
LICENTIATE THESIS IN CIVIL AND ARCHITECTURAL ENGINEERING

STOCKHOLM, SWEDEN 2015

KTH ROYAL INSTITUTE OF TECHNOLOGY
SCHOOL OF ARCHITECTURE AND THE BUILT ENVIRONMENT

Durability of fi re 
exposed concrete

Experimental Studies Focusing on 
Stiff ness & Transport Properties

JOAKIM ALBREKTSSON



Durability of fire exposed concrete
- Experimental Studies Focusing on Stiffness & Transport Properties

JOAKIM ALBREKTSSON

Licentiate Thesis
Stockholm, Sweden 2015



Durability of Fire Exposed Concrete
Experimental Studies Focusing on Stiffness & Transport Properties

JOAKIM ALBREKTSSON

c©JOAKIM ALBREKTSSON

TRITA-BKN. BULLETIN 133, 2015
ISSN 1103-4270
ISRN KTH/BKN/B–133–SE

KTH Royal Institute of Technology
Department of Civil and Architectural Engineering
Division of Concrete Structures
SE-100 44 Stockholm
Sweden

Telephone +46 (0)8 790 80 42
Fax: +46 (0)8 21 69 49



Abstract
Road and rail tunnels are important parts of the modern infrastructure. High strength con-
crete (HSC) is commonly used for tunnels and other civil engineering structures, since it
allows high load carrying capacity and long service life. In general, Swedish road and rail
tunnels should be designed for a service life of 120 years. However, HSC has shown to
be sensitive to severe fires in the moist tunnel environment, i.e., fire spalling may occur.
Extensive research shows that addition of polypropylene (PP) fibres in the fresh concrete
mix significantly reduces the risk of fire spalling. The durability of a concrete structure is
mainly governed by the transport properties. Further, experimental studies aimed at un-
derstanding the protective mechanism of PP fibres indicate that fluid transport increases
in connection with the melting temperature of such fibres. This might reduce the dura-
bility of fire exposed concrete with addition of PP fibres. This study aims to investigate
whether the use of PP fibres has any significant effect on the durability of moderate fire
exposed concrete structures.

The experimental study focused on transport properties related to durability and stiff-
ness reduction of fire exposed civil engineering concrete with and without addition of PP
fibres. The study consists of three parts; (i) unilateral fire exposure in accordance with
the standard time-temperature curve (Std) and a slow heating curve (SH), (ii) uniformly
heating of non-restrained samples to 250◦C, and (iii) moderate unilateral fire exposure,
350◦C, of restrained samples. Changes in material properties caused by the fire exposure
were studied by means of ultrasonic pulse velocity, full field-strain measurements during
uniaxial compression core tests, polarization and fluorescence microscopy (PFM), water
absorption and non-steady state chloride migration.

The study shows that fire exposure influences different properties of importance for load
carrying capacity and durability. To get a clear image of the fire damage one has to com-
bine different test methods during damage assessments. Transport properties of concrete
both with and without addition of PP fibres were considerably affected even at moderate
fire exposure. Hence, the service life might be reduced. All series with addition of PP
fibres exhibited higher water absorption compared to the series without PP fibres. The
practical importance of this might, however, be small since also the water absorption of
concrete without PP fibres was considerably affected for the fire scenarios considered in
this study. Behind the fire exposed surface, i.e., between 30 and 60 mm, no change in
water absorption was observed for concrete without PP fibres. However, higher water
absorption of the series with addition of PP fibres was observed.

