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ABSTRACT 
 
Explosive spalling of high performance concrete under fire is one of the major con-
cerns in front of the engineering community today. It is associated with violent failure 
of thin layers of concrete resulting in sudden reduction of load carrying capacity 
which may lead to complete collapse. High pore pressures due to low permeability 
and stresses due to thermal gradients are considered to be the governing causes of 
explosive spalling. However, the failure mechanisms and all influencing parameters 
are not yet fully understood.  
 
The most popular method to prevent spalling is the addition of polypropylene (PP) 
fibres in concrete. It is generally accepted that the PP fibres leave a porous network 
after melting at around 160 °C, leading to an increase in permeability, thus allowing 
the water vapour to escape. However, it seems that there also might be other mech-
anisms which lead to relief of pore pressure. 
 
This work is aimed at investigating the phenomenon of explosive spalling and under-
standing the causes behind the same. Technical difficulties in measuring during the 
experiments at high temperatures or fire limit the data that can be obtained. On the 
other hand, numerical analysis provides a better insight into the governing causes 
and a quantitative estimate of the relevant properties. Therefore, in this work, the ex-
perimental investigation is augmented by extensive numerical parametric studies. 
 
Experiments under two typical fire scenarios are conducted on slabs made of plain 
and concrete with PP fibres to compare the performance of the two mixes as well as 
to investigate the effect of the heating rate on explosive spalling. Significant influence 
of PP fibres in mitigating explosive spalling is confirmed by these experiments. 
 
In order to measure the permeability of concrete at elevated temperature, a new test 
setup is developed and validated. Permeability experiments on plain and concrete 
with addition of PP fibres are performed at temperatures up to 300 °C using the new 
test setup. The results show that permeability of concrete with PP fibres rises even 
before the fibres melt, thus indicating that the melting of fibres is not the only mecha-
nism responsible for the permeability increase. To confirm this, microstructure of the 
specimens before and after heating is studied using a scanning electron microscope. 
 
The existing thermo-hygro-mechanical model is validated against experiments and is 
used to investigate the influence of various parameters on explosive spalling. The 
parameters studied include: permeability, relative humidity, restraint, load, non-
homogeneity, aggregate type, etc. The numerical parametric studies are performed 
at macro- and meso-scale. Due to the high influence of the local inhomogeneities, 
analysis at macro-scale could only partially capture the failure mode. It is found that 
all aspects of explosive spalling can be considered only while performing analysis at 
meso-scale.   



 
 

 
 

KURZFASSUNG  
 
Explosives Abplatzen von Hochleistungsbeton unter Brandeinwirkung stellt einen der 
wichtigsten Aspekte der Betondauerhaftigkeit dar. Unter explosiven Abplatzungen ist 
ein schlagartiges Versagen der dünnen Oberflächenschichten gemeint, das eine 
schnelle Abminderung der Tragfähigkeit zur Folge hat. Dies kann sogar zum Versa-
gen des Bauwerkes führen. Die durch die niedrige Permeabilität hervorgerufenen 
Porendrücke und die Druckspannungen infolge thermischen Gradienten sind als 
Hauptursachen dieser Versagensart identifiziert. Allerdings sind der Versagensme-
chanismus und die Beiträge der wichtigsten Einflussparameter noch nicht ausrei-
chend verstanden. 
 
Die meistverwendete Methode zur Vermeidung der explosiven Abplatzungen ist die 
Zugabe von Polypropylenfasern in Beton. Nach dem Schmelzen bei ca. 160 °C hin-
terlassen die Fasern ein Netzwerk der miteinander verbundenen Poren. Dadurch 
wird die Permeabilität erhöht und der Wasserdampf kann einfacher entweichen. Da-
hingegen gibt es auch Hinweise, dass auch weitere Mechanismen für die Permeabili-
tätserhöhung verantwortlich sind. 
 
In der vorliegenden Arbeit wurden die Hauptmechanismen der Abplatzungen sowie 
die wichtigsten Einflussparameter untersucht. Aufgrund der messtechnischen Ein-
schränkungen konnten bei den Brandversuchen nur bedingt Informationen gewon-
nen werden. Andererseits bietet die numerische Analyse mehr Einblick in das Beton-
verhalten bei hohen Temperaturen. Aus diesem Grund wurden die experimentellen 
Ergebnisse mit umfangreichen numerischen Parameterstudien erweitert. 
 
Brandversuche wurden für zwei Brandszenarien an Hochleistungsbeton ohne und 
mit Polypropylenfasern durchgeführt. Dies ermöglichte, das Verhalten des Betons 
unter verschiedenen Brandbelastungen sowie den Wirkungsgrad der Fasern zu un-
tersuchen. Die Ergebnisse bestätigten die hohe Wirksamkeit der Fasern, trotz des 
relativ geringen Faseranteils in Beton (1 kg/m3). Weiterhin  wurde ein neuer Ver-
suchsaufbau für Permeabilitätsmessungen bei hohen Temperaturen entwickelt und 
validiert. Die Permeabilitätsmessungen an zwei Betontypen zeigen, dass die Perme-
abilität des faserverstärkten Betons schon bei Temperaturen deutlich unterhalb der 
Schmelztemperatur einen ausgeprägten Sprung aufweist. Das Verhalten der Fasern 
wurde auch mittels SEM Aufnahmen untersucht. 
 
Das bestehende thermo-hygro-mechanische Modell für Beton wurde anhand von 
Versuchsergebnissen validiert und für die numerische Untersuchung der explosiven 
Abplatzungen eingesetzt. Der Einfluss der wichtigsten Parameter (Erhitzungsrate, 
Brandszenario, relative Feuchtigkeit, Permeabilität, Belastung, Inhomogenität, Zu-
schlagtyp usw.) wurde untersucht. Dabei wurde Beton sowohl auf Makro- als auch 
auf Mesoebene untersucht, um den Einfluss des lokalen Charakters der Abplatzun-
gen sowie der Betonheterogenität zu berücksichtigen. Es wurde gezeigt, dass alle 
Aspekte der explosiven Abplatzungen nur unter mesoskopischer Betrachtung voll-
ständig erfasst werden können. 
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LIST OF INDICES 

Microplane model 

 stress [N/mm2] 

 strain [-] 

 V volumetric stress [N/mm2] 

 V volumetric strain [-] 

K bulk modulus [N/mm2] 

 ij total strain tensor for concrete [-] 

ij
 m mechanical strain tensor [-] 

ij
 fst free thermal strain tensor [-] 

ij
 lits load induced strain vector [-] 

 N normal component of the microplane strain [-] 

 D deviatoric component of the microplane strain [-] 

 V volumetric component of the microplane strain [-] 

 Tr tangential component of the microplane strain [-] 

S sphere surface area [N/mm2] 

 discontinuity function in the microplane model [-] 

 
N normal component of the microplane stress [N/mm2] 

 
D deviatoric component of the microplane stress [N/mm2] 

V volumetric component of the microplane stress [N/mm2] 

Tr tangential component of the microplane stress [N/mm2] 

 Poisson’s coefficient [-] 

E macroscopic E modulus [N/mm2] 

ft macroscopic tensile strength [N/mm2] 

fc macroscopic compressive strength [N/mm2] 

Gf macroscopic fracture energy (tension) [N/mm2] 

Gc macroscopic fracture energy (compression) [N/mm2] 

 

Heat and moisture transport, permeability measurements 

aapp apparent permeability [m2] 

aint intrinsic permeability [m2] 

bK Klinkenberg flow constant [N/m2] 

 dynamic viscosity [Ns/m2] 

Q volumetric flow  [m3/s] 

Qm volumetric flow corresponding to the mean pressure pm [m3/s] 



 
 

 
 

r radius  [m] 

L length of the specimen [m] 

r1 inner radius of a ring specimen [m] 

r2 outer radius of a ring specimen [m] 

H height [m] 

V volume [m3] 

 thermal conductivity of concrete [W/mK] 

C isobaric heat capacity of concrete [J/kgK] 

 density of concrete [kg/m3] 

J moisture flux [kg/m2s] 

q heat flux [J/m2s] 

w water content [kg/m3] 

T temperature [K] 

p pressure, pore pressure [N/mm2] 

g gravity constant [kg/m2s] 

ap relative permeability [m/s] 

a0 reference permeability at 20 °C and rH=100 % [m/s] 

t time [s] 

wd mass of free water [kg/m3] 

Ca sorption heat of free water [J/kg] 

Cw isobaric capacity of free water [J/kgK] 

p0 pore pressure at the element surface [N/mm2] 

p1 inlet pressure [N/mm2] 

p2 outlet pressure [N/mm2] 

pm mean pressure [N/mm2] 

pE pore pressure of the surrounding environment [N/mm2] 

T0 temperature at the element surface [K] 

TE temperature of the surrounding environment [K] 

P moisture transfer coefficient [kg/Ns] 

T heat transfer coefficient [W/m2K] 

ps saturation pressure [N/mm2] 

c cement content [kg/m3] 

w1 water content at saturation, for T=20 °C [kg/m3] 

h relative pore humidity (h=p/ps) [kg/m3] 

c cement content [kg/m3] 

 initial water density [kg/m3] 

wd0 initial water content [kg/m3] 



 
 

 
 

n porosity [-] 

v specific volume [m3/kg] 

c thermal expansion coefficient for concrete [1/K] 

 model constant (= 0.05) [-] 

hc transition humidity (hc=0.75) [kg/m3] 

Q'  activation energy for the migration of the water molecules 

 through a layer of adsorbed water [J] 

R universal gas constant [J/K] 

T absolute reference temperature [K] 

n the amount of substance [mol] 

 

Thermo-hygro-mechanical coupling 

 

 relative temperature (model specific) [-] 

E 20 E module at 20 °C [N/mm2] 

t,E temperature dependent damage parameter, E module [-] 

ft uniaxial (direct) tensile strength of concrete [N/mm2] 

fst splitting tensile strength of concrete [N/mm2] 

fbt bending strength of concrete [N/mm2] 

ft 
20 uniaxial tensile strength at 20 °C [N/mm2] 

t,ft temperature dependent damage parameter, tensile strength [-] 

fc 
20 uniaxial compressive strength at 20 °C [N/mm2] 

t,fc temperature dependent damage parameter, compressive 

 strength [-] 

GF 
20 fracture energy at 20 °C [N/mm] 

t,GF temperature dependent damage parameter, fracture energy [-] 

fy 
20 uniaxial tensile strength at 20 °C [N/mm2] 

t,fy temperature dependent damage parameter, yield stress [-] 

Es
20 steel E module at 20 °C [N/mm2] 

Es temperature dependent damage parameter, E module of steel [-] 

ij Kronecker delta (operator) [-] 

A, B, C model constants for the definition of LITS [N/mm2] 

Tmax maximal reached temperature [K] 

D tangential material stiffness tensor (microplane model) [N/mm2] 

m  mechanical strain increment [s-1] 



 
 

 
 

p  stress increment due to pore pressure [N/mm2s] 

K bulk modulus (total volume including pores) [N/mm2] 

p  increment of pore pressure [N/mm2s] 

11 principal tensile strain  [-] 

wc critical crack width for plain concrete [mm] 

c critical tensile strain (corresponds to crack width wc) [-] 

aw damage dependent relative permeability [m/s] 

aw=0 relative permeability at w = 0 [m/s] 

 factor in the direct time integration (ranges from 0 to 1) [s-1] 
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The most efficient and popular method to mitigate explosive spalling is the addition of 
polypropylene (PP) fibres in concrete. According to experimental evidence, explosive 
spalling occurs typically at temperatures between 200 °C and 250 °C (Khoury & An-
derberg 2000), while the PP fibres melt at approx. 160 °C to 170 °C. Empty or partial-
ly empty fibre beds together with the existing concrete capillary pores and micro-
cracks form an interconnected porous network in concrete. The created network (i.e. 
increased permeability) provides free path for the water vapour to escape resulting in 
a relief of the pore pressure, and hence no or very limited spalling occurs. However, 
there are a few theories about the possible mechanism of the formation of porous 
network. Some researchers such as Kalifa et al. (2001) found that the melted PP fi-
bres are absorbed by the cement matrix. On the other hand, Khoury (2008) suggests 
that the water vapour passes through the weakened interface between the fibre and 
concrete matrix. Furthermore, he postulates that the high viscosity of the PP fibres 
prevents their absorption into the concrete matrix. Considering the scarce experi-
mental data for both theories, further experimental investigation is required to gain 
better insight into the mechanism of permeability increase due to presence of PP fi-
bres.  
 
In this work, an attempt is made to assess the performance of HPC without and with 
addition of PP fibres when subjected to fire loads, in general and the explosive spall-
ing behaviour of the same in particular. It is well known from the literature that the 
permeability of concrete is the main physical property governing the explosive spall-
ing. Most of the experiments on permeability measurements available in literature 
were performed either at room temperatures (virgin concrete) or in residual state, i.e. 
after cooling the specimens to room temperature. However, very limited information 
is available on the permeability of concrete at elevated temperature.  It is, therefore, 
essential to perform the measurements and evaluate the permeability directly at ele-
vated temperatures. In order to fill this gap, a new test setup for gas permeability 
measurements at elevated temperatures is developed and validated within the 
framework of this thesis. Using the test setup, the permeability measurements are 
carried out over a range of temperature and a special emphasis is placed on the 
temperature region in the proximity of the melting point of PP fibres (160 °C). The 
variation of permeability with temperature is reported for HPC without and with PP 
fibres (PP content 1 kg/m3). 
 
In order to gain more insight into the processes at microscopic level at the interface 
between concrete matrix and PP fibres at room temperatures and 200 °C, scanning 
electron microscope observations are made. Concrete samples are exposed to 200 
°C for different periods of duration in order to evaluate the importance of time varia-
ble on melting of fibres.  
 
Experiments under fire loads are performed on HPC slabs cast from the same batch-
es of concrete used for permeability measurements (without and with PP fibres). 
Spalling behaviour of concrete without and with PP is investigated for two typical fire 



Introduction  18 

 
 

scenarios (ISO 834 fire curve and modified tunnel curve ZTV-ING). Temperature pro-
files, extent and location of spalling as well as thermal cracking induced in the slabs 
are reported and discussed. The influence of PP fibres on mitigation of explosive 
spalling is clearly observed for both fire scenarios. 
 
The whole experimental program resulted in a better understanding of the mecha-
nisms behind explosive spalling and influence of PP fibres on the same. However, 
the extent of data that can be obtained experimentally is often very limited, owing to 
the technical difficulties in measurements at elevated temperatures. An experimental 
parametric study to understand the influence of various parameters is not economi-
cally and technically viable. The complete mechanisms of explosive spalling with 
specific influence of chosen parameters can only be obtained employing numerical 
methods. 
 
In the past few decades, various researchers have undertaken significant effort to 
model and understand the phenomenon of explosive spalling numerically. The main 
advantage of this approach is that the influence of individual parameters can be stud-
ied and extensive parametric studies can be performed. However, it is essential that 
the model is general, reliable, robust and verified against experiments.  
 
The numerical investigations performed so far were mainly based on thermo-hygro-
mechanical models, these ranging from simple single phase models to very complex 
multiple phase models. The vast majority of the researchers followed the macroscop-
ic modelling approach, i.e. concrete was modelled as a homogeneous material. Even 
though each of the aforementioned models was able to predict and clarify the mech-
anism of explosive spalling up to certain extent, neither of the existing models could 
fully capture the phenomenon of explosive spalling. For example, Periskic (2009) 
found a good agreement of the numerical results (single phase model) with experi-
ments in terms of influence of relative humidity, permeability and humidity on explo-
sive spalling. Similarly, the prediction of pore pressures obtained by Gawin et al. 
(2006) exhibited a very good agreement with the experimental measurements. 
 
Large scatter observed in the experiments suggests that the macroscopic modelling 
approach is possibly inappropriate to model the complex phenomenon of explosive 
spalling, which is highly influenced by the local inhomogeneities. Based on this ar-
gument, in this work both macro- and meso-scale modelling approaches are followed 
and thoroughly investigated and compared. The numerical model used in this study 
is a single phase thermo-hygro-mechanical continuum model developed in the 
framework of irreversible thermodynamics (Periskic 2009). This model is an exten-
sion of the previously developed thermo-mechanical model that uses temperature 
dependent microplane model as the constitutive law for concrete, see Ozbolt et al. 
(2005). The transport of moisture and heat is adopted from Bazant & Kaplan (1996). 
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2.2.3 Thermal conductivity 

Given two surfaces on either side of a material with a temperature difference be-
tween them, the thermal conductivity is defined as the heat energy transferred per 
unit time and per unit surface area, divided by the temperature difference. Thermal 
conductivity of concrete reduces significantly with temperature, as can be observed 
in Figure 2.5. It is mainly influenced by the moisture content and aggregate type, as 
observed by Schneider (1982). DIN EN 1-2 (2004) recommendations for thermal 
conductivity at different temperatures are also plotted in Figure 2.5 for comparison.  
 

  
Figure 2.5. Influence of temperature on thermal conductivity of concrete  

2.2.4 Permeability 

Permeability is defined as the ability of a material to resist ingress of gases and liq-
uids. It depends on the porosity of the material as well as on the connectivity of the 
pores. Permeability can be expressed in two different units, namely m2 and m/s, 
whereby the latter is sometimes referred to as hydraulic conductivity. The conversion 
of units is as follows (Hilsdorf & Kropp 1995): 
 

 2[m ] [m/s]
g

a a



         (2.1)  

 
where a = permeability, g = gravitational constant,  = density and  = dynamic vis-
cosity of the fluid. 
 
