised during and after a fire due to loss of strength and stiffness, as well as
thermally induced forces and displacements (Usmani et al., 2001). To avoid structural failure and
substantial damage, structural elements are often equipped with fire protection materials, protecting
the load-bearing material and preventing the achievement of high temperatures during fire (Buchanan
and Abu, 2007). Especially, fire damages can be important if the affected structure is a steel one.
Indeed, due to the high thermal conductivity and the small thickness of steel profiles, in the event of
a fire, these structures suffer very high temperatures in a short time, also causing the structural

collapse in extreme cases (\Wang, 2002).

Fire protection materials can be divided into two categories: passive materials (e.g. incombustible
boards, such as gypsum, and or cementitious spray-on systems) and reactive materials (e.g.
intumescent coatings). Intumescent coatings are thermally reactive materials, usually composed of a
combination of organic and inorganic components bound together in a polymer matrix (typically
solvent- or water-based) (Lucherini and Maluk, 2019). At ambient temperature, intumescent coatings
appear as a pigmented thin coating, applied to a Dry Film Thickness (DFT) ranging between 400um
and 3000um. When exposed to sufficient heat, they swell to form a thick low-density and low-
thermal-conductivity porous char that acts as a thermal barrier. Intumescent coatings can swell up to
100 times their initial thickness following typical reaction stages in the so-called intumescent process
(Lucherini and Maluk, 2019). The advantages of this protection system include reduced invasiveness
compared to other materials, an easy application (both on- and off-site) and a good surface finishing.
These advantages over conventional solutions have fostered their success and extensive use all over

the world.

For a commercial use, intumescent coatings have to be tested according to current methods that
involve the coating testing on a full-scale structural elements using a standard procedure in a furnace
following the standard temperature-time fire curve (EN 1363-1:2012; EN 1363-2:2012; EN 13381-
8:2013). This process is highly time-consuming and expensive, and it must be repeated even if the
manufacturer has only made a minor modification to the intumescent formulation. Therefore, it seems
useful gaining an in-depth understanding on how intumescent coating perform, starting from small-
scale tests performed to determine the properties of it, for the development of new product
formulations (Dreyer et al., 2021). Moreover, this characterization can be also useful for the



implementation of the protective material in finite element models for the design of a proper

intumescent coating thicknesses of protected steel members.

As highlighted by the numerous literature reviews published in the last few years (Lucherini and
Maluk, 2019; Dreyer et al., 2021; Puri and Khanna, 2017; Mariappan, 2016; Weil, 2011; Bourbigot
et al., 2004), during the last decades, extensive research and development efforts have been made
towards understanding and improving the performance of intumescent coatings in terms of thermal
shielding to various substrate materials (primarily steel, but also concrete (Ghiji et al., 2023) and
wood (Lucherini et al., 2019)).

Along with vast experimental and testing campaigns, practitioners and researchers have been
continuously developing and suggesting mathematical and/or numerical models of various
complexities aimed at predicting and replicating the insulating performance of the thermal barrier
provided by swelling intumescent coatings during fire. These engineering models have become more
and more relevant and requested due to the push for performance-based solutions, which are
becoming more popular and a common trend in many engineering fields, including fire safety and
structural fire engineering. The possibility of modelling and predicting the behaviour of intumescent
coatings can be extremely useful for selecting performance-based fire safety solutions. These methods
usually involve thermal analysis aimed at estimating the temperature evolution of the structural
systems and understanding their behaviour in the case of fire. In addition, these processes allow for

the optimisation of structural systems and fire protection materials.

Due to the complicated swelling process of intumescent coatings, which involves a complex
combination of different material phases, mixtures and reactions, many researchers tended to develop
multi-component mathematical and numerical models (Zhu et al., 2022; Swann and Stoliarov, 2021;
Kang et al., 2016; Hsu, 2018; Ogrin et al., 2018; Kang et al., 2017; Cirpici et al., 2016; Zhang et al.,
2012; Zhang et al., 2012; Staggs et al., 2012; Staggs, 2010; Griffin, 2010; Gillet et al., 2007; Omrane
et al., 2007; Griffin et al., 2005; Di Blasi and Branca, 2001; Bourbigot et al., 1995; Anderson et al.,
1988; Henderson, 1985; Anderson et al., 1985; Cagliostro, 1975). These models aim at predicting the
insulating capability of intumescent coatings by resolving many aspects of the intumescent process
(e.g. mixtures, phases, species, mass factions, porosity, viscosity, pyrolysis, etc.). However, they
often end up in research-focused models with limited applicability due to the many case-specific input
parameters (e.g. activation temperature, thermal degradation kinetics, viscosity, pores diameter,
thermo-mechanical properties of multi-phase material, heat transfer coefficient of inner re-radiation),
usually largely empirical and very hard to define/measure/quantify.



Due to their limited applicability, high complexity and little comparability, the presented literature
review does not focus on analysing and comparing different multi-component models, constituted of
many model-specific input parameters. On the contrary, the presented literature review compares
various approaches, models and thermo-physical properties which primarily focuses on solving the
heat transfer problem through swelling intumescent systems. Indeed, performance-based design
methods for fire safety and structural fire engineering typically involve thermal analysis aimed at
estimating the temperature evolution of the coated substrate material, and the intumescent coatings
are usually considered as one entity/material with specific thermo-physical properties. The presented
literature review highlights the lack of information and homogenization of various modelling
approaches, and it underlines the research needs about several aspects related to the intumescent

coating behaviour characterisation, also providing some useful suggestions for future studies.

2 MODELLING APPROACHES

2.1 Analytical methods

Many analytical expressions to solve simplified (conduction) heat transfer problems are available in
the literature (Incropera et al., 2006). For the case of intumescent coatings, in particular for
applications on steel substrates, the transient one-dimensional heat conduction equation can be
simplified through a lumped capacitance approximation (Lucherini and Maluk, 2019; EN 13381-
8:2013; EN 1993-1-2:2005). According to this method, a low-density insulation material, such as the
swelling intumescent coating, is approximated as a thermal mass included between the fire gas
temperature and the protected substrate temperature. The complex thermo-physical behaviour of
swelling intumescent coatings is simplified in an effective parameter (usually thermal conductivity
or thermal resistance), its swelling and change in thickness are ignored, and the thermal capacitance
of the coating is neglected compared to the one of the protected substrate. This is usually an
appropriate assumption for steel substrates, due to the much higher thermal inertia of the steel
substrate compared to the thin (low-density) coating. Thanks to this method, analytical solutions of
the heat transfer problem can be obtained. This is the case of Eurocode 3, where the intumescent
coating’s insulating ability is assessed through this lumped capacitance method (Annex E of EN
13381-8 (EN 13381-8:2013), see Figure 1a). Since the thermal capacitance of the intumescent coating
is neglected, the only coating properties to be defined are related to its conduction properties, namely
its thickness and its thermal conductivity or, together, its thermal resistance. These properties define
an equivalent thermal barrier provided by the intumescent coating to the protected substrate and they

are usually estimated in terms of an effective thermal conductivity 4, ¢, [W/mK], calculated based on



the initial coating dry film thickness (DFT), or an effective thermal resistance R.¢ (dc/Acfy)

[m2K/W]. The definition of these material properties and typical values are reported and discussed in

Section 3.

2.2  Finite-difference methods

The one-dimensional heat transfer problem for substrates protected with intumescent coatings is often
solved through finite-difference methods. Following this approach, the differential equation
describing the transient heat conduction problem can be solved by using various explicit or implicit
finite-difference schemes of various complexities (Incropera et al., 2006). An example of explicit
schemes is the numerical method developed by Emmons and Dusinberre with numerical stability
requirements (Emmons, 1943; Dusinberre, 1961) and the Crank-Nicolson method represents an
example of numerically-stable implicit scheme (Incropera et al., 2006; Lucherini, 2020). Following
the main direction of the heat flow (fire-exposed intumescent coating surface towards the protected
substrate), the transient conduction problem is solved through energy-balance equations, where the
space is discretised in finite nodes and differential quantities are substituted with finite differences,
assuming a small time increment and therefore small temperature increments between consecutive

iterations (refer to Figure 1b).

The analytical solutions like the previously-described lumped capacitance method are usually
restricted to simple geometries and boundary conditions, while finite-difference methods can solve a
larger extension of transient conduction problems, for instance allowing for more detailed definition
of the materials properties, geometry, and thermal boundary conditions. In addition, these modelling
approaches enable a more precise control on thermal problem, since the heat transfer problem is
solved node by node (typically surface, interface and internal nodes). For instance, they enable the
assessment of the thermal profile within swelling intumescent coatings during the thermal exposure:
exemplar research studies compared experimentally-measured in-depth temperature profiles with the
ones predicted using a heat transfer model (Lucherini et al., 2023; Bozzoli et al., 2018; Kang et al.,
2018).

Various researchers have followed this approach to model the heat transfer through swelling
intumescent coatings. Apart from defining temperature-dependent thermo-physical properties, the
coating swelling can be implemented in numerous manners. For instance, modelling the coating
swelling by adding nodes at the coating-substrate interphase, by using an adaptive mesh and a
swelling rate, or by controlling nodes properties and mass factions/multi-phase mixtures (Zhu et al.,
2022; Kang et al., 2016; Hsu, 2018; Ogrin et al., 2018; Kang et al., 2017; Zhang et al., 2012; Zhang



etal., 2012; Staggs et al., 2012; Lucherini et al., 2023; Lucherini and Maluk, 2019; Wang et al., 2012;
Bartholmai et al., 2007).