Indicative fire tests aimed to evaluate the resistance to fire spalling during a subsequent
severe fire was also conducted. The concretes with addition of PP fibres showed no signs
of fire spalling, while progressive spalling was observed for the concrete without PP fi-
bres.
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Sammanfattning
Väg- och järnvägstunnlar utgör viktiga delar i den moderna infrastrukturen. Tunnlar
och andra anläggningskonstruktioner byggs ofta med så kallad höghållfast betong vilket
möjliggör konstruktioner med hög bärförmåga och lång livslängd. Generellt sett ska sven-
ska väg- och järnvägstunnlar dimensioneras för en teknisk livsläng av 120 år. Dock har
höghållfast betong i fuktiga tunnelmiljöer visat sig vara känslig för kraftig brandpåverkan,
alltså så kallad brandspjälning kan ske. Omfattande forskning visar att tillsats av poly-
propylenfibrer (PP) i den färska betongen avsevärt minskar risken för brandspjälkning.
En betongkonstruktions beständighet bestäms i hög grad av den använda betongens trans-
portegenskaper. Experimentella studier som syftat till att förstå PP-fibrernas funktion vid
brandpåverkan visar att betongens transportegenskaper förändras mot snabbare genom-
strömning i samband med att PP-fibrerna smälter. Detta skulle kunna leda till försämrad
beständighet efter brandpåverkan jämfört med betong utan tillsats av PP-fiber. Denna
studie syftar till att undersöka om användandet av PP-fiber har någon betydande effekt på
beständigheten hos anläggningsbetong efter måttlig brandpåverkan.

Den experimentella studien fokuserade på transportegenskaper kopplade till beständighet
samt styvhetsreduktion hos anläggningsbetong med och utan tillsats av PP-fiber. Stu-
dien består av tre delar, (i) ensidig brandpåverkan enligt standardbrandkurvan (Std) samt
långsam uppvärmning (SH), (ii) jämn uppvärmning till 250◦C, utan inspänning, (iii)
måttlig ensidig brandpåverkan, 350◦C, med inspänning. Förändringar i materialegenskaper
utvärderades efter brandpåverkan med provningsmetoder för ultraljudhastighet, beröringsfri
deformationsmätning vid enaxligt tryckprov, polarisation- och fluorescensmikroskopi (PFM),
vattenabsorption och icke-stationär kloridmigration.

Studien visar att brandpåverkan påverkar många egenskaper med betydelse för bärförmåga
och beständighet. För att få en tydlig bild av brandskadan bör olika bedömningsmetoder
kombineras vid skadeutredningar. Transportegenskaperna för betong både med och utan
tillsats av PP-fiber påverkas betydligt även vid måttlig brandpåverkan, vilket kan leda
till förkortad livslängd. Samtliga serier med tillsats av PP-fiber gav högre vattenabsorp-
tion jämfört med serierna utan PP-fiber. Den praktiska betydelsen av detta tros vara liten
eftersom även vattenabsorptionen för betongen utan PP-fiber ökande betydligt efter de
brandscenarier som användes i den här studien. Bakom den brandpåverkade ytan, dvs.
mellan 30 och 60 mm observerades ingen förändring i vattenabsorption för betongen utan
PP-fiber. Dock erhölls en högre vattenabsorption för serierna med tillsats av PP-fiber.

Indikativa brandprov för att utvärdera spjälkningsmotståndet vid en efterkommande kraftig
brand genomfördes även. Betongen med tillsats av PP-fiber visade inga tecken på spjälkning,
däremot noterades successiv spjälkning för betongen utan PP-fiber.

Nyckelord: Betong, Brand, Polypropylenfibrer, Beständighet, Tunnel, Skadeutredning,
Ultraljud, Vattenabsorption, Kloridmigration, DIC
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Chapter 1 : Introduction

1 Introduction

1.1 Background
Tunnel structures should generally be design for a service life of 120 years according to
Swedish regulations. Different mechanisms caused by environmental impact or internal
causes may gradually deteriorate the concrete during its service life. However, tunnel ac-
cidents might result in collisions, fires or explosions causing a significant change in con-
crete properties. Civil engineering concrete, i.e. high strength concrete (HSC), has shown
to be sensitive to severe fires in the moist tunnel environment. This may result in fire
spalling. Extensive research has shown that addition of polypropylene (PP) fibres in the
fresh concrete mix reduce the risk of fire spalling. However, less attention has been paid
to post-fire durability of moderate fire exposed concrete structures where the mechanical
properties are not considerably influenced. Durability of concrete is mainly governed by
the transport properties and research aimed to understand the protective mechanism of
PP fibres indicates that fluid transport increases in connection with the melting temper-
ature of such fibre. Increased knowledge in this field may allow conducting appropriate
measure after fire exposure and avoiding accelerated deterioration processes which will
reduce the service life of important and expensive parts of the infrastructure.