An overview of some of the data from the literature is provided in Figure 2.6.  The 
results obtained by Schneider (2010) on high performance concrete (compressive 
strength 95 N/mm2) at elevated temperatures were performed on concrete without 
prior drying, which is visible in the sudden permeability increase close to the boiling 
point of water. The evaporation of free water leaves empty pores behind, thus in-
creasing permeability. Beyond this point, the change of porous system is considered 
to govern the behaviour, as observed by Gallé & Sercombe (2001).  
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tributed to the high level of thermal damage caused by the mismatch of concrete ma-
trix and aggregates which increases for higher temperatures. 
 

 
Figure 2.11. Free thermal strain of concrete containing different aggregate types 
(left); free thermal strain and residual strain of high strength concrete (right) 

2.4.2 Load induced thermal strain 

When concrete is loaded in compression and subsequently heated, the thermal dila-
tation significantly changes depending on the load (stress) level. This effect was 
termed load induced thermal strain and it was first observed by Anderberg & The-
landersson (1976). The results of their measurements performed on concrete cylin-
ders (diameter = 75 mm, height = 150 mm) are presented in Figure 2.12 (left).  
 

 
Figure 2.12. Thermal strain of concrete without and with prestressing (left); master 
LITS curve (right) 

At low load levels (below 20 % fc) concrete expands, however, the level of expansion 
is significantly reduced as compared to the free thermal strain. At higher load levels 
(above 40 % fc), concrete does not expand at all, rather it contracts, and fails at tem-
perature of only 500 °C. Khoury (2006) observed that LITS occurs only during first 
heating, it is irreversible upon cooling. Furthermore, he found that LITS is independ-
ent of the aggregate type and cement type and postulated that this effect is mainly 
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due to the CSH phase change in the cement gel. Up to loads of approx.  = 0.30 fc 
the strains are almost proportional to the load applied. By plotting the difference be-
tween free thermal strain and strain under different load levels, he obtained a “master 
LITS curve”, as shown in Figure 2.12 (right). He also reported that the effect of LITS 
is observed for both normal and high strength concrete. 
 
Hager (2004) investigated the effect of heating rate on thermal strain of high strength 
concrete, see Figure 2.13 (left). Heating of 1 °C/min and 5 °C/min produced signifi-
cant differences for all three investigated loading scenarios. When heating rate in-
creases, thermal gradients become more pronounced. Surface heats very fast, 
whereas inner regions of the specimen retain lower temperatures. Consequently, the 
thermal strains are not fully developed at higher heating rate.  
 
Results published by Hager (2004) and more recently by Mindeguia et al. (2013) 
suggest that LITS effect can be divided in two main parts: (i) up to temperature of 
approximately 400 °C LITS seems to originate from the drying and dehydration of 
heated concrete and (ii) beyond 400 °C LITS is mainly driven by the micro-cracking 
resulting from  incompatibility of the concrete constituents.  
 
Furthermore, the same authors investigated the behaviour of cement paste without 
and with preloading. The results (Figure 2.13 right) demonstrate the contribution of 
cement paste drying to the load induced thermal strain. Up to approximately 200 °C 
cement paste loaded to  = 0.20 fc exhibits significantly lower strain than cement 
paste without prior loading. At these temperatures, LITS can mainly be attributed to 
the processes in cement paste itself. However, beyond 170 °C load induced thermal 
strain of cement paste is almost parallel to free thermal strain.  
 
Mindeguia et al. (2013) performed similar experiments under tensile load, however, 
they did not observe any load induced strain, and concluded that the effect is limited 
to compressive behaviour. 
 

  
Figure 2.13. Effect of heating rate on free thermal strain and LITS (left); thermal 
strain of cement paste without and with prestressing (right) 
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ble to explosive spalling. The dense structure of these concretes cannot accommo-
date the water vapour created upon heating. Consequently, pore pressure rises and 
the probability of explosive spalling increases. Since the future of concrete is directed 
towards higher performance and durability, it is essential to deal with the problem of 
explosive spalling.  
 
In the past decades a lot of research work has been undertaken to provide more in-
sight into the processes preceding spalling and the main influencing parameters. 
Many codes and design guides worldwide such as CEB-FIP-bulletin-46 (2008) have 
recognized the need to provide protection against spalling. These provisions are, 
however, mainly oriented towards passive protection. Typical measures are thermal 
insulation, which reduces surface temperatures, and limitation of moisture content 
(typically maximum moisture content is defined as 3 % mass content). The most 
popular passive measure of prevention is addition of polypropylene (PP) fibres which 
facilitate the transport of water and water vapour by creating additional channels up-
on melting. 
 
Spalling in general involves different kinds of forcible separation of concrete pieces 
and can be categorized in four types, according to Gary (1916):  
 

a) aggregate spalling (popping sound) 
b) corner spalling (not violent) 
c) surface spalling (violent - cracking sound) 
d) explosive spalling (violent - loud bang) 

 
Aggregate spalling is associated with bursting or splitting of aggregates at the con-
crete surface. (Gary 1916) attributed it to mineralogical characteristics of the aggre-
gates, whereas Austin et al. (1992) considered it to be a type of thermal shock. Typi-
cal aggregate spalling is shown in Figure 2.15 and it is evident that, due to its limited 
size, it does not compromise the structural function of the concrete element.    
 
Corner spalling is non-violent mode of spalling and it is characterized by separation 
of concrete corners. Typically it occurs in the later stages of fire, unlike other types of 
spalling.  It is mainly attributed to loss of tensile strength due to a prolonged exposure 
to elevated temperatures (Connolly 1995). An effective preventive measure is provi-
sion of supplementary reinforcing mesh within the depth of concrete cover. 
 
Surface spalling is a violent failure of smaller surface pieces accompanied by a typi-
cal cracking sound. Due to its progressive nature it can influence the resistance of 
concrete to fire.  
 
Explosive spalling is the most dangerous form of spalling. Gary (1916) reported con-
crete pieces of various sizes (up to 1 m2) to be forcibly separated from the concrete 
element, whereby a very high amount of energy is released. According to him, the 
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at very high heating rates, such as Shirley et al. (1988); however, this is attributed to 
the small thickness (900 x 900 x 104 mm) of the concrete specimens used in these 
studies. Ali et al. (2011) compared the performance of normal strength concrete 
slabs (compressive strength 42 N/mm2) under ISO 834 and ZTV-ING fire and ob-
served explosive spalling after 16 min and 2.5 min, respectively. Jumppanen (1989) 
heated high strength concrete slabs (compressive strength ranged from 50 to 110 
N/mm2) with dimensions 100 x 100 x 400 mm at 20 °C/min and 32 °C/min under load 
and observed extensive spalling. Connolly (1995) also observed that the likelihood of 
spalling increases for higher heating rate. Tests were performed on concrete cylin-
ders (diameter = 100 mm, height = 150 mm) with compressive strength of ca. 45 
N/mm2. In his tests heating rate ranged from 80 kW/m2 to 140 kW/m2.  
 
Experimental data lead to the conclusion that heating rate plays a very important role 
with respect to explosive spalling of concrete. It controls the development of the two 
most important quantities, thermally induced stresses and pore pressure. 

2.5.2.2 Moisture content – relative humidity 

Moisture content is usually expressed as the mass percentage of water with respect 
to the mass of dry specimen. It can also be expressed in terms of relative humidity, 
which is defined as the ratio of pore pressure to saturation pressure. In case of con-
crete without admixtures and additives the relation between the two can be found in 
the literature depending mainly on the water-cement ratio of the concrete, see for 
example Hansen (1986) and Nielsen (2007). However, in case of concretes with fine 
particle admixtures this ratio can vary substantially, depending on the amount and 
type of admixtures and additives, as is observed comparing the available experi-
mental data, e.g. Norling Mjӧrnell (1997), Baroghel-Bouny (2007), Canut & Geiker 
(2011). This effect is caused by the changes in porous system, i.e. reduced porosity 
and permeability associated with the use of fine particle admixtures. It is, therefore, 
more suitable to express moisture content in terms of pore saturation (relative humid-
ity). 
 
Moisture content defines the amount of evaporable water and is therefore expected 
to have a significant influence on the generation of pore pressure, provided sufficient 
thickness of the section. Meyer-Ottens (1972) investigated a wide range of moisture 
content and concluded that explosive spalling does not occur for moisture mass con-
tent less than 3 %. These findings mainly influenced the code provision of maximum 
recommendable moisture content. Copier (1979) found that moisture content is the 
most important material parameter governing the likelihood of explosive spalling. 
Connolly (1995) investigated concrete pre-dried at 105 °C and found that it does not 
spall at all, whereas concretes with moisture content 4-9 % experienced explosive 
spalling. This finding is of special importance, since it highlights the contribution of 
pore pressures to explosive spalling and excludes thermally induced stresses as the 
only source of explosive spalling.  
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 Even though the provision of 3 % moisture mass content is applicable to traditional 
concrete, it was shown by Jumppanen (1989) that this limit is not applicable to dense 
ultra-high strength concrete, which can spall explosively at even much lower moisture 
content (2.3-3.0 %). For this reason, the limitation of water content is better ex-
pressed in terms of relative humidity, i.e. pore saturation. 
 
Experimental data lead to the conclusion that the increased moisture content en-
hances explosive spalling of concrete, whereas dry concrete does not experience 
explosive spalling at all. 

2.5.2.3 Permeability 

Permeability governs the ability of concrete to resist ingress of liquids and gases. 
Analogously, it also governs the rate at which water and water vapour can be trans-
ported thought concrete, and directly influences the generation of pore pressures. 
Low permeability impedes transport of water vapour and result in a faster build-up of 
pore pressures. Jumppanen (1989) and Sanjayan & Stocks (1993) observed that 
normal strength concrete is less susceptible to explosive spalling than high strength 
concrete. With increased use of high performance concrete the contribution of per-
meability gained more attention, since such concrete generally exhibits low permea-
bility.  
 
Furthermore, the beneficial effect of PP fibres, which are found to mitigate spalling, is 
attributed to their ability to increase the permeability of concrete at elevated tempera-
ture. Hence, permeability is considered to be the most important material property 
governing the likelihood of explosive spalling. 

2.5.2.4 Compressive stress and restraint 

Meyer-Ottens (1972) performed experiments on concrete specimens with compres-
sive strength of 45 N/mm2, and found that presence of additional compressive 
stresses enhances spalling. Furthermore, he related the effect of stresses with sec-
tion size, as can be seen in Figure 2.16 (left). The diagram does not account for 
spalling of very thin specimens in which case moisture can evaporate through the 
side opposite to heated side of the specimen. Furthermore, he investigated the effect 
of load on concretes with different moisture contents and concluded that load higher 
than 2 N/mm2 and moisture mass content higher than 3.3 % increase the probability 
of explosive spalling. Similar trends are obtained by Sertmehmetoglu (1977) and 
Christiaanse et al. (1972), see Figure 2.16 (left) and (right), respectively. 
 
Connolly (1995) confirmed that increased level of compressive load, either by im-
posed loads or restraints, enhances explosive spalling of concrete. The detrimental 
effect of load and restraint is explained primarily by the increase in compressive 
stress level in concrete and hence, likelihood of spalling. A secondary effect of load is 
that of increasing pore pressures by restraining the thermal cracking of the specimen. 
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Figure 2.16. Explosive spalling diagrams: effect of applied stress and thickness (left), 
effect of applied stress and moisture content (right) 

Khoury & Anderberg (2000) reported results from Morris obtained through personal 
correspondence. He investigated the behaviour of concrete columns under different 
load levels and found that increased load results in an earlier occurrence of explosive 
spalling, as illustrated in Figure 2.17. This behaviour Morris explained by the restrain-
ing effect of the load with respect to thermal expansion of column. 
 

   
Figure 2.17. Effect of applied load on spalling of concrete columns, reproduced from 
Khoury & Anderberg (2000) 

Ali (2002) investigated the susceptibility of normal and high strength concrete col-
umns without and with restraint to explosive spalling. The main conclusion of this 
study is that presence of restraint or load promotes explosive spalling for both normal 
and high strength concrete. 
 
Bostrӧm et al. (2007) investigated prestressed slabs made of high strength concrete 
(compressive strength ranged from 72.9 to 106.9 N/mm2) and self-compacting con-
crete (compressive strength ranged from 37 to 78.3 N/mm2). The moisture content 
ranged from 3.7 % to 4.5 % for high strength concrete and 4.8 % to 5.18 % for self-
compacting concrete. They found that presence of compressive stress increases the 
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probability and amount of explosive spalling for all the investigated cases, thus con-
firming the findings of previous researchers. Zheng et al. (2010) also reported that 
imposed compressive stresses enhance explosive spalling of prestressed concrete 
slabs (compressive strength ranged from 22.8 to 56.9 N/mm2). 
 
Overall conclusion is that imposed compressive loads and/or restraint promote ex-
plosive spalling. Current guidelines, e.g. CEB-FIP-bulletin-46 (2008) recommend a 
limitation of loads in order to prevent spalling. 

2.5.2.5 Aggregate size and type 

Experiments performed by Connolly (1995) indicate that the use of larger aggregate 
promotes explosive spalling. 
 
As to the aggregate type, it can in general be expected that lower thermal dilatation 
of aggregates leads to a less pronounced mismatch between cement mortar and ag-
gregates, thus decreasing the probability of explosive spalling. Connolly (1995) test-
ed three different aggregate types (gravel, limestone and Lytag) and observed that 
gravel is more susceptible to spalling than limestone. Malhotra (1984) found that ex-
plosive spalling is present for a range of aggregate types, with siliceous aggregate 
concrete having the highest susceptibility to explosive spalling.   

2.5.2.6 Concrete strength and quality 

As mentioned earlier, many experimental studies have demonstrated the increased 
susceptibility of high strength and high performance concretes to explosive spalling, 
e.g. Jumppanen (1989) and Sanjayan & Stocks (1993). High performance concrete is 
required to fulfil durability requirements, such as low permeability to potentially harm-
ful gases and liquids. This exact property is responsible for reduced performance in 
case of fire, since low permeability inhibits the transport of water and water vapour 
through concrete. It should be noted, however, that explosive spalling directly de-
pends on humidity of concrete, external loading and that an unfavourable combina-
tion of these factors can adversely influence the behaviour of concrete. 
 
Sanjayan & Stocks (1993) compared the performance of normal strength (compres-
sive strength 27 = N/mm2 and mass moisture content = 4 %) and high strength con-
crete T-beams (compressive strength = 105 N/mm2 and mass moisture content = 4.6 
%) exposed to ISO 834 fire curve. Normal strength concrete did not spall, whereas 
high strength concrete experienced extensive explosive spalling.  
 
Contrary to these results, Ali (2002) found that both normal and high strength con-
crete are susceptible to explosive spalling when heated according to BS 476 fire (cor-
responds to ISO 834). Moisture mass content for all the tested specimens ranged 
from 5.2 % to 6.0 %.  
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Hertz (2003) found that significant spalling cannot be expected if concrete does not 
contain small particle grains, such as silica fume, and if moisture mass content is less 
than 3 %.   

2.5.2.7 Section size and shape 

Section size and shape can influence the behaviour of concrete with respect to ex-
plosive spalling. Corners are found to be more susceptible to spalling, which is main-
ly attributed to high stresses and high heat influx, see Meyer-Ottens (1974). Connolly 
(1995) and Meyer-Ottens (1974) found that thicker specimens are less likely to spall. 
If the specimen thickness is too small, moisture can escape through the rear side of 
the specimen, thus alleviating explosive spalling.  

2.5.2.8 Polypropylene fibres and air entrainment 

Connolly (1995) found that air entrainment of 0.125 % by weight prevents explosive 
spalling for different heating scenarios. On the other hand, it lowers compressive 
strength thus decreasing concrete durability.  
 
The most popular measure of spalling prevention is the addition of polypropylene 
fibres of different geometries and melting properties. The effectiveness of PP fibres 
on mitigation of spalling is demonstrated in a multitude of experimental studies, e.g. 
Bentz (2000), Connolly (1995), Jansson (2008) and Dehn et al. (2010). The dosage 
of PP fibres used in different studies varied from only 0.5 kg/m3 to 4 kg/m3 concrete. 
High dosages are not desirable, due to the adverse effect on compressive strength. 
Furthermore, the dosage depends on the geometry of fibres, as well as on the vis-
cosity of fibres upon melting, as shown by Knack (2011). He further demonstrated 
the importance of flow viscosity of fibres on the mode of action by testing various fi-
bres with different flow properties. By producing special fibres with very high viscosity 
and comparative fire tests he found that the fibres with high viscosity can even en-
hance explosive spalling. Stepwise reducing the viscosity of fibres resulted in in-
creasing resistance of the corresponding concretes to explosive spalling. 
 
Experimental permeability measurements have shown that concrete with PP fibres 
exhibits much higher permeability than plain concrete at temperatures above melting 
point of fibres, see for example Kalifa et al. (2001), Zeiml et al. (2008). Some of the 
results available on the effect of PP fibres on permeability of heated concrete are 
summarized in Figure 2.18. From these results it is apparent that the PP fibres intro-
duce a significant permeability increase at temperatures close to the melting point of 
fibres.  
 