2.3 Computational models (finite-element methods — FEM)

Many researchers also use different finite-element methods (FEM) software to model the protecting
performance of intumescent coatings. These software typically solve simplified transient heat
conduction problems, starting from defined materials properties and thermal boundary conditions,
(see Figure 1c). Through these software, thermal analyses are often combined with mechanical
analyses, for instance for the assessment of the behaviour of fire-exposed steel structures protected
with intumescent coatings. These analyses can be carried out at the level of the single load-bearing

element (e.g. beam or column) or the overall structural system (e.g. moment-resisting frame).

Many commercial software have been adopted by engineers, practitioners, and researchers for the
thermo-mechanical analysis of structural systems protected with intumescent coatings. ABAQUS and
ANSYS are the most common FEM software adopted in different studies aimed at simulating the
temperature evolutions and/or failure modes of various protected structural elements exposed to fire.
Examples of these applications are concrete filled steel tubular (CFST) columns (Cirpici and Aydin,
2023; Jafarian et al., 2022; Dai and Lam, 2014), thin-walled steel members under localized fires (Xu
et al., 2021), partially-protected steel members (Sejna et al., 2023), steel beams and columns of
various profiles (Ma et al., 2020; Weisheim et al., 2019; Shaumann et al., 2016; Kolsek and Cesarek,
2015) and composite structural members (Dzolev et al., 2021; Cirpici et al., 2021). SAFIR (Franssen
et al., 2017) is also largely adopted in commercial and research applications for structural fire
engineering, and steel and composite steel-concrete structures protected with intumescent coatings
represent interesting application examples (de Silva et al., 2020; Bilotta et al., 2016). Other FEM
software like TNO-Diana (Nadjai et al., 2016), LS-DYNA (Barber et al., 2021) and Opensees
(Usmani et al., 2017) have been also used for structural fire engineering applications, like unprotected

and intumescent-protected cellular beams and steel-timber hybrid connections in fire conditions.

However, due to the complexity of the swelling process of intumescent coatings, these software must
rely on several assumptions. Common simplifications to solve the thermo-mechanical problems are
modelling the intumescent coating as an inert fire protection material, characterised by a constant
geometry (thickness, therefore mesh) and effective temperature-dependent thermo-physical
properties (i.e. thermal conductivity, density, and specific heat capacity). In contrast, other simplified
approaches involve changes in the coating geometry due to swelling. An interesting method suggests

modelling the swelling of intumescent coatings by defining a (linear) thermal expansion coefficient,



along with semi-realistic material properties (Kang et al., 2017; Ma et al., 2020; Weisheim et al.,
2019; Shaumann et al., 2016; Cirpici et al., 2021).
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Figure 1. Exemplar illustrations for the three main modelling approaches for intumescent coatings: a) analytical
model (lumped capacitance method); b) finite-difference model (intumescent coating and substrate) with exemplar
surface and substrate thermal boundary conditions (t.b.c.); c) typical FEM analysis using SAFIR.



3 THERMO-PHYSICAL PROPERTIES OF INTUMESCENT COATINGS
The adoption of numerous modelling approaches based on various assumptions and simplifications

has led to a lack of harmonisation and generalisation in the definition and evaluation of the physical
and thermal properties of intumescent coatings, fundamental parameters for the resolution of any heat
transfer problem. This situation produced a large variety and formulations of material properties
aimed at reproducing the response of intumescent coatings when exposed to fire. These properties
have never been universally specified, and models often define and rely on various assumptions and
characteristic parameters, which are hard to generalise, and they may differ case by case, model by
model, and product by product.

To offer an extended overview of the main thermo-physical properties of intumescent coatings, Table
1 reports the estimation and quantification of all the major material properties found in the available
literature though a systematic review. The literature review analysed the most relevant and recent
scientific publications which involved experimental and theoretical research with significant
modelling efforts and/or important results for modelling purposes. In the following sections, the

various material properties are singularly analysed and discussed.

Table 1. Systematic literature review of the material properties of intumescent coatings, arranged in reserve
chronological order.

Source Study/Data d./DFT [] A [WImK] p [kg/md) ¢, [IkgK] e[]
Type d, [mm/min] R [Mm?K/W] al]
Lucherini etal., 2023 Mod. 23-35(d./DFT) 0.16 (1) 50 1550 0.90
0.3-1.8 (d,)
Sejna et al., 2023 Exp. + Mod. - 0.079-0.5 (A¢ff) 440 924-1320
Cirpici and Aydin, 2023 Mod. - 0.01-0.15 (A.ff) 100 1000
Baena et al., 2023 Exp. 10-50 (d./DFT) - - - -
Wang et al., 2023 Exp. + Mod. 0.01-0.07 (A¢ff) 100 1000 0.92
Lietal., 2023 Exp. 10-17 (d./DFT) - -
0.8-2.8 (d,)
Jafarian et al., 2022 Exp. + Mod. - 0.01-0.70 (Aegf) 100 1000 0.92
Zhu et al., 2022 Mod. 0.10-0.42 (A) 1139-1223 1200-2600 0.70 (coating)
(coating) 0.85 (char)
31-51 (char)
Lucherini etal., 2022 Exp. + Mod. 0-35 (d./DFT) 0.50 (A,virgin) 1500 (virgin) 1300 (virgin) 0.86-0.93
Lucherini et al., 2021 0.3-1.8 (d,) 0.05 (A,char) 50 (char) 1550 (char)
Lucherini, 2020
Lucherini et al., 2020
Lucherini et al., 2019
Xuetal., 2021 Exp. + Mod. Aeffconst - - -
Dzolev et al., 2021 Mod. Aess 200 1200 0.95
Swann and Stoliarov, Exp. + Mod. - 1790 (virgin) 179-2100 0.70-0.94
2021
de Silva et al., 2020 Mod. 9-33 (d./DFT) 0.01-0.04 (A.ff) 200 1200 0.95
Xu et al., 2020 Exp. 0-40 (d./DFT) 0.01-0.11 (A.fp) - - -
Ma et al., 2020 Mod. - 0.45 (A,virgin) 1600 (virgin) 1300 (virgin) 0.80
0.20-1.20 (A) 50 (char)
0.01-0.45 (A.ff)
Wang et al., 2020 Exp. 14-52 (d./DFT) 0.013-0.030 (Aeff const) -
Morys et al., 2020 Exp. 18-73 (d./DFT) 0.05-60 (A¢rr/dc) -

Morys et al., 2017
Morys et al., 2017
Morys et al., 2017



Inerhunwa et al., 2019
Cirpici et al., 2021
Kang et al., 2016

Han et al., 2019

Lucherini and Maluk,
2019
Weisheim et al., 2019

de Silva et al., 2019
Wang et al., 2019
Gilletet al., 2019

Hsu, 2018

Luangtriratana et al.,
2018
Kang et al., 2018

Bozzoli et al., 2018
Lucherini et al., 2018
Xu et al., 2018

Kang et al., 2017
Tranchard et al., 2017

Lietal., 2017
Cirpici et al., 2016

Cirpici et al., 2016
Shaumann et al., 2016

Lietal., 2016
Nadjai et al., 2016

Bilotta et al., 2016
Bilotta et al., 2016

Kolsek and Cesarek,
2015
Wang et al., 2015

Elliott et al., 2014
Rush et al., 2014

Dai and Lam, 2014
Dai et al., 2010
EN 13381-8:2013

Gardelle et al., 2013
Muller et al., 2013
Wang et al., 2013
Gardelle et al., 2012

Zhang et al., 2012
Zhang et al., 2012
Lietal, 2012

Wang et al., 2012
Staggs et al., 2012

Staggs, 2010
Griffin, 2010

Opstad, 2010
Yuan, 2009
Gillet et al., 2007

Bartholmai et al., 2007
Bartholmai et al., 2003

Exp. + Mod.

Mod.

Exp. + Mod.

Exp.

Exp. + Mod.
Exp. + Mod.

Exp. + Mod.

Exp.
Mod.

Mod.
Exp.

Exp. + Mod.

Exp. + Mod.
Exp. + Mod.
Exp. + Mod.
Exp. + Mod.

Mod.

Exp.
Exp.

Mod.
Mod.

Exp.

Exp. + Mod.
Exp. + Mod.

Exp. + Mod.

Exp.
Exp.
Exp.

Exp. + Mod.

Exp.
Exp.
Exp.
Exp.
Mod.

Exp. + Mod.
Exp. + Mod.
Exp. + Mod.

Mod.

Exp. + Mod.

Exp. + Mod.
Exp. + Mod.
Exp. + Mod.

Exp. + Mod.