1.2 Aim and limitations
The aim of this work was to investigate if the PP fibres have any significant effect on
the concrete durability after fire exposure, especially in cases where the reduction of the
compressive strength and stiffness are not considerable. This study focuses on tunnel
concrete exposed to a moderate fire.

1.3 Outline of the thesis
Chapter 1 presents the background, aim and limitations of the study. In Chapter 2 the
basic mechanisms of concrete deterioration mechanisms are briefly presented. This is
followed by a short description of tunnels fires and fire exposed concrete. The used ex-
perimental test methods and main results from the experimental study are summarized in
chapter 3. Finally, a discussion of the topic is given in chapter 4, the main conclusions
drawn from the study are presented in chapter 5 and some suggestions on future research
are presented in chapter 6.
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Chapter 2 : Literature study

2 Literature study
A literature study on deterioration mechanisms of concrete, properties related to dura-
bility, tunnel fires and fire exposed concrete with and without addition of polypropylene
(PP) fibres has been conducted. The outcome of the study is presented in this chapter.

2.1 Durability of concrete
Concrete is a composite material where the main components are aggregate and cement
paste. The properties of the concrete can be controlled by varying the the grading of the
aggregates, the composition of the cement paste and the casting and curing procedure.
A common design parameter is the compressive strength, requirements on strength are
usually fulfilled by specifying an appropriate w/c-ratio. However, high strength is not the
same as high durability [1]. In the following chapter a brief description of fluid transport
in concrete, common deterioration processes, i.e. uniform and chloride induced corrosion
and frost attacks, is given. A more comprehensive description of deterioration processes
of concrete, including also alkalisilica reaction (ASR), leaching of lime compounds and
chemical attacks can be found in different text books.

2.1.1 Microstructure of concrete

When cement is mixed with water cement gel starts to develop on the perimeter of the
cement grain [2]. In a well mixed fresh concrete the cement grains are well distributed.
During the hydration process the amount of cement gel increases and after some hours
the cement gel from neighboring grains grow together, thus strength is developed. The
reaction product, i.e. gel particles, calcium hydroxide and gel pores, in the hydration
process occupies about 55% more than the original grain volume after full hydration. The
internal porosity of the cement gel is about 28%. In cement pastes with a w/c-ratio above
0.39 some space between the reaction products will still be empty after full hydration.
These pores are called capillary pores. However, cement paste with w/c-ration below 0.39
will also usually contain capillary pores since full hydration very seldom occur. After a
certain time of hydration the continued capillary pore system is blocked by cement gel
formations, resulting in isolated capillary pores. A paste with high w/c-ratio requires
longer curing time than a paste with low w/c-ration to create a discontinued capillary
pore system. A lager type of pores than the capillary pores is the hollow shell pores
[3]. These are developed while the cement gel is growing from the original cement grain
boundary, and out in the capillary pore space, and the cement grain recede during the
hydration process. Despite the size of the pores the contribution to fluid transport is very
low. The hollow shell pores are only connected to the capillary pores by the gel pores [4].

KTH Royal Institute of Technology, Civil and Architectural Engineering, Lic. Thesis 3
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2.1.2 Moisture transport in concrete

The role of water in concrete has been known the last century. ”Water penetration is di-
rectly or indirectly the cause of the majority of disintegrations in concrete and the degree
to which water penetration is permitted by the texture of any concrete is a direct measure
of its strength and endurance” [5]. All deterioration processes of concrete, except me-
chanical damage, involve transport of fluids [6]. Moisture is the main component in both
frost attacks and in the corrosion process. The main transport of fluids and aggressive
agents occur through the continuous phase, i.e. the cement paste. Locally higher trans-
port properties is found in the porous zone between the aggregate and the cement paste,
the interfacial transition zone (ITZ). This zone occupies as much as one-third to one-half
of the total paste volume. Nevertheless the contribution to the total transport is low due
to the discontinuous of the zones [6]. Some transport even occurs through the aggregate,
but even this contribution to the total transport is low. Reducing the moisture transport
and moisture fixation in concrete will considerably improve the durability. The moisture
condition even influences transport of gases, liquids and ions. In the following section the
main moisture transport phenomena in concrete are described:

Moisture sorption
Concrete is a hygroscopic material which means that moisture can be attached to the con-
crete. The moisture content is dependent on the ambient conditions. i.e. relative humidity
(RH), temperature and pressure but also the degree of hydration. For every change in am-
bient condition the moisture content in concrete will stabilize after a sufficient time. The
moisture capacity of concrete is very high. However, the resulting moisture content is
dependent on the moisture history. The concrete moisture content gets higher if the equi-
librium is reached by decreasing the surrounding RH and vice verse.

Moisture adsorption
Even at very low RH some water fixation along the pore walls will occur. When the
RH increases more moisture is adsorbed to the pore walls. The bonding forces are de-
creasing with distance from the pore wall. Capillary condensation between pore walls
with acute angle and at narrow connecting pores will coincide as the adsorption increases
above 45%, i.e. menisci are created. Any gas transport through the pore system is then
restricted by the menisci.

Moisture permeability or convection and water pressure
The ability of fluid transport through concrete under a pressure gradient is called perme-
ability. Both vapour and liquid water can penetrate concrete if a pressure gradient exists.
Since the pore structure of the cement paste is very fine the permeability of concrete is
low. The permeability of concrete is governed by the capillary porosity. Any variation in
size, shape, distribution and connectivity of the capillary pores will influence the perme-
ability. The w/c ratio and the curing procedure will consequently strongly influence the
permeability of the concrete. At approximately a w/c ratio of 0.4 the capillaries becomes

4 KTH Royal Institute of Technology, Civil and Architectural Engineering, Lic. Thesis



Chapter 2 : Literature study

segmented [6]. This will significantly reduce the permeability and the risk of ingress of
aggressive substances caused by a pressure gradient. During drying of a concrete the
cement paste may shrink while some of the cement gel between the capillary pores are
destroyed, resulting in increased permeability.

Moisture diffusion
A change in ambient conditions of a concrete structure may cause a difference in concen-
tration of gases or dissolved chemicals in relation to the concrete condition. Any changes
in concentration results in diffusion, i.e. movement, of gases or dissolved chemicals from
the region with highest concentration. A change in RH will thus start diffusion of vapour
towards or away from the concrete. Similarly, an increased concentration of aggressive
substances in the surrounding will cause diffusion of such substances through the con-
crete cover [6]. Gases can diffuse through both air filled pores and water filled pores.
However, the diffusion in water filled pores is of 4 order of magnitude lower than in air
filled pores. When the vapour reach the inlet of a water filled narrow pore, a meniscus, the
moisture condensates. Simultaneously, moisture is evaporated at the outlet of this pore.

Capillary suction
In concrete structures with access of water from any vertical side or from below, water is
drawn in to the concrete by capillary forces. Imagine a vertical pore at the lower surface
of the concrete with access to water. The intermolecular forces, adhesion forces, between
the water and the pore walls will spread out the water on the pore walls, i.e. lift the water
upwards along the pore wall [7]. The pore wall has some surplus energy which is used to
bound the water, thus the energy of the system is lowered. At the same time the surface
tension between the air and the water, i.e. cohesive forces, hold the water together. Since,
concrete is a hydrophilic material the adhesion forces are much higher than the cohesive
forces. At the gas/liquid/solid interface for a cylindrical pore the mechanical equilibrium
is defined by the Young-Lapalce equation:

pc = −2σ
r
cosΦ (2.1)

where pc is the capillary pressure, σ is the surface tension on the interface, r is the radius
of the cylindrical pore and Φ is the contact angel of the meniscus [8], see Figure 2.1.