The exact mechanism of the permeability increase in concrete containing PP fibres is 
still a matter of discussion. One theory is that the melted fibres are absorbed by the 
surrounding cement matrix thus providing additional channels for transport of liquids 
and gases, as advocated by Kalifa et al. (2001) and Zeiml et al. (2008). Khoury 
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2.6.2 Pore pressure induced spalling 

Shorter & Harmathy (1965) proposed that spalling originates from what they termed 
as “moisture clog”. When concrete is heated, the surface layer starts to dry and the 
moisture present within concrete evaporates towards the exposed surface. However, 
a large part of the moisture is transported towards the inside region of concrete, and 
condensates upon reaching cooler region. In time, a fully saturated layer of concrete 
(moisture clog) is created. With further heating the moisture clog can be shifted, 
since the evaporation in the direction of the heated surface continues. However, the 
saturated zone inhibits further vapour transport in the direction opposite to heated 
surface. Therefore, steam can only evaporate towards the heated surface. This re-
sults in a build-up of pore pressure, and the time required for this depends on the 
heating rate and permeability of concrete. If heating rate is high and concrete exhibits 
low permeability, pore pressures will increase at a faster rate. Explosive spalling oc-
curs when pore pressures overcome the tensile strength of concrete. More recent 
research has confirmed the existence of moisture clog due to vapour condensation 
by means of NMR analysis (van der Heijden et al. 2007) and by measuring permea-
bility of heated concrete without prior drying (Chen et al. 2009). 
 

2.6.3 Combination of thermally induced stresses and pore pressures 

Zhukov (1970) first recognized the possibility that explosive spalling originates from 
the superposed action of thermally induced stresses and pore pressure. The total 
stress can then be compared to concrete strength, and this represents the failure cri-
teria. Figure 2.19 gives an overview of the stresses acting close to the heated sur-
face. Later he extended his model (Zhukov 1994) to incorporate fundamental crack-
ing theory, and, based mainly on experimental data, developed a model to calculate 
the susceptibility to spalling.  
 
Sertmehmetoglu (1977) suggested that thermally induced stresses at the heated end 
introduce weak planes parallel to the heated surface. His pore pressure measure-
ments resulted in peak pore pressure of approx. 2.1 N/mm2, which is lower than con-
crete tensile strength. However, he performed additional experiments where he artifi-
cially introduced weak planes and showed that relatively low pore pressure is re-
quired to cause explosive spalling on these planes. 
 
Most of the researches today acknowledge the contribution of both thermally induced 
stresses and pore pressure on explosive spalling of concrete, but the exact mecha-
nism of explosive spalling and the effects of different parameters are not yet suffi-
ciently understood. 
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Bazant & Thonguthai (1979) and Bazant & Kaplan (1996) analysed the distribution of 
pore pressures in rapidly heated concrete. They described the state and transport of 
pore water using a “one-phase model” which was verified and calibrated using exper-
imental data. The model considers the dependency of permeability on relative humid-
ity and temperature. It has served as basis for many successive models; the model 
used in the present study (Periskic 2009) is no exception. 
 
Gawin et al. (2003) developed a coupled thermo-hygro-mechanical model which they 
later extended to a thermo-hygro-chemo-mechanical model (Gawin et al. 2006). In 
this model gas pressure, capillary pressure, temperature and mechanical damage 
are coupled together. Different spalling criteria are introduced depending on the fail-
ure mode: shear failure, buckling failure, simplified fracture failure and integral failure. 
 
Ichikawa & England (2004) developed a model for one-dimensional heat and mois-
ture transfer. Model calculates tensile stress using pore volume and vapour pressure. 
These are then compared to tensile strength to obtain a failure criterion.  
 
Tenchev & Purnell (2005) separated liquid and gas pore water phase and incorpo-
rated the thermo-hygro-mechanical model into the damage model developed by Ortiz 
(1985). The effect of pore pressure on the damage evolution is modelled by applying 
a body force in the stress analysis module proportional to the pressure gradient. In a 
numerical example the authors varied permeability and relative humidity of concrete 
and observed that explosive spalling is alleviated for certain limiting value of permea-
bility (approx. 10-16 m2). They predicted explosive spalling even for extremely low rel-
ative humidity of 20 %. The model is not yet tested for other influencing factors. 
 
Dwaikat & Kodur (2009) suggested a one-dimensional thermo-hygral model. Spalling 
criteria is temperature dependent tensile strength. When pore pressure overcomes 
tensile strength, failure occurs. However, this model does not account for thermal 
damage and stresses. 
 
Zhao (2012) used steam tables to calculate pore pressures. The damage due to 
thermally induced stresses and pore pressure caused damage are considered sepa-
rately. Therefore, no further information could be obtained about the combined effect 
of the two on explosive spalling. An important development is introduction of meso-
scale model to account for the inhomogeneity of concrete. 
 
Even though some of these models can predict the susceptibility of concrete to ex-
plosive spalling, a few limiting factors inhibited further investigation: (i) high computa-
tional and time demand of such complex models, (ii) lack of experimental measure-
ments of relevant material properties and parameters and (iii) assumption of concrete 
homogeneity, i.e. use of macroscopic models for concrete.  
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The mixtures 3 and 4 used for ZTV-ING fire experiments are somewhat changed as 
compared to the first two in order to assure better workability of concrete.  This con-
crete exhibited somewhat lower strength and better workability than the previous 
batch. The structure of the hardened concrete was more uniform and without exten-
sive air voids.  
 

Table 3.1. Concrete mixtures  

Cement Aggregates w/c Silica fume (1) Plasticizer (2) Fibres (4) 

 
    type      kg/m3 

sand 
0-4 mm 

basalt 
2-8 mm

- - kg/m3 kg/m3 kg/m3 

1 CEM I 
42,5 R-HS 

450 1077 798  0.26 60 15.3 - 

2 CEM I 
42,5 R-HS 

450 1077 798  0.26 60 15.3 1 

 Cement Aggregates w/c Silica fume (1) Plasticizer (3) Fibres (4) 

    type       kg/m3 
sand 

0-2 mm 
basalt 

2-5 mm
basalt 

5-8 mm
- kg/m3 kg/m3 kg/m3 

3 CEM I 
42,5R-HS 

500 814 182 727 0.34 45 5 - 

4 CEM I 
42,5R-HS 

500 814 181 727 0.34 45 6 1 

Notes: (1) Silica fume Silicol P (doral fused materials) 
(2)  ViscoCrete Gold 
(3)  Woerment FM 787 (BASF) 
(4)  PB Eurofibre HPR 1.7 dtex / 15.4 / 6mm Polypropylene fibres (baumhüter) 

 

Table 3.2.  Properties of the hardened concretes  

No. Density 7 days fc 14 days fc 28 days fc water content permeability 

- kg/m3 N/mm2 N/mm2 N/mm2  % of mass m2 

1 2563 91.6 - 125,9 3.0 1.5 x 10-15 

2 2547 77.1 - 121,6 3.0 1.5 x 10-15 

3 2490 74.4 85.6 93.5 2.5 3 x 10-15 

4 2460 66.8 82.0 90.7 2.5 3 x 10-15 

 
Concrete compressive strength is reported as the mean value of at least 6 tested 
specimens. PP fibres can cause significant reduction in compressive strength of con-
crete, owing to their low strength. Since the amount of PP fibres used in this study is 
relatively low, it is found that the presence of PP fibres has a relatively small effect on 
the compressive strength of concrete. The difference between the compressive 
strength of the two concrete types is around 5 %. Water content was measured by 
drying concrete prisms at 105 °C up to the constant mass and is given as a mass 
ratio of water to dry concrete. It should be noted here that the moisture content lies at 
or below the typical limit for spalling (3 %), as provided by current codes. Specimens 
used in the fire experiments were 700 x 700 x 350 mm slabs for the ISO 834 fire and 
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simulate the two curves, which is especially pronounced in the higher initial heating 
rate, and subsequent reduction of the same in case of tunnel fire curve (ZTV-ING). 
These deviations are, however, within acceptable limits.  
 
Very steep temperature can be observed in the surface layers of the concrete speci-
mens (measurement at 20 mm from the surface). These thermal gradients can in-
voke very high thermal stresses which, in combination with high pore pressures, can 
lead to explosive spalling.  
 

 
Figure 3.3. Temperature measurement under ISO 834 fire  

 
Figure 3.4. Temperature measurements under ZTV-ING fire 
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lowed to cool down slowly. The residual compressive strength of these two speci-
mens is approx. 20 % lower than that of the reference specimens. 
 
These results indicate that very high levels of compressive stresses in combination 
with sufficiently high pore pressures can lead to explosive spalling. The pore pres-
sures and the thermal stresses present in the specimen during heating did not result 
in explosive spalling, until the level of compressive stress was increased by mechan-
ical loading. Even though the level of pore pressures most probably increased from 
60-minutes to 180-minutes exposure duration, almost constant peak compressive 
stresses was recorded. There is no critical pore pressure that leads to explosive 
spalling, but there seems to be a critical combination of compressive stress and pore 
pressure that results in explosive spalling. Concrete failure in compression changed 
from non-explosive to explosive due to presence of pore pressures. In this case, pore 
pressures can be considered as the trigger to explosive release of energy accumu-
lated due to high compressive stresses.  
 
It is important to note here that these experiments cannot account for all the aspects 
of explosive spalling. However, they prove to be useful in providing better under-
standing of the combined action of pore pressure and thermally induced stresses.  
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impacts and is inversely proportional to pressure. Klinkenberg (1941) suggested a 
method to correct the apparent permeability in order to obtain intrinsic permeability. 
The formulation reads: 
 

 K
app

m

b
a a

p

 
  

 
int 1         (5.2) 

 
where aapp = the apparent permeability, aint = the intrinsic permeability, bK = the 
Klinkenberg “slip flow constant“, and pm = mean of the pressures between the inner 
and outer face of the specimen, thus one of them always being atmospheric pres-
sure, i.e. pm = (p1+p2) / 2, where p1  corresponds to the inlet pressure and p2 to the 
outlet pressure (atmospheric pressure). The slip flow constant bK is a function of gas 
and porous system. It is inversely proportional to the average diameter of the capillar-
ies. 
 
The following is valid for compressible fluids: 
 
 m mQ p const Q p          (5.3) 

 
where pm = the mean pressure and Qm = the volumetric flux corresponding to the 
mean pressure.  
 
The specimens used in the experiments are hollow cylinders with inner radius r1, out-
er radius r2 and height H (see Figure 5.4). Multiplying Eq. (5.1) with p and integrating 
from r1 to r2, following can be obtained: 
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After integration and solving the equation for aapp: 
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       (5.5) 

 
Under the assumption of ideal gas, Clapeyron’s law can be applied: 
 
 1nRT p V          (5.6) 

 
where n = the amount of substance, R = the ideal gas constant, T  = the temperature 
and V = the volume occupied by gas. Thereby, isothermal conditions are assumed, 
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i.e. temperature is constant during measurement at each of the target temperatures. 
Since the volume of the pressurized gas is also constant, the following is valid: 
 

 1
1 1

dV pdn
RT Q p const

dt dt
         (5.7) 

 
For a certain time interval ∆t, Clapeyron’s law can be rewritten as: 
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Using Eq. (9) in Eq. (5) the following relation is obtained: 
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In each time interval ∆t, the apparent permeability aapp is calculated according to Eq. 
(5.10). Pressure decay history is obtained from the experiment. The dynamic viscosi-
ty of gases is a function of temperature. This is accounted for when calculating the 
permeability. In order to obtain the intrinsic permeability, the apparent gas permeabil-
ity is extrapolated to the infinite mean pressure (1 / pm = 0), as shown in Figure 5.1. 
 

 

Figure 5.1. Evaluation of intrinsic permeability according to Klinkenberg method 
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meter. Permeability coefficient is calculated according to the Hagen-Poiseuille rela-
tion for the laminar flow of fluids through a porous body (Gallé & Sercombe 2001): 
 

 
 
Q p L

a
A p p





1

2 2
1 2

2
        (5.11) 

 
where L = the length of the specimen in the flow direction. The measurements are 
performed at room temperature for pressures ranging from 0.1 to 0.3 MPa. The 
Klinkenberg method described above is used to evaluate the intrinsic permeability.  
 
The new test setup developed for measurement of permeability at elevated tempera-
tures is shown in Figure 5.3. The hollow cylindrical specimen is placed between two 
steel plates. The top and the bottom steel plates are provided with 2 mm wide holes 
for the gas inlet and outlet, respectively. Between the steel plates and the specimen 
the graphite sealant with an outer diameter of 125 mm and inner diameter of 30 mm 
is placed. The thickness of the sealant is chosen as 1.0 mm. Both below the top steel 
plate and under the bottom steel plate one cooling and one insulating plate is placed. 
The cooling is achieved by letting the cool water flow through the cooling plates. A 
500 kN loading cell for the load measurement is placed above the top cooling plate. 
The steel frame consisting of two T-plates and four steel rods is used to apply the 
load. Four hydraulic jacks are placed on the four steel rods, the required load is sub-
sequently applied and the nuts are fastened. The load is monitored throughout the 
experiment using data acquisition software. 
 
The specimen is heated using a spiral heating collar fastened to the four rods. 
Around the heating collar a heat resistant insulation is applied (not visible in Figure 
5.3) in order to minimize the heat loss to the environment. Temperature is measured 
and controlled during the whole experiment in both steel plates using thermocouples 
connected to the thermo regulator. A rather slow heating a rate of 0.5 °C/min is se-
lected to reduce possible cracking due to thermal gradients. The gas container is 
connected to the gas inlet, and the gas outlet is connected to the pressure gauge. 
The precision of the pressure gauge is +/- 10-4 MPa. Nitrogen is used as permeating 
gas due to its inert behaviour with respect to concrete and since it does not enhance 
combustion. Once the load corresponding to a pressure of 20 MPa is applied, the 
first permeability measurement is performed at the room temperature. The hollow 
portion of the specimen is pressurized using nitrogen and the pressure is measured. 
Maximum applied pressure is 1.1 MPa, while the minimum is 0.2 MPa (both gauge, 
i.e. relative pressure). The pressure history is obtained and using Eq. (5.10) apparent 
permeability for every time step is calculated. The slip flow effect is accounted for, 
and intrinsic permeability is evaluated.  
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with fibres exhibits a sudden progressive increase in permeability of approximately 
two orders of magnitude (Figure 5.6). The trend continues up to the temperatures of 
around the melting point (160 °C) of PP fibres. At 150 °C, the difference between the 
two concrete mixtures is almost two orders of magnitude. Beyond 130 °C the rate of 
increase in permeability reduces and it roughly corresponds to that of the concrete 
without fibres. Same as in the case of concrete without fibres, the residual permeabil-
ity values of concrete with fibres are found to be somewhat higher than the permea-
bility values at elevated temperatures.  
 

 
Figure 5.6. Intrinsic permeability of concrete as a function of temperature 

The increase in permeability at temperature in the vicinity of the melting temperature 
is generally considered to be a consequence of flow of polypropylene into the sur-
rounding material (micro-cracks). However, it is important to note that the experi-
ments clearly demonstrate that the permeability increases already at a much earlier 
stage, and this behaviour cannot be attributed solely to the flow (melting) of polypro-
pylene. Moreover, it can be noticed that this rate is much higher than that around the 
melting point of fibres. It is obvious that sudden permeability increase of the concrete 
with PP fibres prevents explosive spalling. Moreover, since vapour pressure is con-
trolled by permeability the experimental results indirectly confirm that vapour pres-
sure is responsible for explosive spalling. 
 
The polypropylene fibres melt at approximately 160 °C, however, the thermal stability 
is lost already at approximately 120 °C. Measurements of the elastic modulus up to 
approximately 100 °C performed by Zhou & Mallick (2002) show that the elastic 
modulus of polypropylene decreases progressively with increasing temperature. Up-
on reaching 120 °C the fibres soften and are susceptible to change of shape. Fibres 
with higher melt flow index will most likely exhibit faster decrease of the elastic modu-
lus. When heated, fibres expand with a total expansion of approximately 7 %, see for 
example Albizzati & Moore (1996). Even though pure polypropylene expands equally 
in all directions, extruded fibres expand in the width direction, but shorten in the 
length direction. This is a consequence of the polypropylene extrusion, the method 
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which is used to manufacture the fibres. The change of shape during heating weak-
ens the link between concrete and fibres.  
 
Because of the hydrophobic nature of polypropylene, the fibre-concrete interface is 
not very strong even in the virgin concrete. Combination of these effects can result in 
compressed gas pushing the weakened fibres away from the concrete thus creating 
a path for the gas. This is assumed to be the main driving force influencing the sud-
den increase in permeability at temperatures below the melting point of the fibres. As 
fibres start to melt at 160 °C, permeability further increases (Figure 5.6). It is not 
completely clear what happens to fibres after melting. Therefore, a preliminary micro-
scopic investigation of the microstructure using scanning electron microscope is per-
formed with the main objective of providing a better understanding of the processes 
at the microscopic level. The results of microscopic investigation are discussed later. 