7-22 (d./DFT)

28-44 (d,/DFT)

18-32 (d,/DFT)
9-32 (d,/DFT)

2-26 (d,/DFT)

5-23 (d./DFT)
0.0-0.2 (d,)

10-83 (d,/DFT)
10-49 (d,/DFT)
9-11 (d./DFT)

10-40 (d,/DFT)

16-80 (d,/DFT)

10-24 (d,/DFT)
19-48 (d,/DFT)

10-34 (d./DFT)

10-46 (d./DFT)

15-50 (d,/DFT)

10-46 (d,/DFT)
10-12 (d,/DFT)

10-60 (d./DFT)

10-60 (d./DFT)

0.01-0.20 (A¢ff)
0.01-0.15 (A.fy)
1.56 (A, virgin)
0.08-0.45 (A.fy)
0.001-0.014 (A.ff)

Aeff,ronst (3 stages)
- melting: 0.003-0.023
- expanding: 0.001-0.005

- full expansion: 0.002-0.007

0.30-0.50 (A, virgin)
0.11-1.40 (A)

0.01-0.05 (A.ff)
0.01-0.10 (A¢ff)
0.12 (A, virgin)
0.08 (A, char)

Aesr
0.09-0.53 (1)

0.05-0.40 (Aqpp)

0.25-0.45 (App)
0.03-0.50 (R, /)
0.009-0.034 (A, 51, const)
0.10-1.60 (A7)
0.60-0.80 (A, virgin)
0.10-1.00 (A, char)
0.004-0.051 (A4 1 comst)

0.10-1.20 (Agpp)
0.01-0.50 (A,75)

0.45 (A, virgin)
0.18-1.00 (A7)
0.006-0.044 (A4 1 comst)
0.01-0.50 (1)

53.3 (A, virgin)
0.01-0.04 (A7)

Aers

0.01-0.12 (A5f)
0.05-0.35 (Azf)
0.01-0.15 (A7)
0.01-0.15 (Azf)

Aesr

0.22-0.50 (1)
0.05-0.45 (1)
0.01-0.20 (Z,;,)
0.13-035 (%)

0.03-0.60 (Rof const)
0.01-0.15 (A7)
0.36 (A, char)

0.026 (), gas)

0.009 (A, rad)
0.10-0.50 (A.5/)
0.20-0.24 (), virgin)
A (gas)

0.02-0.08 (1)
0.05-0.50 (A,f/)
0.12 (A, coating)
0.024 (1, gas)
0.01-0.30 (R, /)

10

100
2077 (virgin)

1500 (virgin)
50-1400 -

200

1000 (virgin)
50 (char)
1500

1575 (virgin)
1165 (char)

1300
200

100

1300

100

1200 (virgin)
1 (gas)
1186 (char)

1100-1270
(virgin)

1600
1340-1400
1000 (coating)
1.5 (gas)

1

1000
1780 (virgin)

1293-1860 (virgin)

1200

1884 (virgin)
1005 (char)
2000

500-7000
700-1200 (virgin)
900-1700 (char)

100-1100

1000
1200

1000

1000

1000

1498 (virgin)
2170 (gas)
663 (char)

1500 (virgin)

840
1884

1884 (coating)
1005 (gas)
1

0.92
0.77

0.92 (virgin)
0.80

0.95

0.90

0.70

0.92

0.77

0.80

0.92

0.95

0.92

0.92

0.92

1.00
1.00

0.95



Omrane et al., 2007 Exp. + Mod.  30-70 (d./DFT) - 1000 1000 0.92

Griffin et al., 2005 Exp. + Mod. 5-25 (d./DFT) 2-65 (Ref5/d) - - -

Wang et al., 2005 Mod. - 0.01-0.10 (A.ff) 1000 1000 0.92

Bourbigotetal., 1999  Exp. + Mod. - 0.60-1.00 () - 2800-5300

Anderson etal., 1988  Exp. + Mod. 2-10 (d./DFT) 2.31 (A, virgin) 1490 840

Anderson et al., 1985 0.83 (A, char)

Henderson, 1985 Exp. + Mod. - 0.70-1.00 (A, virgin) 1810 (virgin) 1000-1900 (virgin) 0.90
0.70-2.00 (A, char) 880-1440 (char) 850-1600 (char)

963 (gas)

Legend: Exp. (experimental study), Mod. (modelling study), Exp. + Mod. (experimental and modelling study).

3.1 Coating thickness

Intumescent coatings as fire safety measure are specifically characterised by their ability to swell
upon sufficient heating and develop a thick high-insulating porous char, able to create a thermal
barrier to protect the substrate from temperature-driven consequences. Recent research has
highlighted how their performance is primarily governed by their ability to swell and create swelled
porous char (Lucherini and Maluk, 2019). Accordingly, any heat transfer model aimed at simulating
the thermo-physical response of fire-exposed intumescent coatings is principally dependent on a

correct prediction of the evolution of the swelled coating thickness.

However, the available literature rarely offers research studies in which the evolution of the swelled
coating thickness is explicitly predicted and implemented in heat transfer models. The main reason
for this is related to the fact that measuring the swelled coating thickness is experimentally
challenging and, as a consequence, experimental data are often missing for comparisons between
experiments and numerical models. Therefore, research studies often assess the effectiveness of
intumescent coatings in an implicit manner, typically by investigating the temperature evolution of
coated structural elements. In addition, especially for experiments carried out in closed environments
(e.g. furnaces and ovens), researchers often report the final residual coating thickness (e.g. final
swelling ratio) (Zhang et al., 2012; Zhang et al., 2012; Staggs et al., 2012; Omrane et al., 2007; Wang
et al., 2012; de Silva et al., 2020; Xu et al., 2020; Wang et al., 2020; Han et al., 2019; Wang et al.,
2019; Lucherini et al., 2018; Xu et al., 2018; Wang et al., 2015; Wang et al., 2013). Nevertheless,

this information provides very little understanding on the temporal evolution of the coating thickness.

In absence of any explicit quantification of the transient coating thickness, the main relevant
parameter is often used is the initial coating dry film thickness (DFT). This is the case for the
Eurocode lumped capacitance method (Annex E of EN 13381-8) that defines an effective value of
the coating thermal conductivity based on the initial DFT (EN 13381-8:2013). This method and

similar ones are discussed in detail in the following section.
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In contrast, a few researchers have developed different experimental methodologies to explicitly
measure the temporal evolution of the swelling coating thickness during heating (Lucherini, 2020;
Kang et al., 2018; Weisheim et al., 2019; Baena et al., 2023; Li et al., 2023; Lucherini et al., 2022;
Lucherini et al., 2021; Lucherini et al., 2020; Lucherini et al., 2019; Morys et al., 2017; Morys et al.,
2017; Morys et al., 2017; de Silva et al., 2019; Elliott et al., 2014; Gardelle et al., 2013). These
experimental results can support the implementation of heat transfer models in which the coating
swelling is explicitly considered. Using finite-difference or finite-element approaches, researchers
have attempted to change the coating geometry and/or spatial discretisation by adding nodes (for
instance, at the coating-substrate interphase) or by using an adaptive mesh (increasing mesh size,
having a fixes number of nodes/elements) (Zhu et al., 2022; Kang et al., 2016; Hsu, 2018; Ogrin et
al., 2018; Kang et al., 2017; Cirpici et al., 2016; Zhang et al., 2012; Zhang et al., 2012; Staggs et al.,
2012; Griffin, 2010; Lucherini et al., 2023; Lucherini and Maluk, 2019; Wang et al., 2012;
Bartholmai et al., 2007). In these models, the coating swelling is usually controlled by defining a final
and/or maximum swelling ratio (d./DFT [-]) or by defining a swelling rate (d, [mm/min]), which
are usually obtained empirically (Lucherini et al., 2023; Li et al., 2023). This exercise is typically
challenging because, as well-known within the research community focused on intumescence, the
coating swelling is dependent on many factors (e.g., coating temperature, applied heat flux, initial
coating thickness, substrate conditions) (Lucherini and Maluk, 2019). Indeed, as evident from Table
1, these values can largely vary depending on the testing conditions: in the literature, researchers
reported extreme cases, from no swelling to swelling ratios up to 100 times the initial coating dry
film thickness (DFT) (Lucherini and Maluk, 2019).

On the contrary, commercial FEM software do not generally offer the possibility to implement a
changing geometry/mesh representing the swelling coating. Thus, approaches that employ a constant
geometry (e.g. initial DFT) and effective properties are usually preferred. Moreover, finite-element
models often analyse the fire behaviour of whole structure systems or significant parts of it and
inserting also the coating thickness as variable could excessively complicate the FEM model.
However, in a few cases, researchers have attempted to model swelling intumescent coatings by
assigning a temperature-dependent (linear) thermal expansion coefficient to the intumescent coating,
along with semi-realistic material properties (Kang et al., 2017; Ma et al., 2020; Weisheim et al.,
2019; Shaumann et al., 2016; Cirpici et al., 2021).
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3.2 Thermal conductivity and thermal resistance

The main performance criteria for estimating and modelling the insulating capacity of an intumescent
coating is usually represented by the quantification of its thermal conductivity. However, since the
complex intumescent process simultaneously affect the physical (i.e. thickness and density) and
thermal (i.e. thermal conductivity) coating characteristics, it is very challenging to universally define
a value of thermal conductivity for swelling intumescent coatings. Consequently, many researchers
attempted to evaluate this specific parameter in many different ways and making numerous

assumptions and simplifications.

