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a b s t r a c t

When concrete is exposed to fire, spalling may occur. As regards this phenomenon, many numerical mod-
els have been proposed and developed during the last 30 years. It is state-of-the-art that the governing
equations for consideration of spalling of concrete, which represent the basis of such models, are fully
coupled, accounting for several important physical and chemical phenomena of different significance.
The number of material parameters has increased with increasing complexity of these equations. This
suggests exploring the relative significance of these parameters. For that purpose, a one-dimensional
mathematical model for the analysis of concrete exposed to fire is used. By means of exploring the sen-
sitivity of the temperature and the gas pressure at a specific point in a concrete floor slab to variations of
several material parameters in the employed constitutive relations, the goal of this work is achieved.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Spalling is the moderate or explosive breaking off of pieces from
concrete subjected to high temperature. It leads to the reduction of
the cross-sectional area and to the exposure of the steel reinforce-
ment. This may eventually result in a significant reduction of the
structural integrity of buildings. As for the spalling mechanism,
two different theories have been proposed: the thermal stress the-
ory [1–3] and the pore pressure theory [4,5]. Numerical models
based on these two theories have been applied to predict spalling
and to assess its consequences. The thermal stress theory concen-
trates on the stress variation due to the temperature gradient.
Hence, the number of material parameters in the coupled numer-
ical models is relatively small. The pore pressure theory considers
the gas accumulation caused by mass and heat transport as the
reason for spalling. This results in a larger number of material
parameters in the respective numerical models. Therefore, the pre-
sent investigation is based on the model as regards the pore pres-
sure theory.

Governing equations for pore pressure models of different
levels of complexity were developed by means of multi-field anal-
ysis of porous media. They range from the analysis of a single
phase in the early age of the development of numerical models

to multi-phase analysis, which has become state-of-the-art
[5–10]. Most significant coupled phenomena, such as heat
transportation, permeation and diffusion of mass as well as phase
changes have been considered in numerical models.

The increasing complexity of the governing equations has
resulted in an increase of the number of constitutive relations
which contain the material parameters. Their function is to
describe various concrete properties. Thus, they may have a great
influence on the accuracy of the numerical results. Usually, they
are either obtained from the literature or from experiments. Obvi-
ously, carrying out experiments is less economic. Experimental
results, on the other hand, permit a more accurate description of
the concrete. Considering the relatively large number of material
parameters, it is important to explore their relative significance
before choosing an appropriate way to obtain them.

Determination of the relative significance of some material
parameters is documented in several papers. Gawin [11,12] dis-
cussed the relative significance of different flux items and explored
several simplified cases which omit some physical phenomena, the
conclusions of which can help us simplify the governing equations.
Zhang [13] only analyzed the influence of porosity, permeability
and saturation for concrete exposed to fire. Davie [14] also dis-
cussed the thermal conductivity apart from the aforementioned
three parameters and his analysis is concerned with a
pre-stressed concrete pressure vessel which is exposed to the
slow heating process and the relatively low temperature. The
heating duration is about 35 years and the highest temperature
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is about 90 �C. The results of the last two separate analyses are
shown in the form of graphs, which renders a comparison of the
significance of different parameters difficult. Besides, the number
of the analyzed parameters is very small. Therefore, it is necessary
to determine the relative significance of all the important material
parameters.

In order to consider material parameters in a systematic
manner, constitutive relations containing these parameters are
classified in three groups according to their specific features.
Since the temperature and the gas pressure in the concrete are
decisive factors for spalling of concrete, the goal of this work
is to investigate the sensitivity of these two physical quantities
to variations of the material parameters. Numerical results from
a reference example, based on a coupled mathematical model,
are presented. They are compared with the ones that are
obtained by changing the value of only one parameter each
before carrying out the next analysis. The relative significance
of the material parameters is demonstrated in the form of
percentage differences.

The paper is organized as follows: In Section 2, a one-
dimensional analysis model is introduced. It contains governing
equations that are applicable to coupled multi-field problems
and constitutive relations containing the material parameters.
Section 3 contains basic material parameters and a numerical
reference example concerning a floor slab. In Section 4, named
sensitivity analysis, the relative significance of the material
parameters in the different groups is quantified. Concluding
remarks are made in Section 5.

2. Mathematical model

The mathematical model adopted herein was originally pro-
posed by Gawin et al. [10,15]. It considers the major physical and
chemical phenomena in concrete exposed to fire and includes
more material parameters than other models. Since the paper
focuses on the sensitivity of two important quantities of the
concrete to variations of material parameters, a one-dimensional
analysis model is considered to be adequate. It is based on the
aforementioned mathematical model by Gawin et al., which was
simplified by Zeiml [16].

2.1. Governing equations

In the model, concrete is treated as a multi-phase medium,
comprising a solid skeleton, water and gas (vapor and dry air).
Based on the mass and enthalpy balance equations and introducing
relevant basic physical laws, i.e. Darcy’s law and Fick’s law, the
governing equations of the model, with the capillary pressure pc,
the gas pressure pg, and the temperature T as unknowns, are given
as follows [16]:

mass balance equation for the dry gas phase:
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mass balance equation for the water phase:
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energy balance equation:
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where _mvap is determined from
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The mathematical symbols appearing in Eqs. (1)–(4) and in rela-

tions yet to be presented are defined in the Appendix A.

2.2. Constitutive relations

The constitutive relations describe physical and chemical prop-
erties of the individual phases inside the concrete. They are mainly
based on experiments and on fundamental physical laws. These
relations can be classified in three groups in terms of the process
of their formulation and the characteristics of the respective
expressions.

2.2.1. Initial value group
Any constitutive relation in this group contains the initial value

of the material parameter, expressed by this relation. The variation
of this initial value reflects the relative significance of the consid-
ered material parameter for the analysis of concrete exposed to
fire. This group includes the porosity n, the density qs, the specific
heat capacity of concrete, csp, the thermal conductivity ks, the
intrinsic permeability kint, and the saturation Sw.

The porosity depends on the temperature [17], as is the case
with the density, the specific heat capacity, and the thermal con-
ductivity [18]. The structure of the formulae for these quantities
is the same. The formulae are given as

n ¼ n0 þ AnðT � T0Þ; ð5Þ

qs ¼ qs0 þ Aqs ðT � T0Þ; ð6Þ

csp ¼ cs0p þ Acsp ðT � T0Þ ðfor T 6 800�CÞ; ð7Þ

ks ¼ ks0 þ AkðT � T0Þ ðfor T 6 374:15�CÞ; ð8Þ
where n0, qs0, cs0p , and ks0 are initial values of n, qs, csp, and ks, respec-
tively, at the reference temperature T0. An, Aqs , Acsp , and Ak are empir-
ical parameters, depending on the design of the concrete mix.

The intrinsic permeability kint is mainly influenced by the tem-
perature. Several formulae have been proposed for this quantity
[8,9,19]. In the present model, a formula suggested by Zeiml
et al. [20,21], is applied. It is given as

kint ¼ kint;010
AkðT�T0Þ; ð9Þ

where kint,0 is the initial intrinsic permeability at T0 and Ak is a
parameter obtained from experimental data.

The saturation Sw is related to the temperature and the capillary
pressure. Zeiml [16] proposed the following expression for this
physical quantity:

Sw ¼ 1þ Es

As
pc

� �ð 1
1�mÞ

" #�m

; ð10Þ

where Es and As are related to the temperature andm is an empirical
coefficient. The initial value of the saturation mainly depends on the
capillary pressure at T0.
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