5.4.3  Influence of the compressive stress on permeability 

In the new test setup proposed here, compressive load is applied on the specimen 
before measuring permeability. Due to thermal expansion and restraints on the spec-
imen, the compressive load applied before the first measurement increased during 
the heating. The measured increase in pressure due to temperature is plotted in Fig-
ure 5.7 (left). It can be seen that the initial compressive stress of approximately 20 
MPa increases due to heating to approximately 26 MPa.  
 
Since the permeability measurements are performed on loaded concrete, it is im-
portant to evaluate the influence of compressive stress on permeability. This investi-
gation is performed at room temperatures. The maximum temperature reached dur-
ing the experiments is 300 °C. At this temperature there is a maximum reduction of 
compressive strength of 20 % for high strength concrete (Phan & Carino 2003). It is 
therefore acceptable to perform these experiments at room temperatures. The pre-
stressing in the experiments is varied from 18.5 MPa to 33 MPa. 
 

 
Figure 5.7. The relation between temperature and compressive stress (left) and the 
relation between compressive stress and permeability at room temperature (right) 
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The results of the permeability measurements at different load levels are shown in 
Figure 5.7 (right). It can be seen that the change of permeability with increasing 
pressure is not pronounced for pressures up to 33 MPa (approximately 40 % of the 
average compressive strength at room temperature). With increasing pressure, per-
meability slightly decreases, such that the permeability measured for pressure 18.5 
MPa and 33 MPa differ by approximately 3 %. Since there is no additional connectivi-
ty of pores created, this slight decrease in permeability can be attributed to the effect 
of the applied stress on concrete specimen, i.e. the volumetric behaviour at low load 
levels is strictly contracting (Choinska et al. 2007). After the application of the highest 
load level, the specimen is inspected for any visible cracks and no cracks could be 
observed. These findings are consistent with the results of other researchers, such 
as Choinska et al. (2007) and Hoseini et al. (2009), who stated that the mechanical 
compressive stress adversely effects permeability only at very high stress levels (75-
80 % of the compressive strength). Therefore, it can be concluded that the compres-
sive load applied in the new test setup has no significant effect on the measured 
permeability of concrete. 

5.4.4  Microscopic investigation of the concrete with polypropylene fibres 

As already mentioned, fibres melt and thereby leave free pores for the water vapour 
to escape. It is, however, not completely clear how exactly do fibres increase the 
available pore space. Kalifa et al. (2001) suggest that the polypropylene fibres melt 
(at 160-170 °C) and are then absorbed by the cement mortar matrix. However, per-
meability measurements clearly show that the permeability increases progressively 
already at temperatures between 80 °C and 130 °C. In order to throw more light on 
the possible reasons, microscopic investigation using electron microscope is per-
formed.  
 
The specimens of sizes 20 x 20 x10 mm are cut out from concrete rings (concrete 
containing 1.0 kg/m3 PP of fibres). The rings were previously stored for 9 months at 
relative humidity of 60 %. The surface of the specimens is polished to assure good 
visibility of the microstructure. The specimen without prior exposure to high tempera-
ture is observed under a scanning electron microscope (SEM) and the result is 
shown in Figure 5.8 (left). Black round particles in the figure represent the PP fibres 
in cross section. At larger scale it could be observed that the fibres are nicely dis-
persed in the concrete specimen. The same specimen is then heated up to 200 °C at 
a very moderate temperature rate of 5 °C/min. Specimen is kept at this temperature 
for 20 minutes, 6 hours and 2 days, respectively, and cooled to the room tempera-
tures after each of these exposures. Due to technical difficulties, the cooling after the 
first exposure is performed at a very fast rate.  
 
Upon the completion of each temperature step, the microstructure of the specimen is 
observed using SEM. For the exposure duration of 20 minutes, no changes of the PP 
fibres could be noticed, whereas the cement matrix suffered extensive micro-
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(vi) The effect of compressive load on permeability is investigated and it is 
shown that the moderate compressive stresses do not influence permeabil-
ity of concrete;  

   
(vii) Scanning electron microscope observations suggest that the melted fibres 

flow into the surrounding micro-cracks (generated by the thermally induced 
stresses), and provide additional path for the gas transport in concrete, 
which results in permeability increase. There is a clear indication that the 
fluid polypropylene does not diffuse into the cement paste.  
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where fc

20 = uniaxial compressive strength at T = 20 °C. The adopted dependency is 
plotted in Figure 6.3 (right) and compared with experimental results. As can be seen 
the comparison shows good agreement. 
 

  
Figure 6.3. The dependency of the Young’s modulus of concrete (left) and concrete 
compressive strength (right) on temperature 

6.3.3 Tensile strength of concrete 

Experimental evidence indicates that the tensile strength of concrete decreases al-
most linearly with increase of temperature, as discussed in Section 2.3.3. In the pre-
sent model the following dependency of tensile strength on temperature is adopted 
as (Periskic 2009): 
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       (6.6) 

 
where ft

20 = uniaxial compressive strength at T = 20 °C. The plot of Eq. (6.6) is shown 
in Figure 6.4 (left) along with the experimental data. 

6.3.4 Concrete fracture energy 

The experimental data presented in Section 2.3.4 (Zhang et al. 2002) show that frac-
ture energy increases by 60 % up to 300 °C and decreases to approximately 90 % of 
its initial value at 600 °C. In the present model, the dependency of concrete fracture 
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energy GF on the temperature is obtained by fitting of test data of Zhang & Bicanic 
(2002). The adopted dependency reads (Periskic 2009):  
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where GF 

20 = concrete fracture energy at T = 20 °C. The dependency is plotted in 
Figure 6.4 (right) and compared with experimental results. As can be seen, the com-
parison shows good agreement. 
 

  
Figure 6.4. Relative tensile strength of concrete as a function of temperature (left) 
and relative concrete fracture energy of concrete as a function of temperature (resid-
ual conditions) (right) 

6.3.5 Yield strength of steel 

The experiments show that the mechanical properties of steel exposed to elevated 
temperature degrade (Kordina & Meyer-Ottens 1999). In the model this has been 
accounted for through reduction of the yield stress and Young’s modulus, as shown 
in Figure 6.5.  
 
Even though there is a reduction of these two properties due to high temperatures, 
experiments have shown that, unlike concrete, steel can recover its yield stress 
(Takeuchi et al. 1993; Neves et al. 1996). Furthermore, the residual Young’s modulus 
of steel is equal to the value of virgin steel, i.e. residual Young’s modulus is not tem-
perature dependent. The recovery of the yield stress of steel as implemented in the 
model is plotted in Figure 6.6. 
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law. The free thermal strain is stress independent and is experimentally obtained by 
measurements on non-loaded specimen. In such experiments it is not possible to 
isolate shrinkage of cement paste, therefore the temperature dependent shrinkage is 
contained in the free thermal strain. As discussed in Section 2.4.2, the load-induced 
thermal strain is stress and temperature dependent. This strain is also modelled us-
ing a single tensor. 

6.4.2 Free thermal strain 

Although the experiments indicate that the free thermal strain depends on the heating 
rate (see Section 2.4.1), in the present model it is assumed that this strain depends 
only on temperature. Moreover, it is assumed that in the case of a non-loaded spec-
imen, the thermal strains are equal in all three mutually perpendicular directions (iso-
tropic thermal strains). The temperature dependency of the free thermal strain, as 
adopted in the present model, reads (Periskic 2009): 
 

 

 
56.0 10 for 0 6.0

0 for 6.0

fts
ij ijT T  










   
  

 


    (6.9) 

 

  0w ith / 100T T C          (6.10) 

 
This temperature dependency approximately corresponds to experimental data ob-
tained for sandstone aggregates. However, it is also possible to input a desired tem-
perature dependent path for free thermal strain in order to account for the effect of 
different aggregates or to model the thermal strain of different concrete constituents. 

6.4.3 Load-induced thermal strain 

As discussed in Section 2.4.2, when concrete is loaded before heating, the resulting 
thermal strain is different from that occurring in a non-loaded specimen (Khoury 
2006). The difference can be obtained if the free thermal strain is subtracted from the 
resulting thermal strain, which results in the so called load-induced thermal strain. 
Due to its similarity for different concrete types, a common “master” LITS curve is 
taken to exist up to temperatures of about 450 °C Khoury (2006) In the present mod-
el (Periskic 2009) the bi-parabolic function is used for representing load induced 
thermal strain (Pearce et al. 2004) at macro-scale, which reads: 
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Table 6.1. Concrete properties used in the finite element analysis 

Concrete M20 M30 M40 

fc,cube 32.96 31.93 50.60 

fc,cyl 26.37 25.54 40.48 

GF 0.07 0.07 0.09 

E 24391 24007 30220 

fst 2.78 3.25 4.38 

ft 2.50 2.93 3.94 

 

6.5.2 Heating/cooling regime and subsequent loading 

The specimens are heated up to 800 °C with the temperature steps of 100 °C. Heat-
ing rate is 2 °C/min. After each step temperature is retained for 2 hours. Flexural and 
splitting strength are investigated on both heated (“hot strength”) and specimens 
cooled down to room temperature (“residual strength”). To investigate the hot 
strength the specimen is mechanically loaded upon end of the retention time at each 
of the target temperatures. Residual strength tests are performed on cooled speci-
mens. After retention time of 2 hours at each temperature level the specimens are 
cooled down to 20 °C at a cooling rate of 2 °C/min.  

6.5.3 Results and discussion 

Figure 6.9 shows the results of numerical simulation along with their experimental 
counterparts. The experimental results represent residual flexural strength, as the 
loading is performed on specimens cooled down to room temperature. It can be seen 
that for all concrete qualities there is an almost linear decrease of flexural strength 
with increasing temperature. Flexural strength reduces to zero at temperatures be-
tween 500 °C and 600 °C. The decrease of the hot strength is also given in Figure 
6.9. It has no experimental counterparts as experiments on hot specimens are de-
manding and were not performed. It is noticeable that the hot strength is in general 
somewhat higher than the residual strength. This can be explained by the additional 
cracking (damage), which concrete suffers during cooling. As the cooling rate is rela-
tively slow (2 °C/min), the cracking due to the cooling is not very severe. If, however, 
cooling rate would be somewhat higher most probably the difference between resid-
ual and hot strength would also increase. This can be a significant effect since the 
decrease of temperature in real fires can be quite fast. It can be concluded that the 
numerical prediction of residual strength is in good agreement with the experimental 
results.  
 
Figure 6.9 (bottom right) shows the load-displacement curves obtained for concrete 
grade M30 for different temperature levels. The data given are numerically obtained 
residual flexural strengths. No experimental counterparts were provided in the litera-
ture. It is apparent that flexural strength drops with increasing temperature. The stiff-
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ness of the beams decreases whereas ductility increases with increasing tempera-
ture. 
  

 

     
Figure 6.9. Decrease of flexural strength as a function of temperature for different 
concrete grades and load displacement curves for different temperatures (concrete 
M30)  

The comparison of the numerical and experimental results for splitting strength of 
concrete at high temperature is shown in Figure 6.10. The experimental results rep-
resent residual splitting strength. The loss of splitting strength is almost a linear func-
tion of temperature. Beyond 700 °C residual strength drops almost to zero, thus 
demonstrating the ability of the model to reproduce experimental data. In this case 
the difference between residual and hot strength is not as obvious as in the case of 
four point bending. Only at temperatures above 600 °C hot strength exceeds the re-
sidual values. These findings are in good agreement with results reported by Felicetti 
et al. (2000). He obtained very similar values for hot and residual tensile strength (di-
rect tensile strength). 
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As can be seen, the numerical results are in very good agreement with their experi-
mental counterparts for all the cases. To have a better overview, the deflection is 
plotted only up to 30 mm. In Figure 6.16 complete load-deflection curves for all the 
cases are shown. The reduction of the beam resistance as a function of fire duration 
is plotted in Figure 6.17 (left). As can be seen there is again very good agreement 
between predicted and measured data. The analysis and experiment show that after 
two hours of fire exposure the beam resistance is reduced by approximately 50 %. 
 
Figure 6.17 (right) shows the initial (k1) and secant (k2) relative beam stiffness plotted 
as a function of fire duration. The relative stiffness is calculated as the ratio between 
temperature dependent stiffness and corresponding stiffness of reference beam. The 
initial and secant stiffnesses are calculated at 25 % and 75 % of the ultimate load, 
respectively.  
 

 

Figure 6.16. Complete experimentally measured and calculated load-deflection 
curves (residual conditions) 

 

Figure 6.17. Ultimate load reduction (left) and stiffness (k1 and k2) reduction (right) 
due to fire exposure (residual conditions) 
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crete class C25/30. The list of material data is provided in Table 6.3. The thermal di-
latation of the individual constituents is taken from the experiment, and the total re-
sulting dilatation / thermal strain of the composite is predicted numerically.  
 

Table 6.3. Material properties used in the experiment and numerical analysis 

Material property Mortar Aggregates (Dolomite) Cement paste Sand 

fc,cyl 37.0 90.00 37.00 90.00 

Gf 0.08 0.09 0.08 0.09 

E 30000 50000 30000 50000 

ft 3.00 6.00 3.00 6.00 

 

6.7.1.3 Results and discussion 

The comparison of experimental and numerical results is depicted in Figure 6.21. As 
can be observed, the meso-scale concrete and cement mortar model are both capa-
ble of capturing the thermal expansion observed in the experiments. Concrete mortar 
and aggregates both exhibit expansion during heating, so the concrete as a compo-
site lies between the two.  
 
Unlike aggregates and concrete, cement paste exhibits expansion only up to 100 °C, 
thereafter it shrinks. Shrinkage reaches its lower bound at approximately 600 °C. 
Cement mortar expands during the whole heating range, indicating the governing 
influence of aggregates on thermal dilatation of cementitious materials. A very good 
agreement of the numerical results with the experimental counterparts can be ob-
served in Figure 6.21 (right). Even though the numerical model for cement mortar is 
relatively simple, it can still realistically reproduce the experimentally observed be-
haviour of mortar. Numerical analysis of the heated specimens has confirmed the 
governing role of the aggregate type on the thermal behaviour of both concrete and 
cement mortar, as observed in experiments (Schneider 1982). 
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Figure 6.21. Thermal strain of concrete as a composite (left) and of cement mortar as 
a composite of sand and cement gel (right)  

6.7.2 Load induced thermal strains 

As discussed in Section 2.4.2, concrete loaded in compression and subsequently 
heated exhibits load induced thermal strain (LITS) during the first heating cycle. This 
phenomenon is very well documented in the literature, e.g. Anderberg & Thelanders-
son (1976), Khoury (1995) and Hager (2004). Most of the present concrete models 
account for the LITS at macro-scale in a fashion to predefine the relaxation of the 
stresses directly in the model. This approach is justified when concrete is assumed to 
be a homogeneous material (macro-scale). It was previously shown by Periskic 
(2009) that the macro-scale model with predefined LITS is capable of reproducing 
experimentally observed behaviour.  
 
However, when the interaction of different concrete phases is accounted for (meso-
scale model), it is assumed that the incompatibility of thermal dilatations, the degra-
dation of the mechanical properties and the heterogeneity can account for LITS au-
tomatically. Therefore, when the analysis is performed at meso-scale, LITS are not 
predefined. In order to confirm the validity of this hypothesis, numerical analyses em-
ploying thermo-mechanical model are performed at meso-scale to simulate the ex-
periments performed by Hager (2004). In the following sections, the experimental 
setup and corresponding models are presented, and the results of the analyses are 
discussed. Moreover, experiments on restrained specimens reported by Anderberg & 
Thelandersson (1976) are simulated and the results are reported. 

6.7.2.1 Experimental data (Hager 2004) 

Some of the experiments performed by Hager (2004) included: 
 

a) Heating of concrete specimens up to 600 °C (heating rate of 1 °C/min) 

 
b) Compressive loading to 20 % of the compressive strength, subsequent heat-

ing to 600 °C (heating rate of 1 °C/min) 

 
c) Compressive loading to 40 % of the compressive strength, subsequent heat-

ing to 600 °C (heating rate of 1 °C/min)  

 
The experiments were performed on several types of concrete ranging from ordinary 
to high performance concrete. In the present work, only concrete class M30 is con-
sidered (compressive strength = 37.20 N/mm2, tensile strength = 3.0 N/mm2, Young’s 
modulus = 32000 N/mm2). Concrete cylinders with a diameter of 104 mm and height 
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Overall results indicate that the thermo-mechanical model at meso-scale can auto-
matically capture the behaviour of loaded and subsequently heated concrete without 
explicit definition of load induced thermal strain. However, the numerical model can-
not fully capture the load induced thermal strains up to temperatures of approximate-
ly 140 °C. In this region there is no difference between the three curves. In this tem-
perature range (20 °C - 140 °C) LITS are assumed to originate from the drying and 
structural changes in the cement paste. These effects are only partially accounted for 
in the thermo-mechanical model by means of reduction of material properties with 
temperature. However, the level of strain is relatively low in this temperature region.  
 

 
Figure 6.23.  Experimentally (left) and numerically (right) obtained development of 
longitudinal strains with increasing temperature 

From 140 °C onwards the experimental and numerical curves for loaded specimens 
are approximately parallel thus indicating that the model can realistically capture the 
behaviour. Somewhat more pronounced deviation of the numerical prediction from 
the experimental data is observed for σ = 20 % fc at temperatures between 500 °C 
and 600 °C. Even though the total free thermal strain of concrete as a composite is 
almost the same as observed in the experiment, in the analysis the behaviour of con-
crete phases (mortar and aggregates) is assumed and therefore, most probably de-
viates from the experimental data.  
 