As shown in Table 1, the effective thermal conductivity (4. [W/mK]) in accordance with the
European assessment method (Annex E of EN 13381-8) is the most common way to evaluate the
thermal conductivity of intumescent coatings (EN 13381-8:2013; Kang et al., 2016; Hsu, 2018; Kang
et al., 2017; Staggs, 2010; Wang et al., 2012; Cirpici and Aydin, 2023; Jafarian et al., 2022; Dai and
Lam, 2014; Shaumann et al., 2016; Kolsek and Cesarek, 2015; Dzolev et al., 2021; Cirpici et al.,
2021; de Silva et al., 2020; Bilotta et al., 2016; Nadjai et al., 2016; Wang et al., 2023; Xu et al., 2020;
Inerhunwa et al., 2019; Han et al., 2019; de Silva et al., 2019; Wang et al., 2019; Cirpici et al., 2016;
Bilotta et al., 2016; Wang et al., 2015; Elliott et al., 2014; Rush et al., 2014; Dai et al., 2010; Wang
et al., 2013; Yuan, 2009; Wang et al., 2005). Using this analytical method based on the lumped
capacitance approximation of the transient one-dimensional heat conduction problem, the insulating
capacity of intumescent coatings is simplified in an effective parameter, which incorporates the
coating swelling and any other phenomena that undergo during the intumescent process, such as endo-
and exothermic reactions (i.e. melting, pyrolysis, swelling). The methodology is highly simplified,
but it enables to accurately reproduce the temperature evolution of the protected samples (i.e. inverse

approach from experimental measurements).

Following a similar approach, other researchers proposed the concept of effective constant thermal
conductivity (Aessconse [W/MK]). They observed that the insulating performance of intumescent
coatings for steel structures, expressed in terms of effective thermal conductivity, could be simplified
in a temperature-averaged constant value, calculated within the temperature range of interest for the
fire-safe design of steel structures (400-600°C) (Wang et al., 2020; Xu et al., 2018; Li et al., 2017;
Li et al., 2016) As for the effective thermal conductivity, using this constant highly simplifies the
design process, but it does not represent any fundamental physical property of the coating. In addition,
researchers recommended that, to ensure a safe design using A.sf const, @ 20% safety factor should

be adopted (Li et al., 2017).
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In addition, the concept of the effective thermal conductivity underwent further developments based
on multi-stage approaches. A first example is represented by the variable function for the effective
thermal conductivity based on three stages: before activation phase (below 120°C), a swelling phase
(until when the minimum value of 4, is reached) and a fully-developed-char phase (de Silva et al.,
2020). Similarly, the effective constant thermal conductivity was defined for one stage (Xu et al.,
2018; Lietal., 2017; Lietal., 2016), or three stages (solid state and melting stage <300°C, expanding
stage 300-400°C, and full expansion stage >400°C) (Xu et al., 2021; Xu et al., 2020; Han et al.,
2019).

As it is evident from the literature review presented in Table 1, the success of the concept of the
effective thermal conductivity produced a large amount of data for the quantification of the effective
(constant) thermal conductivity of intumescent coatings. However, its strong simplified approach is
reflected by the high variance of the values estimated by various researchers testing different products
and using various experimental techniques. Values typically range from 0.50 W/mK to below 0.01
W/mK, even reporting values lower than thermal conductivity of air, questioning the correctness of
this approach. Nevertheless, the large amount of experimental data also enabled the possibility to
combine experimental results through various regression analyses to define the coating effective
thermal conductivity as a function of its temperature and/or other governing parameters (e.g. fire
heating rate, initial DFT, section factor) (Staggs, 2010; Kolsek and Cesarek, 2015; de Silva et al.,
2020; Lietal., 2017; Cirpici et al., 2016).

In line with the concept of effective thermal conductivity, other researchers preferred to quantify the
effectiveness of intumescent coatings by estimating their effective thermal resistance (R.sf
[m?K/W]), expressed as the ratio between the coating thickness and its thermal conductivity
(Bartholmai et al., 2007; Lucherini et al., 2018; Bartholmai et al., 2003). In this way, the combined
effect of the coating transformation in thickness (therefore density) and thermal conductivity is
lumped in one parameter, and the overall coating performance can be assessed in a unique term.
Furthermore, analogously to the effective thermal conductivity, the concept for the effective constant
thermal resistance (Reff,const [m2K/W]) was also developed (Li et al., 2012). Just in a few cases, the

inverse of the thermal resistance or the effective thermal conductivity per thickness (1/R.sr =

Aefs/de [WI m?K]) was introduced (Morys et al., 2020).

Contrarily to effective values, other research studies evaluated the apparent thermal conductivity

(Aapp [W/mK]) of intumescent coatings by using an inverse model that considers the actual swelled

coating thickness and these calculations are sometimes verified by analysing the in-depth
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temperatures within the swelled coating (Bozzoli et al., 2018; Kang et al., 2018; Cirpici et al., 2016).
This methodology has been adopted in only a few research studies because of the experimental
difficulties in gauging accurate measurements of the in-depth temperature profiles without disturbing
the swelling process. In a few cases, the actual thermal conductivity (1 [W/mK]) of intumescent
coatings (as unique system) was estimated (Zhu et al., 2022; Griffin, 2010; Lucherini et al., 2023;
Lucherini and Maluk, 2019; Luangtriratana et al., 2018; Muller et al., 2013; Gardelle et al., 2012;
Opstad, 2010; Bourbigot et al., 1999). Approaches that consider swelling intumescent coatings as
multi-material composite are more common in the published literature. In these multi-component
models, the intumescent coating is modelled as a porous media composed of a combination of various
materials with different properties: these often are the virgin coating or the coating solid skeleton, gas
(air) bubbles/cavities, and coating char (Staggs et al., 2012; Anderson et al., 1988; Henderson, 1985;
Anderson et al., 1985; Gillet et al., 2019; Tranchard et al., 2017). For instance, a few researchers
adopted a method that estimates the thermal conductivity of intumescent coatings based on an
approximated coating porosity (Hsu, 2018; Ma et al., 2020; Weisheim et al., 2019).

It is important to highlight that, differently from effective parameters, using values of apparent
thermal conductivity or actual thermal conductivity enables the explicit calculation of the transient
temperature gradients within swelled intumescent coatings using simple heat transfer finite-element

models.

Finally, only a few research studies supported modelling efforts with experiments primarily focused
on quantifying the thermal transport properties of solid materials (e.g. thermal conductivity). In these
experiments, the steady-state thermal conductivity of intumescent coatings at various temperature
ranges (and corresponding swelling levels) was measured using standard equipment like the Transient
Plate Source (TPS) equipment (Lucherini, 2020; Lucherini and Maluk, 2019; Muller et al., 2013; 1SO
22007-2:2015; Gustafsson, 1991) and the Laser Flash Analysis (LFA) equipment (Zhu et al., 2022;
Lucherini, 2020; 1SO 22007-4:2008; Parker et al., 1961). As show in Table 1, experimental results
highlight how the thermal conductivity of virgin intumescent coatings (order of 0.50 W/mK)
drastically reduce for swelled coating chars (order of 0.05 W/mK) due to the intumescent process,

which significantly affect the volume, therefore density, of the protection material.

3.3 Density

In many of the mentioned heat transfer models and formulations (e.g. effective thermal conductivity),
the thermal capacitance of the intumescent coating is typically neglected in comparison with the
thermal capacitance of the protected substrate. Since these methods were first developed for metallic
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structures (e.g. steel), this assumption is usually appropriate, given the high thermal mass of the
protected substrate, the limited coating physical thickness (dry film thickness in the order of few
millimetres) and low density of swelled intumescent coatings. Consequently, modelling studies rarely
explicitly investigate the density and the specific heat capacity of intumescent coatings due to their

marginal importance.

As reported in Table 1, the density (p [kg/m®]) of intumescent coating is typically set as a fixed value
(e.g. 100 kg/mq), not based on any physical consideration, since all thermal parameters are assumed
as “effective”: the thermal conductivity or resistance are the governing parameter, and they are
actually varied. This is the case for most analytical methods (e.g. European effective thermal

conductivity method) and FEM commercial software.

Rarely, the available literature reports explicit quantification and measurements on the density of
intumescent coatings, both on virgin and swelled coatings. This is usually done by simple
mass/volume measurements (Lucherini, 2020) or analysing Thermo-Gravimetric Analysis (TGA)
experiments (Coats, 1963; Wagner, 2009). Many researchers, especially in the field of research and
development for new intumescent formulations, report and discuss TGA curves, which provide a
unique relationship between the coating mass and temperature (Puri and Khanna, 2017; Bourbigot et
al., 2004; Zhu et al., 2022; Kang et al., 2017; Griffin, 2010; Griffin et al., 2005; Lucherini, 2020;
Weisheim et al., 2019; Shaumann et al., 2016; Baena et al., 2023; Lucherini et al., 2021; Wang et al.,
2020; Morysetal., 2017; Tranchard et al., 2017; Wang et al., 2006). However, to quantify the density,

the coating volume remains the challenging aspect, as discussed in Section 3.1.

In general, the literature review suggests that the density of intumescent coatings drastically decreases
due to swelling, and it is highly dependent on the coating chemical composition. From values in the
range of 1300-1500 kg/m? for virgin coatings, swelled chars reach values around 30-50 kg/m?, about
3-4% its initial value considering the significant mass loss due to the thermal decomposition (only
about 30-40% inorganic content (\Wang et al., 2006)) and the fact that intumescent coatings can swell
up to 100 times their initial applied DFT (Lucherini and Maluk, 2019).