Figure 2.1: Shematic sketch of a cylindrical pore
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Note that the capillary pressure is negative, this means that tensile stresses will act on the
water. The capillary pressure in Eq. (2.1) is only valid at the height of the meniscus, the
under pressure is decreasing linearly from the meniscus to the free water surface [7]. The
total amount of absorbed water at time t is approximated by Eq. (2.2):

mt = k
√
t (2.2)

where k i the water absorption coefficient which is experimentally determined by a water
absorption test [9]. After sufficient time the meniscus will stabilize at a certain height, h.
At this height the capillary pressure and the weight of the water column is in equilibrium.
The maximum height of the water column is defined by:

h =
2σcosΦ

ρgr
(2.3)

where ρ is the density of water and g is the gravity [7]. As shown in Eq. (2.3) the height of
the water column is inverse proportional to the radius of the capillary pore. That means
that an infinitely narrow pore will give a infinitely high water column. However, the
tensile strength of water allows capillary action in pores not less than 14 Å [7].

2.1.3 Reinforcement corrosion

Deterioration of steel reinforced concrete structures are mainly caused by corrosion [6].
The alkaline condition in hardened concrete gives a pore water with high pH. In such
alkaline condition an oxide layer is formed on the steel in presence of sufficiently amount
of oxygen. This passive oxide layer has a very low solubility, which protect the steel from
corrosion [2]. No corrosion will occur as long as the oxide layer is intact. However, if
aggressive substances, as chlorides, sulphates or carbon dioxide penetrate the concrete
cover the passive layer will be destroyed [6]. The electrochemical corrosion process may
then be initiated. Positive charged ferrous ions are in such case released at the anode area
and pass into solution, while the released electrons move through the steel to the cathode
area. At the cathode the electrons react with water and oxygen in the electrolyte and
hydroxyl ions are formed. The main reactions in the corrosion process become [2]:

2Fe→ 2Fe2+ + 4e− (2.4)

2H2O +O2 + 4e
− → 4(OH)− (2.5)

As shown in Equation (2.4) and (2.5) both oxygen and water are needed to initiate and
maintain the corrosion process. By reducing the concentration of oxygen, the moisture
content or the electrical conductivity of the electrolyte, i.e. the pore solution, the corro-
sion rate is decreased. Below 60 % of relative humidity (RH) in the concrete no corrosion
occur since the electrical conductivity is too low [6]. This is also the the fact for fully sat-
urated concrete, where the oxygen diffusion towards the reinforcement is restricted by the
water filled pores. There is two main types of corrosion, uniformed corrosion and pitting

6 KTH Royal Institute of Technology, Civil and Architectural Engineering, Lic. Thesis
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corrosion. In any corrosion process the cross section of the steel reinforcement will be
reduced while the corrosion products expand considerably more than the original steel [2].

Uniform corrosion
The diffusion of carbon dioxide in concrete is in general very slow. The diffusion rate is
dependent on the permeability of the concrete and the degree of saturation. However, the
carbon dioxide (CO2) and the calcium hydroxide (Ca(OH)2) in the hydration products will
react, in presence of moisture, and form calcium carbonate (CaCO3) [10]. Thus, the alka-
linity is reduced and the pH of the pore water falls from about 13 to about 9 [6]. If the pH
of the pore water falls below 11 the protective function of the concrete cover disappears
[10]. The carbonation rate is lowest in dry concrete, where a low amount of moisture is
available for the carbonation process and in concrete with high degree of saturation where
the diffusion of carbon dioxide is restricted by the water filled pores. However, when the
carbonation front has reached the reinforcing steel corrosion may occur. While corrosion
caused by carbonation the anode area is large compared to the cathode area, this results in
an extended and uniform corrosion [2]. Consequently the reduction of the cross section
of the reinforcing steel is comparatively slow, but the expansion of the corrosion products
of this extended corrosion may lead to spalling of the concrete cover.