For temperatures above 140 °C load induced thermal strains are a combination of: (i) 
the damage of cement mortar due to presence of load and elevated temperature, (ii) 
the damage of mortar caused by different thermal dilatations of mortar and aggre-
gates and (iii) the damage of mortar due to the difference in the mechanical proper-
ties of the mortar and aggregates.  
 
When concrete is axially loaded in compression and the load is kept constant 
throughout the heating phase, the material tends to expand more in lateral than in 
axial direction. The damage due to mechanical loading is further aggravated by heat-
ing. Since aggregates and cement mortar have different mechanical and thermal 
properties, the incompatibility of the two materials leads to thermo-mechanical dam-
age. Lateral strains increase and the longitudinal strains decrease with temperature. 
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with experimental data. According to Bazant & Thonguthai (1978) the state of pore 
water for non-saturated concrete (p ≤ ps, where ps = saturation pressure) reads: 
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where T0 = 25 °C, c = mass of cement per m3 of concrete and w1 = saturation water 
content at 25 °C, h = relative pore pressure and ps = water saturation pressure.  
 
Porosity of concrete n at higher temperatures increases because of dehydration and 
chemical changes of cement paste (Noumowe et al. 1996b). Therefore, the initial po-
rosity of concrete n0 has to be corrected by an empirical correction function (Bazant & 
Thonguthai 1978):   
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          (7.12) 

 
Function P(h) is obtained by fitting the test data and wd(T) is taken from the meas-
urements of weight loss of heated concrete specimens (Harmathy & Allen 1973). Us-
ing Eq. (7.11) and (7.12), and accounting for the change of thermodynamic proper-
ties of water in terms of specific water volume v as a function of pressure and tem-
perature (Wagner & Kruse 1998), water content in saturated concrete can be ob-
tained from: 
 

 1 3 , with ,
3

v
v v vn d

w d dT n p
v K

               (7.13) 

 
in which V = volumetric strain due to the resulting volumetric stress v caused by 

pore pressure, v = specific volume of water, K = bulk modulus and  = coefficient of 
linear thermal expansion of concrete. 
 
The transition from non-saturated to saturated concrete cannot be abrupt, since the 
size of the pores in concrete is not uniform. Furthermore, an abrupt transition would 
cause numerical difficulties. Therefore, for relative vapour pressure h between 0.96 
and 1.04 and for a given temperature T, linear increase of free water content from 
non-saturated state (h =0.96) to saturated state (h =1.04) is assumed (Bazant & 
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Thonguthai 1978). The permeability function for concrete also follows suggestions 
proposed by Bazant & Thonguthai (1978). Due to the fact that permeability of con-
crete above 100 °C significantly rises, the function which controls permeability con-
sists of two parts: 
 

   0 1 2 for 95pa a f h f T T C           (7.14) 

   0 3 0 0 2for 95 with 95pa a f T T C a a f C          (7.15) 

 
in which a0 = the reference permeability at 25oC and relative humidity of 100 %. 
Function f1 (h) describes the moisture transfer within the adsorbed water layers in the 
necks that connect pores of cement gel, and, according to Bazant & Thonguthai 
(1978), it is estimated as follows: 
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where hc = 0.75 = transition humidity and  = 0.05 at 25 oC. The temperature de-
pendence of permeability below 95 oC can be expressed as: 
 

  Q
f T T C

R T T

  
     

   
2

0

' 1 1
exp 95

' '
     (7.17) 

 
in which absolute temperature, Q' = activation energy for water migration along the 
adsorption layers in the necks and R = gas constant.  
 
Function f3 (T) accounts for the fact that between 95 °C and 105 °C there is a transi-
tion from the moisture transfer mechanism that is governed by the activation energy 
of adsorption to a mechanism that is governed by viscosity of a mixture of liquid wa-
ter and steam. This effect can be described by (Bazant & Thonguthai 1978): 
 

   3

95
exp 95

0.881 0.214 95

T
f T T C

T

 
      

   (7.18) 

 
where T is in oC. For more details related to the physical background of Eq. (7.16) to 
(7.18) see Bazant & Thonguthai (1978). 
 
The effect of temperature and humidity on permeability of concrete (Bazant & 
Thonguthai 1978) is depicted in Figure 7.1 (left). Below 95 °C there is a significant 
influence of relative humidity, whereby permeability increases for higher relative hu-
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The properties of coarse aggregates are taken from the literature (Jian Zhao 2012), 
since the measurements of the aggregate properties (basalt) were not performed in 
the experimental part of the project. 
 
The mechanical and transport properties of the interfacial transition zone (ITZ) are 
difficult to investigate experimentally. In this study it is assumed that the compressive 
strength of ITZ corresponds to that of mortar matrix, whereas the tensile strength cor-
responds to one third of the matrix tensile strength. Permeability and porosity of the 
ITZ are in reality different from the mortar properties, namely both are higher than 
that of concrete mortar. However, in this work the ITZ is modelled as layer with thick-
ness of 0.2 mm. This is an overestimation of the size of the ITZ and if the corre-
sponding transport properties are assumed to be higher than that of mortar, this 
could result in an unrealistic relief of pore pressures in the ITZ.  
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surface rise from the thermal gradients present along the specimen depth. At the be-
ginning of heating, the maximum stress is generated very close to the heated sur-
face. As the specimen further heats, the location of the peak thermally induced stress 
shifts towards the inner parts of the specimen, whereas the part close to the surface 
undergoes relaxation. The damage observed is mechanical damage due to elevated 
temperature. 
 

 
Figure 8.8. Stress parallel to the heated surface σxx at different distances from the 
surface – macro-scale model (analysed using thermo-mechanical model) 

The meso-scale model shows somewhat different behaviour when analysing only the 
thermo-mechanical effects. Since concrete is considered as a three-phase material, 
the incompatibilities of the three phases inevitably lead to cracking. Principal tensile 
strains (damage) are shown in Figure 8.9. It can be observed that the specimen un-
dergoes damage at the contact of aggregates and cement mortar, i.e. in the interfa-
cial transition zone. However, the cracking occurs only after approximately 16.5 
minutes of fire. Furthermore, the strain rate measured at the element where the 
damage first localizes is very low, significantly lower (approximately 30 times) than in 
the case when THM model is employed, as is demonstrated in the following section.  
 
Explosive spalling is a very violent failure mode, whereas the present failure mode 
corresponds rather to thermal cracking and cannot be considered as explosive spall-
ing. This type of thermal cracking could also be observed in the fire experiments 
where the whole concrete surface exhibited extensive cracking, see Section 3. The 
cracking of concrete surface in the case of concrete with PP fibres was observed af-
ter approximately 14 minutes of ISO 834 fire. It is very important to notice the differ-
ence between explosive spalling and non-explosive damage (thermally induced 
cracking). When thermally induced cracking occurs, the concrete cross section re-
mains intact and the temperature distribution changes only slightly due to crack 
opening. In case of explosive spalling, the layers of concrete are removed from the 
specimen and the remaining concrete is exposed to very high temperatures.  
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Figure 8.13.  Development of pore pressure and volumetric stress at the location of 
cracking: macro- (left) and meso-model (right) 

The porous system of concrete changes due to damage and increase in pore vol-
ume. This results in a drop of the both pore pressure and volumetric stress. The 
analysis becomes unstable at this time step. This is due to the fact that the crack 
opening (softening) is taking place, and, therefore, concrete cannot take up pore 
pressure which is load controlled. In the subsequent steps the pressure drops down 
and the analysis becomes stable. Similar drop of pore pressure at the location of 
spalling (or in the vicinity) observed by other researchers when measuring pore pres-
sure in heated specimens which underwent spalling, (Phan 2007; Jui et al. 2008; 
Jansson & Bostrӧm 2010). 
 
One of the important differences between the two modelling approaches is the pro-
nounced difference in the absolute value of the pore pressure and volumetric stress 
at failure. Macro-scale model fails at a volumetric stress of 8.6 MPa, whereas the 
meso-scale model yields significantly lower value of 6.9 MPa.  
 
The development of relative humidity and porosity is shown in Figure 8.14 for both 
macro and meso-scale model. The development of relative humidity in time differs for 
the two models, since in the case of meso-scale model the relative humidity distribu-
tion is influenced by the presence of very dense aggregates. Nevertheless, the gen-
eral trend is similar. Comparing Figure 8.13 and Figure 8.14 it is evident that the in-
crease in relative humidity leads to a more rapid rise of the pore pressure and con-
sequently,  volumetric stress. Porosity and permeability increase due to heating (size 
of pores and interconnectivity of the same increases) as well as due to damage 
cause by heating. In the first 10 minutes of heating porosity increases from initial val-
ue of 10 % to 15 % and 18 % for meso- and macro-scale model, respectively.  
 
The temperature evolution of the cracked element is shown in Figure 8.15 for both 
models. It is evident that the two models predict a similar temperature increase in 
time, with meso-scale model exhibiting only slightly lower temperature. This can be 
expected, since the heterogeneity introduced in the meso-scale model does not in-
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troduce any significant variation in the thermal properties.  At the time of spalling, the 
temperature is approximately 380 °C. The air temperature at the same time is ap-
proximately 625 °C, which is consistent with the experimentally measured oven tem-
perature at the onset of spalling (between 600° and 650 °C). 
 

 
Figure 8.14.  Development of relative humidity and porosity at the location of crack-
ing: macro-scale model (left), meso-scale model (right) 

It can be concluded that both models exhibit similar behaviour in terms of heat distri-
bution in concrete, whereas the pore pressure and volumetric stress at the moment 
of failure differ significantly. This is mainly due to the fact that the macro-scale model 
considers concrete as a homogeneous material whereas meso-scale model accounts 
for the inhomogeneity, i.e. local variation of the material properties. 
 

 
Figure 8.15.  Development of temperature at the location of cracking: macro-scale 
model (left), meso-scale model (right) 

The development of thermally induces stresses in two directions (σxx - parallel to the 
heated surface and σzz - perpendicular to the heated surface) is shown in Figure 8.16 
and Figure 8.17 for the macro and meso-scale model, respectively. Macro-scale 
model predicts a strong relaxation of compressive stresses, such that the thermal 
compressive stresses (σxx) start to reduce at a very early stage of fire, approximately 
after 2 minutes. This relaxation is attributed to the predefined LITS, as discussed in 
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Section 6.7. These are incorporated in the macro-scale model and are only tempera-
ture dependent, but no time, i.e. heating rate dependency is accounted for. Conse-
quently, the material undergoes relaxation when heated at higher load levels. At the 
moment of failure the compressive stresses parallel to the surface are approximately 
10 N/mm2. Since these are very low in comparison to compressive strength, the fail-
ure is mainly driven by the volumetric stress (pore pressure).  
 

 
Figure 8.16. Thermally induces stresses σxx (stress parallel to the heated surface) at 
the location of cracking: macro-scale model (left) and meso-scale model (right) 

On the other hand, meso-scale model (Figure 8.16 right) predicts much higher maxi-
mum value of horizontal stresses than the macro-scale model. These go up to ap-
prox. 80 % of the compressive strength of the material. As has been shown in Sec-
tion 6.7, meso-scale model can predict the LITS without their predefinition. 
 
The evolution of stress perpendicular to the heated surface (σzz) in the cracked ele-
ment is plotted in Figure 8.17. The macro-scale model predicts almost no tensile 
stress in the direction perpendicular to heated surface up to the failure. In the case of 
meso-scale model, the tensile stresses in vertical direction are somewhat higher as a 
consequence of high compression in the horizontal x direction (parallel to the sur-
face) and the local stress distribution between single aggregate pieces.  
 
Both modelling approaches can reproduce the experimentally observed temperature 
distribution and the time of initial explosive spalling. However, the results show an 
important difference in the failure mechanism of the two modelling approaches. At 
macro-scale, the pore pressure (volumetric stress) seems to govern the failure. At 
meso-scale, a very high amount of potential energy is absorbed by the specimen due 
to thermally induced stresses.  As volumetric stress (pore pressure) rises at relatively 
high rate, it acts as a trigger for the release of the accumulated potential energy and 
a very explosive failure takes place. The intensity of explosive spalling can be evalu-
ated by considering the strain rate in the cracked element. 
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Figure 8.17. Thermally induces stresses σzz (vertical stress) at the location of crack-
ing: macro-scale model (left) and meso-scale model (right) 

Comparing the results obtained employing TM and THM model, it is obvious that the 
TM model cannot predict any aspect of explosive spalling for either of the two model-
ling approaches. This is attributed to the fact that the moisture transport plays a very 
important role in build-up of pore pressures and subsequent failure, whereas TM 
model does not account for the transport phenomena at all.  
 
The development of thermally induced stresses is very similar for TM and THM mod-
el, but these stresses cannot result in explosive spalling without the presence of pore 
pressure. Therefore, the remaining part of the numerical study is performed employ-
ing THM model. 

8.3.1.3 Tunnel fire curve (ZTV-ING) analysed employing THM model 

Material properties for the concrete and its three constituents at meso-scale corre-
spond to those of the experimentally investigated material and are summarized in 
Table 8.1 and Table 8.2. Water content of the concrete at the time of testing is 
measured as 2.5 % mass content, which approximately corresponds to a relative 
humidity of 65 % for similar concrete mixture (Baroghel-Bouny 2007).  
 
The distribution of temperature for different depths in time is shown in Figure 8.18. A 
good agreement between the experimental and numerical results can be observed. 
As can be observed in the experimentally measured oven temperature (see Section 
3), the initial part of the heating was at much higher rate than the target temperature 
of the ZTV-ING fire curve. This deviation is reflected in the temperature measure-
ments at different depths. Same as for the ISO 834 fire curve, the temperature 
measurements are taken from the specimen with PP fibres, which did not experience 
spalling. In this case, the pore pressures could be relieved due to increased pore 
space created by the melted polypropylene, however, the amount of water and water 
vapour is substantial due to moisture transport. At the boiling temperature of water 
(100 °C), a part of the energy is used for the evaporation of water and the tempera-
ture cannot rise above 100 °C as fast as it would if no water would be present. The 
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process of evaporation is time dependent. The THM model can account for this effect 
only partially since all relevant quantities are only temperature dependent, but not 
time dependent. However, since the initial spalling occurs at a very low depth and at 
a very early stage of the fire, the numerical results can be considered to reproduce 
the experimental data with a reasonable accuracy.  
 
The failure modes, both experimental and numerical, are very similar to those pre-
sented in the previous section (see Figure 8.11), and are, therefore, omitted. In the 
experiment, explosive spalling initiated after approximately 2.5 minutes, with succes-
sive spalling starting around 3.0 minutes after the onset of fire. Macro-scale model 
results in explosive spalling after 3.5 minutes, whereas meso-scale model undergoes 
spalling after 3.1 minutes of fire. Again, both models predict the spalling time with 
reasonable accuracy. Similar as in the case of ISO 834 curve, a very good agree-
ment between the experimental and numerical data in terms of temperature profiles, 
failure mode and time of initial spalling can be observed. 
 
The evolution of relevant parameters in the element where the cracking originated is 
shown in Figure 8.19  for macro- and meso-scale model. Similar differences between 
the two models as observed in the previous section can also be seen in the case of 
ZTV-ING fire. The level of pore pressure (and volumetric stress) is somewhat higher 
in the case of macro-scale model. Volumetric stress at failure is 6.0 N/mm2 for the 
meso-scale model and 7.2 N/mm2 for the macro-scale model.  
 

 
Figure 8.18. Temperature profiles: numerical and experimental results 

Relative humidity and porosity in the cracked specimen are plotted in Figure 8.20. 
Both models predict an increase in porosity and relative humidity with increasing 
temperature, indicating the formation of a saturated zone. Even though the absolute 
values for the two models are not identical, the trend is very similar and it indicates 
that the zone with very high moisture content is created. After the relative humidity 
increases close to 100 % (approximately after 1 minute), the pore pressure and vol-
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umetric stress start to develop at a much higher rate. The penetration of water va-
pour is inhibited by the “moisture clog”, hence pore pressures start to increase. 
Porosity increases with heating as a consequence of change in the porous system. 
Furthermore, porosity increases with increasing crack width in concrete. At the mo-
ment of spalling cracks open abruptly causing porosity to increase accordingly. 
 

 
 Figure 8.19.  Development of pore pressure and volumetric stress at the location of 
cracking: macro- (left) and meso-model (right) 

 
Figure 8.20.  Development of relative humidity and porosity at the location of crack-
ing: macro-scale model (left), meso-scale model (right) 

The development of temperature in the cracked element is presented in Figure 8.21. 
Again, the behaviour of the two models is very similar. The temperature at the time 
when explosive spalling takes place is approximately 420 °C. The air temperature 
close to the concrete surface is 780 °C at the time of spalling at both macro- and me-
so-scale. This temperature value is very close to the experimentally observed oven 
temperature of approximately 750 °C (at the onset of spalling).  
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Figure 8.21.  Development of temperature at the location of cracking: macro-scale 
model (left), meso-scale model (right) 

 
Figure 8.22. Thermally induces stresses σxx (stress parallel to the heated surface) at 
the location of cracking: macro-scale model (left), meso-scale model (right) 

Thermally induced stresses parallel to the heated surface (σxx) are shown in Figure 
8.22 for the two models. The main difference between the two modelling approaches 
is the contribution of thermally induced stresses to the mechanism of explosive spall-
ing. Macro-scale model predicts very low levels of stresses due to heating, and these 
tend to relax at higher temperatures. As discussed in the case of ISO 834 fire curve, 
the main reason for this behaviour is the presence of LITS, which cause relaxation of 
stresses. Meso-scale approach gives thermal stresses up to 80 % of the compres-
sive strength of concrete. It is interesting to observe that the level of compressive 
stress is more or less same as in the case of ISO 834 fire.  
 