3.4 Specific heat capacity

As discussed for the coating density, the same concept applies to the specific heat capacity (c,
[J/kgK]). Due to the marginal importance of the coating thermal capacitance and the challenges
related to explicitly quantifying the change in enthalpy of the intumescent coating, fixed values in the
range of 1000 J/kgK are usually defined in most analytical methods (e.g. European effective thermal

conductivity method) and FEM commercial software. Again, these values are not based on any
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physical consideration, and they just act as effective values, only with the purpose of solving

simplified heat transfer models.

Following a similar approach as TGA for the coating density, a few researchers attempted to estimate
the specific heat capacity of intumescent coatings analysing Differential Scanning Calorimetry (DSC)
experiments (\Wagner, 2009; O’Neill, 1966). From the heat flow measured by the equipment sensor
with respect to a reference sample, the coating specific heat capacity and reaction enthalpies can be
quantified, and temperature-dependent functions obtained (Zhu et al., 2022; Swann and Stoliarov,
2021; Kang et al., 2017; Weisheim et al., 2019; Shaumann et al., 2016; Wang et al., 2020; Tranchard
et al., 2017). As for the case of TGA, many DSC curves can be found in the available literature, in
particular in research and development studies that investigate the thermal stability of novel

intumescent formulations.

Similarly to the steady-state thermal conductivity, the literature reports that standard equipment for
the quantification of the thermal transport properties of solid materials (e.g. TPS and LFA) can be
used also for estimating the (volumetric) specific heat capacity of intumescent coatings (Lucherini,
2020).

In general, as show in Table 1, the literature review suggests that the specific heat capacity of
intumescent coatings lays between typical values for solid materials (1000-1500 J/kgK) and, most
importantly, the enthalpies for the main thermal decomposition reactions occurring in the coating (i.e.

melting, swelling and oxidation) have a limited impact (Lucherini and Maluk, 2019).

3.5 Emissivity and absorptivity

Finally, the optical properties of materials, namely emissivity (e [-]) and absorptivity (« [-]), have a
key role in thermal radiation and heat transfer, as they govern the radiative heat transfer and heat
losses between emitting surfaces, therefore the thermal boundary conditions at the fire-exposed
surfaces. Indeed, given the elevated temperatures typical of compartment fires, radiative heat transfer
is often the governing mode, and the optical properties have direct consequences on the energy gain
and temperatures experienced by construction materials. Especially, this is the case if fire experiments
involve pure thermal irradiation (e.g. radiant panels and cone calorimeter), but also radiation-driven

heat fluxes are also typical in ovens and furnaces.

For the case of intumescent coatings, analytical models (e.g. European effective thermal conductivity
method (EN 13381-8:2013)) usually disregard these parameters because the swelling coating is
assumed as thermally thick material, therefore its surface temperature is frequently approximated
with the fire gas phase temperature. On the other hand, the optical properties are often required to
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define the thermal boundary conditions in finite-difference models and commercial FEM software.
The absorptivity and emissivity of intumescent coatings are normally considered as interchangeable
parameters, following the assumption of grey body (Incropera et al., 2006). They are often assumed
as a constant value, defined a priori or implicitly obtained through the calibration of numerical models
(Kang et al., 2016; Hsu, 2018; Kang et al., 2017; Griffin, 2010; Gillet et al., 2007; Omrane et al.,
2007; Lucherini et al., 2023; Lucherini and Maluk, 2019; Bartholmai et al., 2007; Jafarian et al.,
2022; Weisheim et al., 2019; Shaumann et al., 2016; Dzolev et al., 2021; Cirpici et al., 2021; de Silva
et al., 2020; Bilotta et al., 2016; Wang et al., 2023; de Silva et al., 2019; Gillet et al., 2019; Li et al.,
2016; Gardelle et al., 2012; Li et al., 2012; Bartholmai et al., 2003; Wang et al., 2005; Bourbigot et
al., 1999). As shown in Table 1, the absorptivity and the emissivity of intumescent coatings are in the
range of typical opaque construction materials, between 0.85 and 0.95. where values in the range
0.90-0.92 are common. Rarely, they decrease to lower values, down to 0.70-0.80 (Swann and
Stoliarov, 2021; Kang et al., 2016; Hsu, 2018; Kang et al., 2017; Ma et al., 2020; Shaumann et al.,
2016), or they are defined differently for the virgin and charred coating (Zhu et al., 2022; Lucherini,
2020; Lucherini and Maluk, 2019).

As in the case for all other properties of intumescent coatings, optical properties are rarely
experimentally measured using techniques for diffuse reflection and diffuse transmission, for instance
by using integrating sphere system. Even more, measuring the reflectivity and absorptivity of solid
materials at elevated temperatures is technically very challenging and only a few research studies
have been published regarding this topic (Acem et al., 2017; Boulet et al., 2015; Seifer et al., 2011).

A research study attempted to measure the optical properties of virgin and degraded thin intumescent
coatings using an integrating sphere system (Lucherini, 2020; Lucherini and Maluk, 2019). The
experiments were carried out in the range of wavelengths for near-infrared and mid-infrared
radiations, range that covers most of the total thermal radiation emitted by a typical building fire,
usually characterised by high soot content (ISO 20473:2007; SFPE, 2016). The coating reflectivity
was estimated in the range 0.07-0.14 and, following the assumptions for opaque materials that act as
grey bodies, absorptivity/emissivity in the range 0.86-0.93 (Lucherini, 2020; Lucherini and Maluk,
2019). All optical properties were assumed independent on the wavelength and averaged over the
tested range, and all measurements were conducted on the coating samples at ambient temperature
on virgin/degraded coatings. As a consequence, the influence of different degradation levels at the
coating surface was investigated and the obtained properties were considered as “residual”, affected

by the thermal exposure, but not the actual one at elevated temperatures.
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4  DISCUSSION
The presented literature review highlighted how many modelling approaches have been developed to

describe and predict the complex thermo-physical behaviour of swelling intumescent coatings for the
fire protection of various substrate materials. Along with this, a wide of thermal, physical, and optical
properties have been defined and estimated to quantify various material properties necessary to study
heat transfer problems within intumescent coatings. Apart from the many formulations and large
variability ranges for many parameters, it was underlined how the coating properties are defined as
constant or temperature-dependent: this assumes that the thermo-physical response of intumescent
coatings is only affected by temperature, and it is independent of all other factors. However, despite
the well-known important influence of other factors on the intumescent coatings’ performance, other
affecting parameters in the definition of the material properties are rarely considered. For example,
in many of the discussed cases, the coating insulating properties are estimated only considering
standard testing conditions (Wang et al., 2012; Jafarian et al., 2022; Dai and Lam, 2014; Sejna et al.,
2023; Shaumann et al., 2016; Kolsek and Cesarek, 2015; Nadjai et al., 2016; Wang et al., 2023; Wang
et al., 2020; Inerhunwa et al., 2019; Li et al., 2016; Bilotta et al., 2016; Rush et al., 2014; Dai et al.,
2010; Wang et al., 2013). In contrast, only a few modelling studies explicitly take into account the
effect of various conditions (e.g. substrate, initial thickness, fire conditions) on the effectiveness of
intumescent coatings, for instance in the quantification of the temperature-dependent effective
thermal conductivity (Staggs, 2010; Kolsek and Cesarek, 2015; de Silva et al., 2020; Li et al., 2017;
Cirpici et al., 2016).

The research and fire safety engineering communities are in need of a universal simple, rather than
complex, model that can generally simulate the performance of intumescent coatings. Given the high
complexity of the intumescent reaction and the many influencing parameters, empirical approaches
like the effective thermal conductivity appear as the way to proceed. The approach is rather simple,
and it enables the correct prediction of the temperature evolution of intumescent-coated substrates,
disregarding any heat transfer consideration (e.g. swelled coating thickness and in-depth temperature

profiles). The approach is also suitable for commercial FEM software.

However, the approach requires to be deeply researched and generalised for the vast variety of
available commercial products and potential conditions. By analysing the numerous recently-
published literature reviews (Lucherini and Maluk, 2019; Dreyer et al., 2021; Puri and Khanna, 2017,
Mariappan, 2016; Weil, 2011; Bourbigot et al., 2004), it is possible to see how many coatings,
substrates, heating/fire and external factors affect the insulating effectiveness of intumescent coatings

(refer to Table 2). The numerous research studies published in the last few decades should be
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combined, profoundly compared to achieve an overall understanding on the response of intumescent
coatings as fire protection measure. This analysis should be also linked and supported by more
detailed and fundamental studies (Hsu, 2018; Kang et al., 2017; Griffin, 2010; Lucherini et al., 2021),
as well as new research studies focused on comprehending unresolved issues related to intumescent
coatings (e.g. behaviour in natural fires, long-term durability, physical hindered swelling). Thanks to
the increasingly-available computational power, advanced computational tools can also be employed,
for instance involving machine learning techniques (e.g. deep neural networks). These modern
methods can offer innovative ways to combine large amounts of existing data and produce highly
reliable models to predict the thermal behaviour of swelling intumescent coatings. These techniques
would also offer important advantages in the treatment of uncertainties of various natures (e.g.
approach-specific, numerical, experimental, etc.) and possibly enable optimisation processes
(Samaniego et al., 2020).