Pitting corrosion
Chloride-induced corrosion is more important for structures exposed to chloride contain-
ing environment, such as marine structures and structures in road environments [6]. Road
bridges and road tunnels of concrete can have a severe chloride exposure during winter
time when de-icing salts are used to remove snow and ice from the drive-way. In such
structures chlorides will move through the concrete cover and after a certain time reach
the reinforcement. In moist concrete the principal chloride transport occur by diffusion,
while capillary transport of chlorides are dominating in dried concrete [2]. The chloride
front will be irregular due to any discontinuities, as aggregate, cracks and other defects.
When a certain chloride concentration reach the steel reinforcement the passive oxide
layer is locally depassivated [10]. The critical chloride concentration, the chloride thresh-
old value, is dependent on several factors, such as concrete moisture condition, the ability
of the steel to resist corrosion and the properties of the pore solution. Since the passive
oxide layer is locally destroyed the anode area is small compared to the cathode area.
This causes a local corrosion attack, a pitting corrosion, which can be fast and cause a
severe reduction of the reinforcement cross section [6].

2.1.4 Frost damage

Concrete is a hygroscopic material and will in all outdoor applications contain some de-
gree of moisture [10]. When the temperature drops below the freezing point ice crystals
start to form in the liquid water. A complete freezing of the water results in a 9% volume
expansion [2]. As in many other application, for example water pipes, this can cause
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damage. Frost damage of concrete is normally divided into internal frost damage and sur-
face scaling [11]. Internal frost damage may occur when the moisture content is uniform
in the material, while a high surface moisture saturation may cause surface scaling. For
both types of frost damage a critical degree of saturation exist [10]. Any frost damage
are usually avoided by adding a certain amount of air entrainment in the concrete mix,
i.e. introducing air pores. These pores can be up to several millimetres in diameter and of
spherical shape, but are not connected to each other. The pores are well distributed in the
mix and constitute about 2-6 % of the total concrete volume [4]. In the following section
the main theories of the frost damage mechanisms are described.

The hydraulic pressure theory
The freezing temperature of the pore water is dependent on the pore size [11]. Ice crys-
tals starts to form in the large pores, i.e. air pores and when the temperature is further
decreased ice is formed even in the finer pores. Therefore, a specific amount of freezable
water exist for a certain temperature . As a consequence of the volume expansion of the
frozen liquid water, water starts to squeeze through fine pores to air-filled pores. This
causes a hydraulic pressure, which may be high enough to fracture the concrete. The
hydraulic pressure increases for thinner pores, longer pores and higher ice formation rate.

The microscopic ice body growth theory
The pore water is in thermodynamic equilibrium before ice formation is initiated [12].
The ice formation starts in the large pores when the temperature falls. Since, ice has lower
free energy than water the system try to reach equilibrium. Consequently liquid water in
the finer pores, i.e. the small capillary pore and the gel pores, starts to move towards the
pores containing ice crystals. Further ice is formed in these pores and while the pressure
increases. When the pressure increases the free energy increases in these pores. The re-
distribution of water is then reduced. This continues until the system reaches equilibrium.

The osmotic pressure theory
In case of dissolved chemicals in the pore water the water freezes at a lower temperature
[11]. Until any ice crystals are formed the concentration of chemicals is uniform in the
pore water. When freezing is initiated in the air pores and in the large capillary pores
the concentrations of chemicals in the liquid pore water are increased in these pores.
This lower the freezing point of the pore water further and therefore the ice formation
is reduced. Simultaneously, an osmotic effect occurs, i.e. pore water with lower con-
centrations of dissolved chemicals starts to move towards the pore water with higher
concentrations. When, this happens the high concentration of chemicals is lowered and
consequently, ice will start forming again. This continues until equilibrium is reached for
a certain temperature.
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Critical factors and quantification of frost damage
According to the theories there exists a critical spacing factor between the air-filled pores
[10]. While the mean theoretical distance between the air pores is kept below the critical
spacing factor, the pore water can freeze in the partly air filled pores without causing any
high pressure on the pore walls. For all concretes there also exists a critical degree of
saturation. The need of air-filled pores are higher for a higher degree of saturation. The
internal frost damage can be quantified by number of freeze-thaw cycles, reduction of
the dynamic modulus or reduction of the compressive strength. The surface scaling is
primary an esthetic problem and experience shows that the damage is much more severe
when de-icing salts are used. This type of damage is quantified by the amount of surface
scaling, kg/m2, after 56 and eventual after 112 freezing-thawing cycles [13].