As discussed above, meso-scale model fails in explosive spalling under the com-
bined action of the thermally induced stresses and volumetric stress, whereas the 
macro-scale model undergoes explosive spalling influenced mainly by the pore pres-
sure/volumetric stress without significant influence of the thermally induced stresses. 
The level of the thermally induced stress is approximately 10 % of the initial com-
pressive strength of concrete in case of the macro-scale model. 
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8.3.2 Conclusions 

The thermo-hygro-mechanical model is employed in the simulation of the fire experi-
ments on high strength concrete slabs exposed to two fire scenarios, standard fire 
ISO 834 and tunnel fire ZTV-ING. Two modelling approaches, macro- and meso-
scale approach, are followed to access their suitability to predict the explosive spall-
ing of concrete. Moreover, a comparison between TM and THM model is obtained 
based on response of both models to ISO 834 fire curve. 
 
It is observed that TM model can capture only the thermo-mechanical degradation of 
material, but not explosive spalling. This is attributed to the fact that TM model com-
pletely neglects the effect of moisture transport. On the other hand, the results ob-
tained employing THM model exhibit very good agreement with the experimental da-
ta. 
 
In case of THM model, it is found that both modelling approaches (macro- and meso-
scale) are able to reproduce the experimentally observed behaviour with respect to 
temperature profile across the specimen depth and the onset time of initial spalling. 
However, macro-scale model is unable to reproduce the local character of the failure, 
whereas meso-scale approach realistically captures the localization of damage.  
 
Furthermore, the two approaches differ in the mechanism that leads to explosive 
spalling. At macro-scale the moisture transport governs the failure with relatively high 
pore pressure and volumetric stress, and the role of thermally induced stresses is 
only minor. On the other hand, the meso-scale model results in a failure driven by a 
combination of very high thermal stresses and pore pressure (volumetric stress), 
whereby pore pressure (volumetric stress) releases the potential energy absorbed 
due to thermally induced stresses. In order to fully understand the phenomena of ex-
plosive spalling, its mechanism as well as the main influencing parameters, in the 
subsequent section the results of extensive parametric study are presented and dis-
cussed. 
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Table 8.3 Overview of the investigate parameters (2D analysis) 

 

 

Parameters Unit Range of investigated values (ISO 834 fire) scale other parameters 

thermal part [-] TM        
macro

meso 
σ = 0 % 

geometrical  

nonlinearity 
[-] GL        macro

meso 

a0 = 6x10-15, 
rH = 70 %, σ = 0 % 

relative 

humidity rH 
[%] 0 20 40 50 60 70 85 100 macro

meso 

a0 = 6x10-15, 
σ = 0 % 

permeability a0 [m/s] 6x10-16 2x10-15 6x10-15 2x10-14 4x10-14 8x10-14 1x10-13 2x10-13 macro
meso 

rH = 70 %, 
σ = 0 % 

compressive  

load σ 
[% fc] 0 10 20 30 40 50   macro

meso 

a0 = 6x10-15, 
rH = 70 % 

aggregate 

distribution 
[-] A B C      meso 

a0 = 6x10-15, 
rH=40 %, rH = 70 %, 
rH = 100 %, σ = 0 % 

aggregate 
type 

[-] quartz granite dolomite limestone 1 limestone 2 limestone 3 basalt  
macro
meso 

a0 = 4x10-14,  
a0 =  6x10-15, 

rH = 70 %, σ = 0 % 

Parameters Unit Range of investigated values ( macro-scale without LITS predefinition, ISO 834 fire) scale other parameters 

thermal part [-] TM        
macro 

meso 
σ = 0 % 

relative 

humidity rH 
[%] 0 20 40 50 60 70 85 100 macro 

meso 

a0 = 6x10-15, 
σ = 0 % 

compressive  

load σ 
[% fc] 0 10 20 30 40 50   macro 

meso 

a0 = 6x10-15, 
rH = 70 % 
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Table 8.4 Overview of the investigate parameters (2D analysis) 

 

Parameters Unit Range of investigated values (modified ZTV-ING fire) scale other parameters 

thermal part [-] TM        meso σ = 0 % 

geometrical  

nonlinearity 
[-] GL        meso 

a0 = 6x10-14, 
rH = 70 %, σ = 0 % 

relative 

humidity rH 
[%] 0 20 40 50 60 70 85 100 meso 

a0 = 6x10-14, 
σ = 0 % 

permeability a0 [m/s] 6x10-16 2x10-15 6x10-15 2x10-14 4x10-14 8x10-14 1x10-13 2x10-13 meso 
rH = 70 %, 
σ = 0 % 

compressive  

load σ 
[% fc] 0 10 20 30 40 50   meso 

a0 = 6x10-14, 
rH = 70 % 

Parameters Unit Range of investigated values (constant heating rates) scale other parameters 

relative 

humidity rH 
[%] 70        meso 

a0 = 6x10-14, 
σ = 0 % 

permeability a0 [m/s] 4x10-14        
Meso 

 
rH = 70 %, 
σ = 0 % 

compressive  

load σ 
[% fc] 0        meso 

a0 = 6x10-14, 
rH = 70 % 

heating rate [°C/min] 40 60 80 100 120 160 200  meso 
a0 = 6x10-14, 
rH = 70 % 
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The time development of relevant parameters (pore pressure, volumetric stress, rela-
tive humidity, permeability and thermally induced stresses) is shown in Figure 8.25 
and Figure 8.26. It can be observed that, with respect to the relevant parameters 
evaluated at the location of spalling, both 2D models exhibit a good agreement with 
the corresponding 3D models. It can be concluded that the use of 2D models for the 
analysis of concrete behaviour at high temperatures is acceptable. For this reason 
the remaining part of the parametric study is performed employing 2D models. 
 

 
Figure 8.25. Comparison of relative humidity and porosity for the 2D and 3D model: 
macro-scale (left) and meso-scale (right) 

 
Figure 8.26. Comparison of thermally induced stresses σxx (parallel to the heated sur-
face) for the 2D and 3D model: macro-scale (left) and meso-scale (right) 
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8.4.2 Heating rates and fire scenarios 

One of the most important factors that influence explosive spalling is the severity of 
heating or fire. The gradient of the air temperature directly influences both parame-
ters that are presumed to govern explosive spalling, namely thermally induced 
stresses and pore pressure within the specimen. Higher thermal gradients result in 
higher thermal stresses as well as in higher pore pressures.  
 
In the present study two heating scenarios are investigated: ISO 834 fire (ETK or cel-
lulosic curve) and ZTV-ING fire. The former defines a standard fire scenario and is 
widely accepted in codes worldwide (AS-1530.4 1979; DIN EN 1-2 2004; AS-1530.4 
1979) to test the fire resistance of materials subjected to a category "A" fire (with the 
fire hazard rating based on the burning rate of general combustible building materials 
and building contents). The latter is a type of the standardized tunnel fire curve with 
extremely high temperature gradient of 250 °C/min in the first 5 minutes and subse-
quent constant temperature of 1200 °C in the following 25 minutes. This curve was 
developed in Germany as a result of experimental investigation (“Eureka” project) 
and is aimed at simulation of car fire in tunnels. Similar tunnel fire curves can be 
found in different codes and guidelines, all of them having very high initial tempera-
ture rise as well as the high maximum temperature. 
 

 
Figure 8.27. Overview of the investigated heating scenarios 

The temperature development of the ISO 834 fire curve is described by the following 
expression: 

 

     0 345 log 8 1Air AirT t T t t         (8.1) 

 
where TAir [°C] = air temperature and t [min] = time  
 
The two fire curves are shown in Figure 8.27. In addition to these two standard fire 
curves, a number of different heating rates are also investigated to provide a better 
understanding of the influence of different heating rates on explosive spalling. The 
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heating rates employed in this study are: 40 °C/min, 60 °C/min, 80 °C/min, 100 
°C/min, 120 °C/min, 160 °C/min and 200 °C/min. The same are plotted in Figure 8.27 
(right) along with the two fire curves for better comparison.  
 
The most part of the parametric study is performed under assumption of ISO 834 fire 
curve due to its wide application. Comparison of the two modelling approaches is, 
therefore, performed for ISO 834 fire only. Additionally, the performance of the meso-
scale model is investigated for the ZTV-ING fire scenario, as well as for above listed 
heating rates.  

8.4.3 ISO 834 fire 

8.4.3.1 Geometric nonlinearity 

When concrete is heated, very high compressive stresses can be generated in the 
region close to the concrete surface as a consequence of thermal gradients between 
the surface and the inner parts of concrete unaffected by the air temperature. These 
stresses together with pore pressure can result in a significant influence of geometric 
instability (buckling) on the behaviour of concrete under fire. In the numerical model, 
geometric nonlinearity is accounted for by using Green-Lagrange finite strain tensor 
and co-rotational Cauchy stress tensor for concrete.  
 
In the present parametric study, geometric nonlinearity is accounted for in all the in-
vestigated cases. However, selected cases are analysed under assumption of geo-
metric linearity in order to evaluate the effect of geometric instability on explosive 
spalling. Both macro- and meso- model are analysed for the heating scenario corre-
sponding to ISO 834 fire curve with relative humidity of 70 % and permeability of 
6x10-15 m/s.  
 
The macro-scale model exhibits a moderate influence of geometric nonlinearity on 
explosive spalling. As can be seen from Figure 8.28, introduction of geometric non-
linearity results in somewhat earlier explosive spalling. The maximum values of all 
relevant parameters (pore pressure, volumetric stress, temperature, thermally in-
duced stress) shown in Figure 8.28 remain almost the same as in case of geometric 
linearity, only the time of spalling shifts by approximately one minute, i.e. geometric 
instability due to high stresses results in an earlier failure of the concrete cover. It is 
also found that the inclusion of geometric nonlinearity does not change the failure 
mode of explosive spalling or the location where the spalling initiates.  
 
Meso-scale model also exhibits similar sensitivity to geometric nonlinearity, as visible 
from Figure 8.29 and Figure 8.30. The maximum values of all relevant parameters 
again remain almost the same for the two investigated cases, with a delay of explo-
sive spalling by approximately half a minute in the case of geometric linearity. Geo-
metric nonlinearity introduces only a very moderate change of the behaviour of con-
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crete with respect to explosive spalling. It contributes to an earlier failure of the con-
crete cover, whereby very similar behaviour of the macro- and meso-scale model is 
observed. 
 

 

 
Figure 8.28. The development of relevant parameters in the element where cracking 
initiated – macro-scale model 

 
Figure 8.29. The development of relevant parameters in the element where cracking 
initiates – meso-scale model 

Furthermore, the comparative analyses of the two models show that geometric insta-
bility alone cannot be considered to be the driving force behind explosive spalling.  
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Figure 8.30. The development of relevant parameters in the element where cracking 
initiates – meso-scale model 

8.4.3.2 Relative humidity 

The water content in concrete (expressed also in terms of relative humidity) is one of 
the most important factors that control the sensitivity of concrete to explosive spall-
ing. Higher amount of evaporable water facilitates the formation of the saturated zone 
inside the concrete specimen at elevated temperatures. Therefore, explosive spalling 
is likely to occur earlier in case of higher relative humidity. Numerous experimental 
studies confirmed the crucial role of relative humidity of concrete on explosive spall-
ing. The importance of relative humidity is acknowledged by most of current codes 
and guidelines. Generally the maximum allowed water content in concrete is pre-
scribed in order to avoid explosive spalling. DIN EN 1-2 (2004) recommends a maxi-
mum water content of 3 % (mass water content) as one of the measures to avoid ex-
plosive spalling of concrete.    
 
In the present study the following values of relative humidity are investigated: 20 %, 
40 %, 60 %, 70 %, 85 %, 92 % and 100 % and behaviour of both macro- and meso-
scale model is analysed. Note that in the model relative humidity is expressed in 
terms of relative pore pressure, which is obtained by relative humidity from sorption 
curves. The analysis is performed for the ISO 834, for a permeability of 6x10-15 m/s 
for both models.  
 
Figure 8.31 shows the time of spalling and failure strain for the macro-scale model. 
Failure strain rate is evaluated as the strain rate in time at the location where spalling 
initiates. Explosive spalling occurs only for relative humidity above 70 %. With in-
creasing relative humidity the spalling takes place earlier.  
 
The failure strain rate differs only by 20 % for the three investigated humidity values; 
the intensity of failure is only slightly dependent on relative humidity. The intensity of 
spalling is dependent on the magnitude and increase rate of the pore pressure and 
volumetric stress. As can be observed in Figure 8.32, the maximum difference in 
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pore pressure and volumetric stress for the investigated humidity values is approxi-
mately 20 %. Thermally induced stresses (parallel to heated surface) decrease to 
less than 10 % of compressive strength at the time of spalling. A typical development 
of the stresses parallel to heated surface is provided in Figure 8.32 (right). The 
stresses initially increase, but relax with rising temperature. The contribution of ther-
mally induced stresses to spalling is therefore only minor. The parameter governing 
the failure mode at macro-scale is pore pressure (volumetric stress). 
 

  
Figure 8.31. Failure strain rate (left) and time of spalling (right) – macro-scale model 

   
Figure 8.32. Pore pressures and volumetric stresses (left); a typical development of 
stresses parallel to the heated surface at the location of cracking– macro scale model 

Figure 8.33 left depicts the failure strain rate for meso-scale model. For lower relative 
humidity (below ca. 50 %), the failure strain rate becomes very small and it is compa-
rable with that of dry concrete. It is previously shown that dry concrete does not ex-
hibit spalling, only thermally induced cracking occurs (see Section 8.3.1.1). With in-
creasing relative humidity, the failure strain rate increases, i.e. the intensity of explo-
sive spalling increases (higher energy release). Furthermore, it also initiates earlier 
since the higher humidity results in faster build-up of pore pressure, see Figure 8.33 
(right).  
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Figure 8.33. Failure strain rate (left) and time of spalling (right) – meso-scale model 

  
Figure 8.34. Pore pressures and volumetric stresses (left), compressive stress (right) 
– meso-scale model 

Pore pressure and volumetric stress at failure (Figure 8.34 left) increase for higher 
humidity. These results correspond well to the available experimental data. Jui et al. 
(2008) observed that the pore pressure at spalling increases with higher relative hu-
midity. It is also worth mentioning that the absolute values of pore pressure meas-
ured by the mentioned authors were 4.5 and 6 N/mm2, which is comparable to the 
numerically obtained values for volumetric stress. 
 
Compressive stress (parallel to the heated surface) remains almost constant and 
equal to approx. 80 % of the compressive strength for all the values of relative hu-
midity. The results demonstrate the importance of compressive stress for the failure 
mode. High compressive stresses will inevitably lead to cracking, however, if pore 
pressures are formed at the same location, the combination of the two results in ex-
plosive spalling, intensity of which is governed by the level and increase rate of pore 
pressures. 
 
For the same permeability of concrete, the two models exhibit quite different behav-
iour. Both models predict a significant influence of relative humidity on spalling. Mac-
ro-scale predicts spalling only for relatively high humidity level (above 70 %), where-
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as meso-scale model results in explosive spalling for relative humidity above 50 %. 
The most important difference between the two approaches is mechanism that leads 
to failure. At macro-scale, the failure is driven by moisture transport and the parame-
ter governing the behaviour is the volumetric stress. Meso-scale model results in a 
failure due to combination of thermally induced stresses and volumetric stress (pore 
pressure), which triggers explosive spalling.  

8.4.3.3 Permeability 

Permeability is considered as the most important material property that controls sen-
sitivity of concrete to explosive spalling. If permeability increases, the connectivity of 
the porous network is higher and vapour pressure in the pores cannot increase at a 
fast rate. Many experimental studies (Kalifa et al. 2001; Zeiml et al. 2008) confirmed 
the role of permeability on explosive spalling, i.e. explosive spalling is more likely to 
occur if concrete exhibits low permeability. In this study the permeability of concrete 
specimens is varied from 1 x 10-16 to 2 x 10-13 m/s at a constant relative humidity of 
70 %. It should be noted here that the permeability input in the THM model corre-
sponds to the permeability of a specimen at 100 % relative humidity and 25°C.   
 
Figure 8.35 gives an overview of the results for the macro-scale approach. For per-
meability higher than 1 x 10-14 m/s no explosive spalling is observed, whereas below 
this value explosive spalling occurs. At lower permeability values spalling occurs ear-
lier due to a faster build-up of pore pressure. The failure strain rate decreases by 20 
% as permeability increases by two orders of magnitude.  
 
Similarly as shown in the previous section, there is only a slight change of pore pres-
sure and volumetric stress at failure (approx. 20 %) with increasing permeability (see 
Figure 8.36), which again implies that the failure is mainly governed by the pore 
pressures. Low thermally induced stresses at failure (lower than 10 % fc) for all inves-
tigated cases confirm this result.  
 