Table 2. Main factors affecting the effectiveness of intumescent coatings.

Coating Substrate Heating/Fire External

o Intumescent e Boundary o Heat fluxes, o Physical damages
formulation conditions heating rate, e Exposure

o Composite (thermo-physical temperatures environment (i.e.
components (e.g. properties) e Oxygen content ageing, weathering,
primer and e Shape (concave e Turbulence and aggressive
topcoat) VS. convex edges, convective flows environments) and

e |nitial thickness holes) e Physical long-term
(Dry Film obstructions durability
Thickness — DFT) o Gravity

As an outcome, a universal modelling approach should be generalised and regulated. In particular,
clear guidelines should be produced for fire safety engineers, in which rules and suggestions related
to the modelling of intumescent coatings are explained. Of key importance, the uncertainties related
to each technique and estimated material property should be made it explicit and careful treated, in
away such to provide a clear understanding on the reliability of the various proposed design
methodologies. In addition, the analysis and combination of the published research should provide
information related to the potential challenges related to modelling swelling intumescent coatings and
how to produce safe designs. Indeed, nowadays, in many projects which involve performance-based
design approaches, intumescent coatings are sometimes not selected as appropriate fire protection

solution due to the limited modelling capabilities, the large uncertainties, and the discomfort of fire
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safety engineers around this topic, still facing significant investments, compared to traditional fire

protection solutions (e.g. boards).

5 CONCLUSIONS
The presented literature review analyses and discusses the various modelling approaches to describe

and predict the behaviour of swelling intumescent coatings as fire protection for structural materials,
such as steel. Due to their reactive behaviour, intumescent coatings are a particularly complex
material to be modelled and predicted because of the many influencing parameters and the challenges
related to the definition and quantification of their thermal, physical, and optical properties. The study
underlines the most critical modelling aspects and suggests where further research is needed.

From the analyses of the available modelling approaches, a countless amount of mathematical and
numerical models of various complexities was found. However, a universal simple, rather than
complex model that can simulate the performance of intumescent coatings has not yet been developed
or it has not been generalised for a wide range of products and testing conditions.

Most available models are based on the assumption that the coating properties are defined as constant
or temperature-dependent only, while only few works consider the important influence of other
factors on the material properties (e.g. substrate, initial thickness, fire conditions). In addition, the
majority of the reviewed models have many uncertainties related to the input parameters and material
properties. This is the case for empirical models, in which many parameters are highly case-
dependent, also given the vast variety of available commercial intumescent products and their very
sensitive performance to many conditions. Similarly, FEM software typically only solve simplified
conductive heat transfer problems for inert materials (fixed geometry), and they rely on several
simplifications. As a consequence, all these models must be used with great care and critical eye, and

numerical predictions should always be supported by experimental evidence.

As regards to the definition and quantification of the material properties of swelling intumescent
coatings, the available literature rarely offers research studies in which the evolution of the swelled
coating thickness is explicitly predicted and implemented in heat transfer models. This is mainly
related to the fact that instantly measuring the coating thickness is experimentally challenging and,
consequently, experimental data are often missing for comparisons. Similarly, thermal, physical, and
optical properties of swelling intumescent coatings are rarely experimentally measured using

dedicated techniques (e.g. thermal transport equipment for thermal conductivity).

As a consequence, most of the research studies suggests the use of effective properties based on well-

known initial parameters, like the concept of effective thermal conductivity based on the initial dry
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film thickness (DFT) of the virgin coating. In this way, extensive experimental research has produced
a large amount of data for the quantification of effective properties of intumescent coatings. However,
due to the vast variety of available commercial products and potential testing conditions, these data
are rarely compared and combined to achieve an overall understanding on the response of intumescent

coatings as fire protection measure.

In conclusion, the research and fire safety engineering communities are in need of a universal
modelling tool that can generally simulate the performance of intumescent coatings and reliably
produce fire-safe performance-based designs. As an outcome, an engineering approach should be
extended and regulated, supported by comprehensive and thorough comparisons and combinations

of all the research efforts made during the last decades.

REFERENCES
Acem, Z., Brissinger, D., Collin, A., Parent, G., Boulet, P., Quach, T.H.Y., Batiot, B., Richard, F., Rogaume, T. Surface

temperature of carbon composite samples during thermal degradation. International Journal of Thermal Sciences, 11,
427-438, 2017.

Anderson, C.E., Dziuk, J., Mallow, W.A. Intumescent reaction mechanisms. Journal of Fire Sciences, 3, 161-194, 1985.

Anderson, C.E., Ketchum, D.E., Mountain, W.P. Thermal conductivity of intumescent chars. Journal of Fire Sciences, 6,
1988.

Baena, J.C., Wang, C., Kabir, I.I., Khalid, A., Nazir, M.T., Yuen, A.C.Y., Ahmad, F., Yeoh, G.H. Fire behaviour of
waterborne intumescent coatings on timber substrate for bushfire exposure. Fire Safety Journal, 140, 103836, 2023.
Barber, D., Roy-Poirier, A., Wingo, L. Modelling the fire performance of steel beam to clt connections for hybrid

construction. Proceedings of the 12th Asia-Oceania Symposium on Fire Science and Technology (AOSFST), The

University of Queensland, Australia, 2021.

Bartholmai, M., Schartel, B. Assessing the performance of intumescent coatings using bench-scaled cone calorimeter and
finite difference simulations. Fire and Materials, 31, 187-205, 2007.

Bartholmai, M., Schriever, R., Schartel, B. Influence of external heat flux and coating thickness on the thermal insulation
properties of two different intumescent coatings using cone calorimeter and numerical analysis. Fire and Materials, 27,
151-162, 2003.

Bilotta, A., de Silva, D., Nigro, E. General approach for the assessment of the fire vulnerability of existing steel and
composite steel-concrete structures. Journal of Building Engineering, 8, 198-207, 2016.

Bilotta, A., de Silva, D., Nigro, E. Tests on intumescent paints for fire protection of existing steel structures. Construction
and Building Materials, 121, 410-422, 2016.

Boulet, P., Brissinger, D., Collin, A., Acem, Z., Parent, G. On the influence of the sample absorptivity when studying the
thermal degradation of materials. Materials, 8, 5398-5413, 2015.

Bourbigot, S., Duquesne, S., Leroy, J.-M. Modeling of heat transfer of a polypropylene-based intumescent system during

combustion. Journal of Fire Sciences, 17, 42-56, 1999.

22



Bourbigot, S., Le Bras, M., Delobel, R. Fire Degradation of an Intumescent Flame Retardant Polypropylene using the

Cone Calorimeter. Journal of Fire Sciences, 13(1), 1995.

Bourbigot, S., Le Bras, M., Duquesne, S., Rochery, M. Recent Advances for Intumescent Polymers. Macromolecular
Materials and Engineering, 289, 499-511, 2004.

Bozzoli, F., Mocerino, A., Ranieri, S., Vocale, P. Inverse heat transfer modeling applied to the estimation of the apparent

thermal conductivity of an intumescent fire retardant paint. Experimental Thermal and Fluid Science, 90, 143-152, 2018.
Buchanan, A.H., Abu, A.K. Structural design for fire safety. John Wiley & Sons, 2nd ed., 2017.

Cagliostro, D.E., Riccitello, S.R., Clark, K.L., Shimizu, A.B. Intumescent coating modelling. Journal of Fire and
Flammability, 6, 205, 1975.

Cirpici, B.K., Aydin, I. Investigation of intumescent coating on the fire endurance of concrete-filled steel columns with

varied characteristics. Journal of Materials Research and Technology, 25, 1959-1980, 2023.

Cirpici, B.K., Orhan, S.N., Kotan, T. Numerical modelling of heat transfer through protected composite structural

members. Challenge Journal of Structural Mechanics, 5(3), 2019.

Cirpici, B.K., Wang, Y.C., Rogers, B. Assessment of the thermal conductivity of intumescent coatings in fire. Fire Safety
Journal, 81, 74-84, 2016.

Cirpici, B.K., Wang, Y.C., Rogers, B.D., Bourbigot, S. A theoretical model for quantifying expansion of intumescent
coating under different heating conditions. Polymer Engineering and Science, 56(7), 798-809, 2016.

Coats, A.W., Refern, J.P. Thermogravimetric analysis. A review. Analyst, 88, 906-924, 1963.

Comité Europeén de Normalization (CEN). EN 13381-8:2013 Test methods for determining the contribution to the fire

resistance of structural members - Part 8: Applied reactive protection to steel members. Brussels, Belgium, 2013.

Comité Europeén de Normalization (CEN). EN 1363-1:2012 Fire resistance tests - Part 1: General Requirements.

Brussels, Belgium, 2012.

Comité Europeén de Normalization (CEN). EN 1363-2:2012 Fire resistance tests - Part 2: Alternative and additional

procedures. Brussels, Belgium, 1999.

Comité Europeén de Normalization (CEN). EN 1993-1-2:2005 Eurocode 3: Design of steel structures - Part 1-2: General

rules - Structural fire design. Brussels, Belgium, 2005.

Dai, X.H., Lam, D. A numerical study on the effect of concrete infill and intumescent coating to fire-resistant behaviour

of stub elliptical steel hollow sections under axial compression. Advanced Steel Construction, 10(3), 310-324, 2014.