The closed container theory
In concrete with low water-cement ratio (w/c) or water-binder ratio (w/b), i.e. high per-
formance concrete, the porosity and consequently the amount of possible pore water is
low. Some studies show that such concrete are frost resistant even with lack of air en-
trainment. At the same time some studies show that concrete with very low w/b-ratio are
totally destroyed after frost exposure [14]. However, such concrete has limited porosity
and a water filled pore can be treated as a closed container. The connecting pores are
very few and narrow, the permeability is therefore low and the water is more or less im-
mobilized. According to the closed container theory the permeability and the ductility of
the material is zero [12]. The pore, where the ice formation takes place, has therefore to
take care of all the volume expansion of the pore water. As stated earlier the free energy
increases while the pressure increases, which lower the freezing temperature.

2.2 Tunnel fires

Road tunnels, rail tunnels and metro tunnels are important parts in the modern infrastruc-
ture. These tunnels are deigned to resist mechanical loads and environmental loads during
120 years, according to the Swedish regulations [15]. For various reasons, like collisions
or technical problems, vehicles start burning in tunnels yearly. Modern vehicles contain
different types of flammable liquids and combustible solid materials which burn heavily
if ignited. A vehicle fire is usually characterized by the heat release rate (HRR) which is
measured in MW. Studies on fires in road tunnels show that about 70% of the fires are
single fires and about 30% are collision fires. Single fires are defined as fires that start
in a single vehicle without any involvement of other vehicles. Correspondingly, collision
fires are fires caused by a collision between vehicles or a vehicle and the tunnel structure.
In general the fire growth rate is lower for single fires than collision fires. If a fire is
not extinguished during the growth phase the fire soon gets fully developed. In the main
part of tunnel fires the fires gets fuel controlled due to the favourable accesses of oxygen
through the portals. However, in a fire with multiple large vehicles involved the amount
of oxygen may be insufficient, i.e., the fire gets ventilation controlled [16].
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2.2.1 Tunnel fire dynamics

Hot flames and combustion products rise from a burning vehicle and will hit the tunnel
ceiling due to buoyancy [17]. The hot gases then spread along the ceiling while fresh air
supplies the fire from the lower part of the tunnel. If any natural or forced (mechanical)
ventilation exist in the longitudinal direction of the tunnel, the flames and hot gases are
deflected in the wind or mechanical induced flow direction, see Figure 2.2. At low ven-
tilation rates the main part of the hot gases flows in the same direction as the ventilation,
i.e., downstream the fire. However, some amount of hot gases will be pressed towards the
ventilation flow, i.e., upstream of the fire, since the production rate of hot gases is much
higher than the ventilation rate [16]. This phenomenon is designated backlayering [18].
At high ventilation rates all hot gases will flow along the ceiling in the same direction as
the ventilation.

Figure 2.2: Schematic sketch of smoke spread in a tunnel, adopted from Ingason et al.
[16] with permission.

2.2.2 Tunnel ceiling gas temperature

From a structural point of view the heat transfer from the hot gas layer to the tunnel
structure is of interest. The thermal energy released by the fire is transmitted to the tunnel
structure by radiation and convection. Close to the fire source the radiative heat transfer
mode is dominating. Ingason et al. [19] propose a relationship between the dimensionless
tunnel length and the dimensionless ceiling excess temperature for approximation of the
gas temperature distribution beneath the tunnel ceiling, see Figure 2.3. In large fires the
flames impinge on the tunnel ceiling and the gas temperature in this region is the actual
flame temperature. In such fires the flames continuously release heat at the ceiling or
along the ceiling, consequently the ceiling gas temperature decreases less in the vicinity
of the fires compared to the case at a small fire.