  
Figure 8.35. Failure strain rate (left) and time of spalling (right) – macro-scale model 
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The influence of permeability on failure strain rate and time of spalling at meso-scale 
is shown in Figure 8.37. For very low permeability values, spalling takes place at very 
high strain rate indicating its explosive nature. The failure takes place after only 10 
minutes of fire. However, if permeability increases, spalling takes place later and at a 
lower strain rate. For permeability higher than 8 x 10-14 m/s the failure is slow and it 
can be considered to be non-explosive thermally induced cracking. Volumetric stress 
at failure (Figure 8.38) again exhibits the same trend as the strain rate. Explosive 
spalling takes place at relatively high stresses, whereas failure mode changes to 
thermally induced cracking if volumetric stress is very low.   
 

  
Figure 8.36. Pore pressure (left) and volumetric stress (right) at the onset of spalling– 
macro scale model 

 
Figure 8.37. Failure strain rate (left) and time of spalling (right) – meso-scale model  

Thermally induced stresses at failure are constant and independent of the failure 
mode. Very high level of thermally induced stresses is required for the specimen to 
spall, but it is the magnitude of pore pressure (volumetric stress) that governs the 
intensity of spalling.  
 
Comparing the obtained results with the experimental data it is observed that both 
macro- and meso-model can predict the effect of permeability on explosive spalling. 
In the experiment is found that an increase in permeability of approximately two or-
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ders of magnitude is sufficient to prevent explosive spalling. Here is assumed that the 
permeability of concrete with PP fibres is two orders of magnitude higher already at 
the room temperature. This assumption is reasonable considering the initial slow de-
velopment of pore pressure observed in all investigated cases. In the experiment 
concrete without PP fibres (with permeability 1.5 x 10-15 m/s) exhibited explosive 
spalling, whereas concrete with PP fibres (with approx. two orders of magnitude 
higher permeability) experienced no spalling.  
 

  
Figure 8.38. Pore pressures (left) and volumetric stresses (right) at the onset of spall-
ing– meso scale model 

8.4.3.4 Compressive load 

A number of studies  demonstrated that the concrete specimens loaded in compres-
sion before heating are more likely to experience explosive spalling (Meyer-Ottens 
1972; Connolly 1995; Ali 2002; Zheng et al. 2010). If concrete is loaded in compres-
sion before heating, the compressive stresses are superimposed to the thermally in-
duced stresses in concrete. It is, however, very demanding to experimentally investi-
gate this scenario, especially if the compressive stresses are very high. In the pre-
sent work, following load levels are investigated on macro- and meso-scale: 0 % fc, 
10 % fc, 20 % fc, 30 % fc, 40 % fc and 50 % fc. Higher load levels are not considered 
for their low likelihood in standard concrete structures. After applying the load, the 
specimen is restrained in the horizontal direction, similar to the case without com-
pressive load. Analyses are performed for permeability of 6 x 10-15 m/s and concrete 
relative humidity of 70 %. 
 
Failure strain rate and time of spalling for the macro-scale model are shown in Figure 
8.39. There is a slight increase in time of spalling with increasing compressive load, 
which indicates that the presence of additional compressive load has a beneficial 
effect on behaviour of concrete with respect to explosive spalling. Failure strain rate 
remains almost constant for all load levels. Similarly, pore pressure and volumetric 
stress (see Figure 8.40) exhibit almost no dependency on the level of compressive 
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load. Considering the fact that the failure at macro-scale is mainly governed by the 
moisture transport, it is understandable that the compressive loading does not signifi-
cantly influence the behaviour of concrete with respect to explosive spalling. 
 

  
Figure 8.39. Failure strain rate at the onset of spalling (left) and time of spalling (right) 
– macro scale model 

  
Figure 8.40. Pore pressures and volumetric stresses at the onset of spalling– macro 
scale model 

Meso-scale model, on the other hand, predicts a very pronounced increase in risk of 
spalling with increasing compressive load, as can be observed in Figure 8.41. Time 
of spalling reduces significantly for higher load levels. It is shown earlier that the fail-
ure at meso-scale is governed by the combination of thermally induced stresses and 
volumetric stress (pore pressure). Compressive load applied prior to heating contrib-
utes to a more rapid increase in compressive stresses parallel to the heated surface.  
 
Failure strain rate decreases with increasing load level, and for load levels above ap-
proximately 35 % of compressive strength the failure is more of the non-explosive 
sort, i.e. thermal cracking.   
 
Figure 8.42 (left) shows the pore pressure and volumetric stress at the onset of spall-
ing. For load levels above 35 % of compressive strength both the parameters de-
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crease indicating the change of failure mode from explosive to non-explosive spall-
ing. Stress parallel to the heated surface shown in Figure 8.42 (right) exhibits an in-
crease for higher load levels. Thermally induced stresses are superimposed to the 
existing compressive stress, whereas the moisture transport remains approximately 
constant for all load levels. At higher loading levels failure is mainly governed by high 
stresses parallel to heated surface, whereas pore pressure and volumetric stress are 
quite low in magnitude.  
 

 
Figure 8.41. Pore pressures (left) and volumetric stresses (right) at the onset of spall-
ing– meso scale model 

  
Figure 8.42. Pore pressures and volumetric stresses (left) and stress parallel to the 
heated surface (right) at the onset of spalling– meso scale model 

The differences between the macro- and meso-scale modelling approaches become 
very evident when analysing the influence of compressive loading. Macro-scale 
model cannot predict any significant influence of compressive stress on explosive 
spalling. It is experimentally observed that the compressive loading has an adverse 
effect on explosive spalling, but this phenomenon cannot be captured by employing 
the macro-scale approach. Meso-scale model, however, can account for the effect of 
thermally induced stress. It can, therefore, also reproduce the experimentally ob-
served behaviour.  
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It can be concluded that macro-scale model with explicit LITS definition only partially 
predicts the explosive spalling of concrete, its main drawbacks being the inability to 
realistically capture localization and the effect of compressive load. Homogeneity of 
concrete at macro-scale and presence of predefined LITS are considered to be the 
main reasons for the limited performance of this approach.  

8.4.3.5 The role of load induced thermal strain 

Multiple applications at macro-scale show that the implementation of LITS is im-
portant for the realistic response of structure to fire. The whole parametric study is 
performed following this approach. However, additional analyses are performed on 
macro-scale model, with aim of evaluating the influence of predefined LITS on explo-
sive spalling of concrete. In this case, LITS are not predefined at macro-scale, same 
as is done for the meso-scale model. The results are then compared with those ob-
tained with standard macro-scale model (with predefined LITS). The analyses are 
performed for ISO 834 fire scenario under variation of relative humidity and compres-
sive load. 
 
Figure 8.43 and Figure 8.44 show the development of relevant parameters in the el-
ement where explosive spalling initiates in case of rel. humidity of 70 % and without 
compressive loading. For comparison, the same parameters are plotted for the cor-
responding analysis with LITS. It can be observed that the stresses parallel to sur-
face differ substantially for the two cases. When LITS is not taken into account, the 
maximum stress reached in a single element is more than 2 times higher than in the 
case where the relaxation through LITS is considered. 
 

   
Figure 8.43. The development of relevant parameters in the element where cracking 
initiates – comparison of macro-scale model without and with LITS 

After the peak at approximately 5 minutes of fire the stresses start to decrease. At 
the time where explosive spalling initiates, compressive stresses parallel to the sur-
face are approximately 60 N/mm2. The mechanism of the explosive spalling in this 
case is a combined action of thermal stresses and pore pressure (volumetric stress). 
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Similarly to the meso-scale analysis, the failure occurs when the volumetric stress 
triggers the potential energy accumulated due to relatively high thermally induced 
stresses. As can be expected, relative humidity and temperature show almost the 
same trend for both the analyses. In principle, pore pressure and volumetric stress 
exhibit the same trend in both cases; however, if LITS is not accounted for, a lower 
level of volumetric stress is sufficient for the abrupt failure of the model since the fail-
ure is not only driven by pore pressure, but by the combined action of compressive 
and volumetric stress. 
 
Figure 8.45 and Figure 8.46 provides the evaluation of the results for different values 
of relative humidity ranging from 40 % to 100 %. Similar to all previous presented 
cases, failure strain rate increases with increasing humidity. When humidity increas-
es, there is a higher amount of water in concrete. This leads to faster increase of 
pore pressures, which then lead to a more abrupt failure of concrete. As the pore 
pressures (volumetric stresses) develop faster, the explosive spalling itself occurs at 
an earlier time step. However, now the failure occurs at a higher pore pressure and 
volumetric stress for increased relative humidity. 
 

     
Figure 8.44. The development of relevant parameters in the element where cracking 
initiates – comparison of macro-scale model without and with LITS   

  
Figure 8.45. Influence of relative humidity – macro-scale model without LITS 
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Stresses parallel to the heated surface remain almost constant for the relative humid-
ity of 70 % and higher. For the relative humidity of 40 % the failure occurs at a much 
lower compressive stress of ca. 25 N/mm2. This implies that a relatively high level of 
compressive stress is required for the explosive spalling independent of the humidity. 
These results exhibit more resemblance to the meso-scale model than to the macro-
scale model with LITS i.e. macro-scale model without LITS seems to capture the ex-
plosive behaviour of concrete somewhat better than the macro-scale model with 
LITS. However, it should be noted that the unrealistic failure of the whole heated sur-
face as seen typically in macro-scale remains unchanged even if the LITS are not 
predefined. 
 

  
Figure 8.46. Influence of relative humidity – macro-scale model without LITS 

One series of analyses is performed for different values of compressive loading 
(ranging from 10 % fc to 50 % fc) applied prior to heating. Figure 8.47 and Figure 8.48 
depict the effect of compressive load on the macro-scale model without LITS. The 
results are very similar to those of the macro-scale model with LITS. No change in 
the time of spalling is observed as the level of compressive load applied prior to heat-
ing rises, i.e. the spalling occurs at the same time for all the investigated cases. The 
compressive stress at the moment of failure also remains constant. Accordingly, the 
level of the volumetric stress and pore pressure at failure remain constant for all the 
investigated cases. The macro-scale model without LITS predicts no effect of com-
pressive stress on explosive spalling of concrete.  
 
This is due to the inability of the macroscopic modelling approach to capture the in-
compatibility of the concrete phases and local distribution of stresses. The results 
presented in this section lead to a conclusion that the macroscopic approach without 
predefinition of LITS can give a more realistic mechanism of explosive spalling than 
the standard macro-scale model (with LITS), but cannot capture all of the aspects of 
this complex failure mode, such as failure mode and the effect of compressive stress. 
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Figure 8.47. Influence of compressive load at macro-scale without predefined LITS  

   
Figure 8.48. Influence of compressive load at macro-scale without predefined LITS 

Even if this approach shows certain improvement as compared to the macro-scale 
with LITS, the exclusion of LITS from the model needs to be reasonably justified. As 
discussed in Section 6.7, LITS is found to originate partially from the changes that 
occur inside the cement place but the most part it is due to incompatibility of the three 
concrete phases. If concrete is assumed to be homogeneous, due attention should 
be given to the damage that is generated from this incompatibility within the thermo-
mechanical model.  

8.4.3.6 Aggregate type  

Aggregate type, in particular coarse aggregate, is the main parameter that governs 
the thermal expansion of concrete as a composite. The employed thermo-hygro-
mechanical model can account for different aggregates by means of mechanical and 
transport properties, as well as in terms of free thermal strains. The effect of aggre-
gates on explosive spalling is not investigated experimentally in the framework of 
present work, however, the available experimental data indicate that certain types of 
aggregates make concrete more sensitive to explosive spalling. Thermally unstable 
aggregates (such as flint), as well as aggregates which exhibit high thermal dilatation 
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can enhance explosive spalling. This is attributed to the increased incompatibility of 
the concrete phases.  
 
In this study, following aggregate types are investigated: basalt, granite, dolomite, 
two different quartz types and two different limestone types. The experimental data 
for the expansion of aggregates are taken from literature (Flynn 1999). Free thermal 
strains for the analysed aggregate types are presented in Figure 8.49 (left). In order 
to obtain free thermal strain for concrete at macro-scale, thermal dilatation of con-
crete is analysed using the meso-scale model, and incorporating the thermal strain 
for each component. In this way the total thermal strain (free thermal strain) for con-
crete at macro-scale is obtained. These results are presented in Figure 8.49 (right).  
 

 
Figure 8.49. Free thermal strains of different aggregates (left) and corresponding 
concretes (right) 

Permeability of the aggregates is assumed to be significantly lower than that of ce-
ment mortar (approximately one order of magnitude lower). Free thermal strain of the 
cement mortar is kept constant for all aggregate types. Furthermore, mechanical 
properties of all the aggregate types are assumed to be constant. Even though there 
are certain variations in mechanical properties of different aggregates, the variation 
within each material is very pronounced. Moreover, this study is mainly concentrated 
on investigating the difference in behaviour caused by the differences in free thermal 
strain. The analyses are performed for ISO 834 fire scenario and for concrete relative 
humidity 70 % at a permeability of 4x10-14 m/s at meso-scale and 6x10-15 m/s at mac-
ro-scale. 
 
The time of spalling and volumetric stress for all aggregate types in case of macro-
scale model are presented in Figure 8.50. Even though corresponding concrete types 
exhibit very different thermal dilatation, as visible in Figure 8.49 (right), the effect of 
the thermal dilatation exhibits almost no effect on the explosive spalling.  
 
These results correspond well to the previous finding that the failure at macro-scale 
is mainly governed by pore pressure. In addition to lacking localization of failure and 
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inability to predict the effect of external compressive stress, macro-scale modelling 
approach is also inadequate to capture the effect of aggregate nature on the suscep-
tibility of concrete to explosive spalling. 
 
The time of spalling and failure strain rate for all aggregate types in case of meso-
scale model are presented in Figure 8.51. Time to initial spalling increases for de-
creasing thermal dilatation of aggregates. Lower thermal dilatation of aggregates re-
sults in decreased incompatibility of the concrete phases, and consequently, slower 
development of thermally induced stresses. Therefore, the time of initial spalling re-
duces for aggregates with lower free thermal strain. However, the intensity of spalling 
as evaluated by strain rate at failure does not change significantly. The intensity of 
spalling is mainly governed by increase of heating and the pore pressures. 
 

  
Figure 8.50. Time of spalling for concretes with different aggregates – macro-scale 

  
Figure 8.51. Failure strain rate and time of spalling for concretes with different aggre-
gates – meso-scale 

 Since relative humidity and permeability are kept constant for all the aggregate 
types, pore pressure and volumetric stress at failure do not change significantly. This 
results in a slight change of failure strain rate, i.e. failure strain rate increases for ag-
gregates with lower thermal dilatation. Pore pressure and volumetric stress at the 
onset of spalling are shown in Figure 8.52. Similar to all meso-scale models present-
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ed previously, stresses parallel to the heated surface remain almost constant at 
about 80 % of the compressive strength.   
 

 
Figure 8.52. Volumetric stress and pore pressure for concretes with different aggre-
gates – meso-scale 

8.4.3.7 Aggregates distribution (meso-scale model) 

The main motivation for the numerical analysis at meso-scale is the local character of 
explosive spalling. Keeping this in mind, it is required to assess the influence of dif-
ferent inhomogeneities in concrete. One of these is also the distribution of aggregate 
pieces within the concrete. Three different aggregate distributions are investigated. 
The three models (A, B and C) are shown in Figure 8.53. The analyses are per-
formed for ISO 834 fire scenario, concrete relative humidity of 70 % and permeability 
of 6x10-15 m/s. Moreover, the influence of relative humidity is investigated for all three 
aggregates distributions. Change in the distribution of aggregates influences the local 
distribution of pore pressures and volumetric stresses, since dense aggregates im-
pede the transport of water and water vapour towards the inner parts of concrete 
specimen. 
 
Furthermore, thermally induced stresses also distribute differently. These changes of 
local parameters results in a change of location of explosive spalling, as can be ob-
served in Figure 8.53. Not only the location of spalling changes, but there is also a 
change in time of initial spalling (Figure 8.54). This can also be explained by the in-
fluence of aggregates on distribution of pore pressure and thermally induced stress-
es. In the experiments and literature it is observed that the location of initial spalling 
is random even for the concrete specimens from the same batch. Numerical analysis 
shows that the distribution of aggregates plays an important role with respect to local-
ization of damage. However, in real concrete specimens there are even more inho-
mogeneities than encompassed by this relatively simple model. For example, slight 
change in porosity of concrete mortar can result in a very pronounced change in 
permeability. However, such local changes of the cement matrix structure are not 
subject of this investigation. Figure 8.54 shows the effect of relative humidity on the 
behaviour of concrete with different distribution of aggregates. Even though the abso-
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Figure 8.55. Pore pressure and volumetric stress for different aggregates distribu-
tions – meso-scale 

8.4.4 ZTV-ING fire 

It is previously shown that the macro-scale model can only partially capture the ex-
plosive spalling of concrete and that the meso-scale model is more suitable for anal-
ysis of localized damage caused by explosive spalling. Therefore, the analysis for the 
ZTV-ING fire curve is performed only at meso-scale. The analyses are carried out in 
order to investigate the effect of relative humidity, permeability and compressive load 
on explosive spalling. 