Dai, X.H., Wang, Y.C., Bailey, C. A simple method to predict temperatures in steel joints with partial intumescent coating
fire protection. Fire Technology, 46, 19-35, 2010.

de Silva, D., Bilotta, A., Nigro, E. Approach for modelling thermal properties of intumescent coating applied on steel
members. Fire Safety Journal, 116, 103200, 2020.

de Silva, D., Bilotta, A., Nigro, E. Experimental investigation on steel elements protected with intumescent coating.
Construction and Building Materials, 205, 232-244, 2019.

Di Blasi, C., Branca, C. Mathematical model for the nonsteady decomposition of intumescent coatings. AIChE Journal,
47(10), 2359-2370, 2001.

23



Dreyer, J.A.H., Weinell, C.E., Dam-Johansen, C., Kill S. Review of heat exposure equipment and in-situ characterisation
techniques for intumescent coatings. Fire Safety Journal, 121, 103264, 2021.

Dusinberre, G.M. Heat transfer calculations by finite differences. International Textbook Company, Pennsylvania, USA,
1961.

Dzolev, I., Kekez, S., Raseta, A. Numerical modelling of steel members protected with intumescent coating. Proceedings
of the 7th International Conference on Applications of Structural Fire Engineering (ASFE’21), Ljubljana, Slovenia, 2021.

Elliott, A., Temple, A., Maluk, C., Bishy, L. Novel testing to study the performance of intumescent coatings under non-
standard heating regimes. Fire Safety Science — Proceedings of the 11th International Symposium, University of
Canterbury, New Zealand, 652-665, 2014.

Emmons, H.W. The numerical solution of heat conduction problems. Transactions of American Society of Mechanical
Engineers (ASME), 65(6), 607-615, 1943.

Franssen, J.-M., Gernay, T. Modeling structures in fire with SAFIR®: theoretical background and capabilities. Journal
of Structural Fire Engineering, 8(3), 300-323, 2017.

Gardelle, B., Duquesne, S., Rerat, V., Bourbigot, S. Thermal degradation and fire performance of intumescent silicone-
based coatings. Polymers for Advanced Technologies, 24 (1), 62-69, 2012.

Gardelle, B., Duquesne, S., Vandereecken, P., Bourbigot, S. Characterization of the carbonization process of expandable

graphite/silicone formulations in a simulated fire. Polymer Degradation and Stability, 98, 1052-1063, 2013.

Ghiji, M., Joseph, P., Guerrieri, M. Some recent developments and testing strategies relating to the passive fire protection
of concrete using intumescent coatings: a review. Journal of Structural Fire Engineering, 14(1), 61-89, 2023.

Gillet M., Perez L., Autrique L. A model based predictive tool for fire safety intumescent coatings design. Fire Safety
Journal, 110, 102908, 2019.

Gillet, M., Autrique, L., Perez, L. Mathematical model for intumescent coatings growth: application to fire retardant

systems evaluation. Journal of Physics D: Applied Physics, 40, 883-899, 2007.

Griffin, G.J. The modelling of heat transfer across intumescent polymer coatings. Journal of Fire Science, 28, 249-277,
2010.

Griffin, G.J., Bicknell, A.D., Brown, T.J. Studies on the effect of atmospheric oxygen content on the thermal resistance

of intumescent fire-retardant coatings. Journal of Fire Science, 23(4), 2005.

Gustafsson, S.E. Transient plane source techniques for thermal conductivity and thermal diffusivity measurements of
solid materials. Review of Scientific Instruments, 62(3), 797-804, 1991.

Han, J., Li, G.-Q., Wang, Y.C., Xu, Q. An experimental study to assess the feasibility of a three stage thermal conductivity

model for intumescent coatings in large space fires. Fire Safety Journal, 109, 102860, 2019.

Henderson, J.B. A model for the thermal response of polymer composite materials with experimental verification. Journal
of Composite Materials, 19, 579-595, 1985.

Hsu, S.Y. Modeling of Heat Transfer in Intumescent Fire-Retardant Coating Under High Radiant Heat Source and

Parametric Study on Coating Thermal Response. Journal of Heat Transfer, 140, 2018.

Incropera, F.P., DeWitt, D.P., Bergman, T.L., Lavine, A.S. Fundamental of heat and mass transfer. John Wiley & Sons,
6th ed., 2006.

24



Inerhunwa, I., Wang, Y.C., Su, M. Reliability analysis of intumescent coating protected steel members under the standard
fire condition. Fire Safety Journal, 104, 43-56, 2019.

International Organization for Standardization (ISO). ISO 20473:2007 Optics and photonics - Spectral bands. Geneva,
Switzerland, 2007.

International Organization for Standardization (1SO). 1SO 22007-2:2015 Plastics - Determination of thermal conductivity
and thermal diffusivity - Part 2: Transient plane heat source (hot disc) method. Geneva, Switzerland, 2015.
International Organization for Standardization (1SO). 1SO 22007-4:2008 Plastics - Determination of thermal conductivity

and thermal diffusivity - Part 4: Laser flash method. Geneva, Switzerland, 2008.

Jafarian, M., Wang, Y.C., Yuan, J. Temperature Attained in Intumescent Coating—Protected Concrete-Filled Circular
Steel Tubular Sections under the Standard Fire Condition. Journal of Structural Engineering, American Society of Civil
Engineers (ASCE), 148(1), 04021224, 2022.

Kang, J., Takahashi, F., T'ien, J.S. In situ thermal-conductivity measurements and morphological characterization of

intumescent coatings for fire protection. Journal of Fire Sciences, 36 (1), 1-19, 2018.

Kang, S., Choi, J.Y., Choi, S. Mechanism of Heat Transfer through Porous Media of Inorganic Intumescent Coating in
Cone Calorimeter Testing. Polymers, 11(2), 221, 2019.

Kang, S., Choi, S., Choi, J.Y. Coupled thermo-physical behaviour of an inorganic intumescent system in cone calorimeter
testing. Journal of Fire Sciences, 35(3), 207-234, 2017.

Kolsek, J., Cesarek, P. Performance-based fire modelling of intumescent painted steel structures and comparison to EC3.
Journal of Constructional Steel Research, 104, 91-103, 2015.

Li, G.Q., Han, J., Lou, G.B., Wang, Y.C. Predicting intumescent coating protected steel temperature in fire using constant
thermal conductivity. Thin-Walled Structures, 98, 177-184, 2016.

Li, G.Q., Han, J., Wang, Y.C. Constant effective thermal conductivity of intumescent coatings: Analysis of experimental
results. Journal of Fire Sciences, vol 35(2), 132.155, 2017.

Li, G.Q., Lou, G.B., Zhang, C., Wang, L., Wang, Y. Assess the fire resistance of intumescent coatings by equivalent
constant thermal resistance. Fire Technology, 48, 529-546, 2012.

Li, Y., Fan, C.,, Gao, Y., Yan, L., Jiao, A., Feng, S., Wang, S. Influence of wind speeds and heating exposures on the

thermal insulation of intumescent fire-retardant coatings. Fire Technology, 59, 767-792, 2023.

Luangtriratana, P., Kandola, B.K., Duquesne, S., Bourbigot, S. Quantification of Thermal Barrier Efficiency of

Intumescent Coatings on Glass Fibre-Reinforced Epoxy Composites. Coatings, 8(10), 347-365, 2018.

Lucherini, A. Fundamentals of thin intumescent coatings for the design of fire-safe structures. PhD thesis, School of Civil

Engineering, The University of Queensland, 2020.

Lucherini, A., Giuliani, L., Jomaas, G. Experimental study of the performance of intumescent coatings exposed to

standard and non-standard fire conditions. Fire Safety Journal, 95, 42-50, 2018.

Lucherini, A., Hidalgo, J.P., Torero, J.L., Maluk, C. Influence of heating conditions and initial thickness on the

effectiveness of thin intumescent coatings. Fire Safety Journal, 120, 103078, 2021.

Lucherini, A., Hidalgo, J.P., Torero, J.L., Maluk, C. Numerical heat transfer model for swelling intumescent coatings

during heating. International Journal of Thermal Sciences, 184, 107922, 2023.

25



Lucherini, A., Lam, H.Y., Jimenez, M., Samyn, F., Bourbigot, S., Maluk, C. Fire testing of intumescent coatings:
comparison between bench-scale furnace and radiant panels experimental methodologies. Fire Technology, 58, 1737—
1766, 2022.

Lucherini, A., Maluk, C. Assessing the onset of swelling for thin intumescent coatings under a range of heating conditions.
Fire Safety Journal, 106, 1-12, 2019.
Lucherini, A., Maluk, C. Intumescent coatings used for the fire-safe design of steel structures: A review. Journal of

Constructional Steel Research, 162, 105712, 2019.

Lucherini, A., Razzaque, Q.S., Maluk, C. Exploring the fire behaviour of thin intumescent coatings used on timber. Fire
Safety Journal, 109, 102887, 2019.

Lucherini, A., Torero, J.L., Maluk, C. Effects of substrate thermal conditions on the swelling of thin intumescent coatings.
Interflam 2019: Fire Resistance, Fire and Materials, 1-14, 2020.

Ma, Z., Havula, J., Wald, F., Cabova, K. Temperature analysis of steel structures protected by intumescent paint with
steel claddings in fire. Fire and Materials, 44, 897-908, 2020.

Mariappan, T. Recent developments of intumescent fire protection coatings for structural steel: A review. Journal of Fire
Sciences, 34(2), 1-44, 2016.

Morys, M., Hassler, D., Kruger, S., Schartel, B., Hothan, S. Beyond the standard time-temperature curve: Assessment of

intumescent coatings under standard and deviant temperature curves. Fire Safety Journal, 112, 102951, 2020.

Morys, M., lllerhaus, B., Sturm, H., Schartel, B. Revealing the inner secrets of intumescence: Advanced standard time

temperature oven (STT Mufu+) - p-computed tomography approach. Fire and Materials, 1-13, 2017.

Morys, M., Illerhaus, B., Sturm, H., Schartel, B. Size is not all that matters: Residue thickness and protection performance
of intumescent coatings made from different binders. Journal of Fire Sciences, 35(4), 1-19, 2017.

Morys, M., lllerhaus, B., Sturm, H., Schartel, B. Variation of intumescent coatings revealing different modes of action
for good protection performance. Fire Technology, 53, 1569-1587, 2017.

Muller, M., Bourbigot, S., Duquesne, S., Klein, R., Giannini, G., Lindsay, C., Vlassenbroeck, J. Investigation of the
synergy in intumescent polyurethane by 3D computed tomography. Polymer Degradation and Stability, 98, 1638-1647,
2013.

Nadjai, A., Petrou, K., Han, S., Ali, F. Performance of unprotected and protected cellular beams in fire conditions.
Construction and Building Materials, 105, 579-588, 2016.

O’Neill, M.J. Measurement of specific heat functions by Differential Scanning Calorimetry. Analytical Chemistry, 38,
1331-1336, 1966.

Ogrin, A., Saje, M., Hozjan, T. On a planar thermal analysis of intumescent coatings. Fire and Materials, 42, 145-155,
2018.

Omrane, A., Wang, Y.C., Goransson, U., Holmstedt, G., Alden, M. Intumescent coating surface temperature measurement

in a cone calorimeter using laser-induced phosphorescence. Fire Safety Journal, 42, 68-74, 2007.

Opstad, G.B.K. Thermal properties of intumescent passive fire protection materials. Proceeding of 4th International

Conference on Safety & Environment in Process Industry, 19, 2010.

26



Parker, W.J., Jenkins, R.J., Butler, C.P., Abbott, G.L. Flash Method of Determining Thermal Diffusivity, Heat Capacity,
and Thermal Conductivity. Journal of Applied Physics, 32, 1679, 1961.

Puri, E.G., Khanna, A.S. Intumescent coatings: a review on recent progress. Journal of Coatings Technology and
Research, 14,1-20, 2017.

Rush, D., Bisby, L., Gillie, M., Jowsey, A., Lane, B. Design of intumescent fire protection for concrete filled structural
hollow sections. Fire Safety Journal, 67, 13-23, 2014.

Samaniego, E., Anitescu, C., Goswami, S., Nguyen-Thanh, V.-M., Guo, H., Hamdia, K., Zhuang, X., Rabczuk, T. An
energy approach to the solution of partial differential equations in computational mechanics via machine learning:
Concepts, implementation and applications. Computer Methods in Applied Mechanics and Engineering, 362, 112790,
2020.

Seifter, A., Grover, M., Holtkamp, D.B., lverson, A.J., Stevens, G.D., Turley, W.D., Veeser, L.R., Wilke, M.D., Young,
J.A. Emissivity measurements of shocked tin using a multi-wavelength integrating sphere. Journal of Applied Physics,
110, 093508, 2011.

Sejna, J., Dobrovolny, P., Wald, F. The partial fire protection of steel members: a comparative study. Journal of Structural
Fire Engineering, In press, 2023.

Shaumann, P., Tabeling, F., Weisheim, W. Numerical simulation of the heating behaviour of steel profiles with
intumescent coating adjacent to trapezoidal steel sheets in fire. Journal of Structural Fire Engineering, 7(2), 158-167,
2016.

Society of Fire Protection Engineers (SFPE). SFPE Handbook of Fire Protection Engineering. Springer, 5th ed., 2016.

Staggs, J.E.J. Thermal conductivity estimates of intumescent chars by direct numerical simulation. Fire Safety Journal,
45, 228-237, 2010.

Staggs, J.E.J., Crewe, R.J., Butler, R. A theoretical and experimental investigation of intumescent behaviour in protective

coatings for structural steel. Chemical Engineering Science, 71, 239-251, 2012.

Swann, J.D., Stoliarov, S.I. Determination of pyrolysis and combustion properties of poly(vinylidenefluoride) using
comprehensive modeling: Relating heat transfer to the intumescent char’s porous structure. Fire Safety Journal, 120,

103086, 2021.

Tranchard, P., Samyn, F., Duquesne, S., Estebe, B., Bourbigot, S. Modelling behaviour of a carbon epoxy composite

exposed to fire: Part | - Characterisation of thermophysical properties. Materials, 10, 494, 2017.

Usmani, A., Zhang, J., Jiang, J., Jiang, Y., May, I. Using Opensees for structures in fire. Journal of Structural Fire
Engineering, 3(1), 57-70, 2017.

Usmani, A.S., Rotter, J.M., Lamont, S., Sanad, A.M., Gillie, M. Fundamental principles of structural behaviour under
thermal effects. Fire Safety Journal, 36, 721-744, 2001.

Wagner M. Thermal Analysis in Practice, Collected Applications. Mettler Toledo, 2009.

Wang, J., Song, Q.-Y., Han, L.-H. Temperature field of intumescent coating protected concrete-filled steel tubular

columns under fire. Journal of Constructional Steel Research, 201, 107695, 2023.

Wang, L., Chen, B., Zhang, C., Li, G. Experimental study on insulative properties of intumescent coating exposed to

standard and nonstandard furnace curves. Fire and Materials, 43(7), 782-793, 2019.

27



Wang, L., Dong, Y., Zhang, D., Zhang, D., Zhang, C. Experimental study of heat transfer in intumescent coatings exposed
to non-standard furnace curves. Fire Technology, 51(1), 627-643, 2015.

Wang, L.L., Wang, Y.C., Li, G.Q. Experimental study of hydrothermal aging effects on insulative properties of
intumescent coating for steel elements. Fire Safety Journal, 55, 168-181, 2013.

Wang, L.L., Wang, Y.C., Li, G.Q., Zhang, Q.Q. An experimental study of the effects of topcoat on aging and fire

protection properties of intumescent coatings for steel elements. Fire Safety Journal, 111, 102931, 2020.

Wang, L.L., Wang, Y.C., Yuan, J.F., Li, G.Q. Thermal conductivity of intumescent coating char after accelerated aging.
Fire and Materials, 37, 440-456, 2012.

Wang, Y., Goransson, U., Holmstedt, G., Omrane, A. A Model for prediction of temperature in steel structure protected
by intumescent Coating, based on tests in the cone calorimeter. Fire Safety Science — Proceedings of the 8th International
Symposium, Tsinghua University, Beijing, China, 235-246, 2005.

Wang, Y.C. Steel and composite structures: behaviour and design for fire safety. Taylor & Francis Group, 2002.

Wang, Z., Han, E., Ke, W. Effects of nanoparticles on the improvement in fire-resistant and anti-ageing properties of
flame-retardant coating. Surface & Coatings Technology, 200, 5706-5716, 2006.

Weil, E.D. Fire-protective and flame-retardant coatings — A state-of-the-art review. Journal of Fire Science, 29, 259-296,
2011.

Weisheim, W., Schaumann, P., Sander, L., Zehfuss, J. Numerical model for the fire protection performance and the design
of intumescent coatings on structural steel exposed to natural fires. Journal of Structural Fire Engineering, 11(1), 33-50.
2019.

Xu, Q., Li, G.-Q., Jiang, J., Wang, Y.C. Experimental study of the influence of topcoat on insulation performance of
intumescent coatings for steel structures. Fire Safety Journal, 101, 25-38, 2018.

Xu, Q., Li, G.-Q., Wang, Y.C. A simplified method for calculating non-uniform temperature distributions in thin-walled
steel members protected by intumescent coatings under localized fires. Thin-Walled Structures, 162, 107580, 2021.

Xu, Q., Li, G.-Q., Wang, Y.C., Bishy, L. An experimental study of the behavior of intumescent coatings under localized
fires. Fire Safety Journal, 115, 103003, 2020.

Yuan, J. Intumescent coating performance on steel structures under realistic fire conditions. PhD thesis, School of

Mechanical, Aerospace and Civil Engineering, University of Manchester, 2009.

Zhang, Y., Wang, Y., Bailey, C.G., Taylor, A.P. Global modelling of fire protection performances of an intumescent

coating under different furnace fire conditions. Journal of Fire Science, 31(1), 51-72, 2012.

Zhang, Y., Wang, Y., Bailey, C.G., Taylor, A.P. Global modelling of fire protection performance of an intumescent

coating under different cone calorimeter heating conditions. Fire Safety Journal, 50, 51-62, 2012.

Zhu, Y., Zhang, F., Xing, L., Xie, W., Cheng, Y. Construction and verification of a heat transfer model for intumescent

coatings. Progress in Organic Coatings, 167, 106868, 2022.

28