8.4.4.1 Relative humidity 

The analysis is performed for permeability of 6x10-14 m/s and following relative hu-
midity values: 0 %, 20 %, 40 %, 70 %, 85 % and 100 %. Figure 8.56 gives an over-
view of the relevant parameters with respect to relative humidity.  
 
In general, the overall trends are very similar to those observed for the ISO 834 fire, 
with decreasing probability of explosive spalling for lower relative humidity of con-
crete. However, the time of spalling does not differ much for the whole permeability 
range. This is due to the high thermal gradients, and consequently, high thermally 
induced stresses and pore pressures. Alone the thermally induced stresses lead to 
cracking (non-explosive spalling) after only 4 minutes of fire. 
For all the investigated relative humidity values, the compressive stresses parallel to 
surface remain constant at around 80 % fc. With increasing relative humidity, the 
moisture zone is created earlier and higher pore pressures and volumetric stresses 
are generated. In combination with high thermal stresses, these lead to very sudden 
bursting of concrete surface layers. For the analysed case, the change from explo-
sive to non-explosive damage takes place at relative humidity of approx. 45 %. 
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Figure 8.56. Influence of relative humidity on behaviour of HPC under ZTV-ING fire – 
meso-scale model 

8.4.4.2 Permeability 

The analysis is performed for relative humidity 70 % and following permeability val-
ues: 1x10-15 m/s, 6x10-15 m/s, 2x10-15 m/s, 4x10-14 m/s, 8x10-14, 2x10-13 m/s and 
1x10-12 m/s.  
 
As shown in Figure 8.57, lower permeability leads to an earlier spalling and a higher 
probability of explosive spalling. Due to the very high thermal gradients which inevi-
tably lead to some sort of damage, the influence of permeability on time of spalling is 
very low. Nevertheless, for very high permeability values, the mode of failure chang-
es from explosive to non-explosive spalling. This can be observed in the reduction of 
failure strain rate, as well as in the significant decrease of volumetric stress at the 
time of spalling.  
 
Same as in all the previous analyses, the level of stresses parallel to the heated sur-
face is almost constant at approx. 80 % fc independent of the permeability value. It is 
worth mentioning that the level of thermally induced stresses at failure (meso-scale 
analysis) remains unchanged for both fire scenarios presented so far, thus confirming 
the importance of this parameter. 
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These results are consistent with the behaviour observed in the experimental part of 
the work. Plain concrete exhibited extensive explosive spalling, whereas concrete 
with PP fibres underwent severe thermally induced cracking. The permeability of the 
two concretes did not differ significantly at room temperature, however, the concrete 
with PP fibres exhibited an increase in permeability of 2 orders of magnitude when 
heated up to 200 °C. Comparing the performance of concrete at 3x10-15 m/s (plain 
concrete which experienced explosive spalling) and 3x10-13 m/s (concrete with PP 
fibres with did not spall) in Figure 8.57, it can be concluded that the model can realis-
tically predict the behaviour of concrete in fire with respect to permeability. 
 
 

 

 
Figure 8.57. Influence of permeability on behaviour of HPC under ZTV-ING fire – 
meso-scale model 

8.4.4.3 Compressive load 

The analysis is performed for relative humidity 70 % and permeability of 6x10-14 m/s. 
Compressive load ranged from 0 % to 50 % of compressive strength.  
 
An overview of relevant parameters at the location of spalling is provided in Figure 
8.59 and Figure 8.59. Similar as in the case of ISO 834, compressive load applied 
before heating results in an earlier failure. However, the failure strain rate reduces 
with increasing load level thus indicating that the intensity of failure is reduced. At 
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very high load levels (40-50 % fc) the failure tends to change from explosive spalling 
to thermally induced cracking. This trend is also indicated by very low levels of pore 
pressure and volumetric stress at high load levels. Stresses parallel to the heated 
surface slightly increase for higher load levels, also pointing towards the failure driv-
en mainly by the compressive stress, i.e. non-explosive damage. 
 

  
Figure 8.58. Influence of compressive load on behaviour of HPC under ZTV-ING fire 
– meso-scale model 

   
Figure 8.59. Influence of compressive load on behaviour of HPC under ZTV-ING fire 
– meso-scale model 

8.4.5 Constant heating rate 

Seven different heating rates are investigated, viz. 40 °C/min, 60 °C/min, 80 °C/min, 
100 °C/min, 120 °C/min, 160 °C/min,  and 200 °C/min. Concrete with relative humidi-
ty of 70 % and permeability of 6x10-14 m/s is used in all the analyses. The analysis is 
performed only for the meso-scale model. 
 
The time of occurrence of explosive spalling for all the heating scenarios is plotted in 
Figure 8.60 (right). The crucial impact of the heating rate scenario on explosive spall-
ing observed in the experiments is realistically captured by the numerical analyses. 
At high heating rates failure occurs approx. four times earlier than in case of relatively 
slow heating rate. The impact of heating rate on the spalling time is more pronounced 
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than any change in the material properties. Failure strain rate (Figure 8.60 left) indi-
cates that the intensity of spalling increases with increasing heating rate.  
 
Thermally induced stresses parallel to the heated surface at the time of failure are 
shown in Figure 8.61 (left) and it can be observed that these remain almost constant 
(around 80 % fc) independent of the heating rate. Comparing these values with those 
obtained for ISO 834 and ZTV-ING fire it is evident that the level of compressive 
stresses at failure remains constant for all fire scenarios. With increased heating rate 
thermally induced stresses develop faster due to higher thermal gradient across the 
concrete section and explosive spalling can take place earlier. However, the failure is 
explosive only if a sufficient level of pore pressure and volumetric stress is reached. 
 

  
Figure 8.60. Failure strain rate at the location of cracking (left) and time of explosive 
spalling (right), for different heating scenarios 

 
Figure 8.61. Development of relevant parameters at the location of cracking for dif-
ferent heating scenarios: stress parallel to the heated surface (left), volumetric stress 
and pore pressure (right) 

Pore pressures follow the same trend as compressive stresses since increased 
thermal gradients result in an earlier creation of a saturated zone in concrete. The 
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nificantly to the mechanism and should, therefore, be accounted for. One of the aims 
of this study is to evaluate the performance of two modelling approaches, namely 
macro- and meso-scale, in case of high performance concrete exposed to elevated 
temperatures. At meso-scale, concrete is modelled as a three phase material com-
prising cement mortar, coarse aggregates and interfacial transition zone between the 
two. Specimen is exposed to one sided heating according to two widely used fire 
scenarios (ISO 834 and ZTV-ING) as well as to different constant heating rates. 
 
First, the two modelling approaches are validated against experimental data. It is 
found that for the two isolated cases both models give reasonable results with re-
spect temperature distribution and time of spalling, however, macro-scale approach 
is unable to capture the local failure. It is found for both models that thermally in-
duced stresses alone (thermo-mechanical model) cannot cause explosive spalling 
i.e. that explosive spalling requires certain level of pore pressures. Moreover, it is 
found that geometric nonlinearity enhances explosive spalling in a way that it occurs 
somewhat earlier. However, instability caused by high thermally induced stresses is 
not one of the main driving forces behind explosive spalling.  
 
Both modelling approaches can realistically reproduce the effect of relative humidity 
and permeability. As found in experiments, increased humidity of concrete promotes 
spalling, since it governs the amount of water (and water vapour) in concrete. At 
higher humidity, spalling is more likely to occur and it takes place earlier than at lower 
humidity. Macro-scale model predicts explosive spalling only in a very small range 
(from relative humidity ranging from 70 % to 100 %), for permeability of 6 x 10-15 m/s 
in case of ISO 834 fire. Meso-scale approach predicts spalling for a wider range of 
humidity (from rH 50 % to rH 100 %) for the same permeability.  
 
The main difference between the two modelling approaches is the failure mecha-
nism. Macro-scale model fails at almost same pore pressure, thus indicating that 
pore pressures govern the occurrence of spalling. Low thermal stresses at failure 
underline the importance of pore pressure. On the other hand, meso-scale model 
fails as a consequence of combined action of thermally induced compressive stress-
es and pore pressure, whereby pore pressure acts as a trigger to the energy accu-
mulated due to high compressive stresses.  
 
Permeability is one of the main material properties that govern explosive spalling, 
since it controls the ability of concrete to transport fluids. Both the models can cap-
ture the effect, whereby macro-scale model predicts only much smaller range of 
permeability at which concrete can spall than the meso-scale model. Macro-scale 
model fails at almost constant pore pressure over the whole range of permeability 
values, whereas meso-scale model experiences failure at lower pore pressures for 
higher permeability. 
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In case of imposed compressive stress, the two modelling approaches differ signifi-
cantly. Macro-scale model predicts a slightly beneficial influence of load on suscepti-
bility to explosive spalling. This is mainly due to the fact that macro-scale model fails 
when pore pressure exceeds certain critical value and the influence of thermally in-
duced stresses is very small. Since all macro-scale analyses mentioned so far are 
performed with predefined LITS, one series of analyses is performed without LITS 
predefinition. It is found that macro-scale tends to fail over the whole heated surface 
even when LITS is not accounted for. Moreover, the effect of compressive stress and 
restraint also cannot be captured. Meso-scale model predicts the experimentally ob-
served effect of load and restraint on explosive spalling, whereby explosive spalling 
occurs earlier if preloading is present. At very high load levels, the failure seems to 
change from explosive to non-explosive damage due to cracking caused by high 
compressive stresses.   
 
The influence of aggregate nature is also investigated for both approaches. In case 
of macro-scale modelling approach, almost no effect of aggregate type is observed. 
Type of aggregate is found to have a significant influence on spalling in case of me-
so-scale approach. Aggregates with low thermal dilatation as well as thermally stable 
aggregates render concrete less susceptible to explosive spalling. This is associated 
with the degree of incompatibility between mortar and aggregates, and consequently 
with thermally induced stresses. 
 
Meso-scale model is further analysed for different aggregate distributions. It is found 
that the local geometry of aggregates can influence the location of spalling. This par-
tially explains the random behaviour observed in the experiments. 
  
The effect of different heating rates is investigated at meso-scale. For slow heating 
rate explosive spalling occurs much later than for fast heating rates, and it is also as-
sociated with lower intensity and at a lower level of pore pressure. The rate of heat-
ing controls both thermally induced stresses and pore pressures; hence it has a very 
important influence the occurrence of spalling as well.  
 
Overall, it can be concluded that explosive spalling is successfully modelled only at 
meso-scale. The main cause for explosive spalling is the release of potential energy 
accumulated due to high stresses. The trigger to this release is pore pressure and it 
is the governing parameter which defines whether the spalling will be of explosive or 
non-explosive type (thermally induced cracking). 
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9. CONCLUSIONS AND OUTLOOK 

In the framework of the present work, explosive spalling of high performance con-
crete (HPC) is analysed employing experimental and numerical techniques. The re-
sponse of concrete to two different heating scenarios is investigated on medium size 
slabs (700 x 700 x 350 mm) heated from one side only. As can be expected, con-
crete undergoes explosive spalling much earlier in case of fast tunnel fire scenario 
than in case of ISO 834 fire. Both concrete mixtures possessed lower moisture con-
tent at room temperature than the limit moisture provided in the current codes. These 
experiments point out the fact that some of the current code provisions are insuffi-
cient to mitigate explosive spalling. This is mostly due to the fact that these provi-
sions are based on relatively old experimental data which were obtained for concrete 
without cement replacements, such as fly ash and silica fume. Moreover, the efficacy 
of polypropylene (PP) fibres is evaluated. Severe spalling is observed for both sce-
narios in case of plain HPC, whereas fibre addition almost completely alleviated 
spalling. It is well known that PP fibres mitigate spalling by increasing permeability of 
concrete.  
 
In the second stage, an experimental setup for permeability measurements at room 
and elevated temperatures is developed and validated against widely used CEM-
BUREAU method. Permeability of concrete used in the fire experiments (without and 
with PP fibres) is measured at temperatures ranging from 20 °C to 300 °C. Concrete 
without PP fibres exhibits almost linear increase in permeability with rising tempera-
ture (in semi-log scale). These results are consistent with the findings of other re-
searchers. However, the permeability of concrete with PP fibres increases already at 
temperature between 80 °C and 130 °C, thus indicating that the melting of fibres (at 
approx. 160 °C) is possibly not the only mechanism that contributes to the permeabil-
ity increase. Concrete with fibres is further observed employing a scanning electron 
microscope at room temperature and after exposure to 200 °C. It is observed that the 
interface between concrete and fibre is initially very pronounced, with quite rough 
transition between the two phases. After exposure to 200 °C for various duration pe-
riods, it is observed that the melted fibres flow only into the micro-cracks generated 
around the fibre, but not in the cement matrix.  
 
The interaction of compressive stresses and pore pressure is investigated on con-
crete cubes with side length of 150 mm. These are first heated to 230 °C to generate 
certain pore pressures within concrete and subsequently loaded in compression. It is 
found that concrete with short exposure to 230 °C fails in a typical compressive fail-
ure, whereas concrete heated for a longer period spalls very explosively. These very 
simple tests demonstrate the combined action of compressive stresses and pore 
pressure. Furthermore, it is shown that the same concrete cubes do not spall explo-
sively if no additional compressive load is imposed (when cubes are taken out of the 
oven without subsequent loading in compression). 
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Further experimental study is necessary in order to understand the mechanism by 
which PP fibres contribute to permeability increase at temperatures below and 
around melting point. Scanning electron microscopy is shown to be a useful tool for 
such investigation and future research should be directed towards simultaneous 
measurement of permeability, porosity and investigation of microstructure especially 
at temperatures between 80 °C and 200 °C. Furthermore, experiments on specimens 
with different relative humidity and under compressive load applied prior to heating 
are required to fill the gaps in the existing data. 
 
Numerical part of the study is performed employing the thermo-mechanical and 
thermo-hygro-mechanical model developed by Periskic (2009). Experimental meas-
urements and existing experimental data point out some of the most important char-
acteristics of explosive spalling, namely its stochastic nature and local character. In 
order to effectively simulate this phenomenon numerically, it is essential to account 
for the heterogeneity of concrete by employing meso-scale modelling approach. The 
transition from typically used macro-scale to meso-scale required certain adaptions 
of the thermo-hygro-mechanical model. Comparative study of behaviour of macro- 
and meso-scale model with respect to free thermal strain and load induced thermal 
strain is performed and it is found that the explicit definition of LITS is not required in 
case of the meso-scale model, as opposed to the macro-scale model. 
 
One of the main objectives of the numerical study is to compare the performance of 
the two modelling approaches to capture the phenomenon of explosive spalling. 
Firstly, the two modelling approaches are used to simulate the experiments on slabs 
under one-sided heating. It is found that the thermo-mechanical model cannot predict 
any aspect of explosive spalling. When employing the thermo-hygro-mechanical 
model, both modelling approaches predicted explosive spalling with reasonable ac-
curacy, however, macro-scale model could not capture the localization of failure ob-
served in the experiments. Further, the two modelling approaches are employed to 
investigate the effect of main influencing parameters on spalling. Both resulted in in-
creased likelihood of explosive spalling in case of high relative humidity, confirming 
the experimentally observed trends. Similarly, lower permeability is found to signifi-
cantly increase the likelihood of spalling. Beyond certain permeability value, explo-
sive spalling is completely avoided, which again corresponds well to the available 
experimental data. However, the detrimental effect of compressive stress cannot be 
captured using macro-scale model, whereas meso-scale model realistically repro-
duces experimentally observed tendency of increased likelihood of spalling at higher 
loads. Compressive stress contributes to total stress level and together with thermally 
induced stresses results in earlier occurrence of explosive spalling in concrete.  
 
Furthermore, macro-scale model exhibited almost no sensitivity to different aggre-
gate types (different thermal strain). However, at meso-scale it is found that aggre-
gates with higher thermal dilatation promote spalling, as is observed in the experi-
ments available in the literature. Hence, use of thermally stable aggregates can be 
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used as a passive measure to reduce explosive spalling. However, the use of PP 
fibres is the most effective measure and cannot be replaced solely by using more 
appropriate aggregates. The effect of aggregate distribution in concrete is studied on 
meso-scale model. The distribution of aggregates in concrete governs the location of 
the initial spalling event. These results are helpful for better understanding of the 
random nature of spalling in terms of spalling location.  
 
Even though both modelling approaches exhibited relatively good agreement with 
trends observed in the experiments, it is found that the two models differ significantly 
in the mechanism that leads to explosive spalling. Spalling of macro-scale model is 
mainly driven by pore pressures, and the role of thermally induced stresses is insig-
nificant. On the other hand, meso-scale model predicts spalling as a combination of 
thermally induced stresses and pore pressures, whereby pore pressure act as a trig-
ger that relieves the potential energy accumulated due to high thermally induced 
compressive stresses. This type of combined action corresponds well to the behav-
iour of heated cubes presented in the experimental part of the study. Macro-scale 
model is found to be inadequate to predict explosive spalling since it cannot capture 
the local character of the failure nor the effect of compressive load on spalling, 
alongside with the fact that it almost completely neglects the effect of thermally in-
duced stresses.  
 
Numerical results presented in this thesis allow us to better understand the mecha-
nism of explosive spalling as well as the main influencing parameters. However, fur-
ther work is needed in order to clarify the effect of PP fibres. This can be performed 
by discrete modelling of fibres and corresponding implementation of the softening 
and melting processes of polypropylene in the FE code. 
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