2.2.3 Design fires and structural temperature development

Design fire curves and requirements for tunnels are available in standards and guidelines
[15][18]. These curves usually describe the time dependency of the HRR or tempera-
ture at the vicinity of the fire. The fire exposure of any surrounding parts of the tunnel
structure is determined of the actual conditions, which includes ventilation, fire spread,
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Figure 2.3: Approximation of ceiling gas temperature distribution [19] during a hydro-
carbon (HC) fire [20]. A tunnel height of 6 m is assumed.

thermal properties of the exposed tunnel structure and properties of hot gases. The tunnel
can be divided in two layers, a hot upper layer and a cold lower layer, since the hot gases
are flowing along the ceiling [16]. Some simplified analytical models exist for approxi-
mation of the tunnel structure temperature rise [21]. For a more detailed approximation
of the tunnel structure temperature development a computational fluid dynamic (CFD)
model of the gas flow and a subsequent thermal finite element analysis (FEA) will give
a more accurate result [22][23]. However, such models require lots of temperature de-
pendent material data and will still involve several assumptions due to complexity of the
problem.

Thus, a tunnel structure can have any degree of fire exposure, from a severe fire expo-
sure at the vicinity of the fire, to a more moderate fire exposure downstream a fire or in
the periphery of the fire source. The duration of the fire is dependent on the amount of
fuel, ventilation conditions and fire spread. Ingason et al have summarized available data
of tunnel fires involving heavy goods vehicle (HGVs). The duration of the main part of
the fires was 1-2 hours [16]. This means that even in tunnel structures with low thermal
diffusivity, such as concrete, the temperature may increase in the structure far away from
the fire due to the extended duration of the fire.

2.3 Fire exposed concrete

During extensive heating concrete undergoes a series of chemical and physical processes.
The pore water in the capillary pores close to the heated surface starts to evaporate when
the temperature is increased. The pore water in the gel pores then migrates to the cap-
illary pores, in order to retain the thermodynamic equilibrium, and subsequently evapo-
rates. Such evaporation continues up to 105◦C where all pore water will evaporate after
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sufficient exposure time [24]. However, in fire scenarios some water will still remain due
to long time needed to evaporate all water. The dehydration of the CSH starts at this
temperature, or even before, and continues up to 850◦C where the CSH is completely de-
hydrated. Even the CH undergoes dehydration, it starts at about 400◦C and is completed
at 600◦C. From differential thermal analysis (DTA) measurements two endothermal peaks
are easily identified, the first start at 100◦C and corresponds mainly to evaporation of free
water and dehydration of CSH while the second peak is found at 500◦C and correspond to
the dehydration of CH. Any water absorbed by the aggregates will evaporate at elevated
temperatures. Both calcareous and siliceous aggregates are more or less unaffected up to
500◦C [24]. Further increase of the temperature causes weight loss and at 573◦C the α - β
transition of the quarts grains in the aggregates and sand causes an instantaneous volume
expansion of 5 %, thus cracks around the aggregates may be induced at this temperature
[25]. Thus the concrete undergoes drying followed by decomposition of the hydration
products and destruction of the gel structure when exposed to high temperatures. This
results in an average pore size increases, i.e., a total pore volume and specific internal
pore surface increase, and a changed pore size distribution [24].

The aggregate undergoes thermal expansion while the temperature increases. On the
contrary the cement paste undergoes thermal expansion up to about 150◦C followed by
thermal shrinkage up to about 600 - 800◦C. These incompatibility of the thermal strain of
the cement paste and the aggregates causes cracking during heating. Since, the thermal
diffusivity of concrete is low, i.e. the heat propagation form a fire exposed surface is slow,
high thermal gradients will occur during fire exposure, see Figure 2.4. Consequently ad-
ditional cracking may occur due to the high thermal gradients and any cracking influences
the mechanical properties [26].
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Figure 2.4: Calculated concrete temperature when exposed to the hydrocarbon (HC) fire
curve [20]. Temperature dependent thermal properties from Eurocode 2 [27].
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The residual properties of concrete are influenced by several factors as the original con-
crete properties, heating and cooling conditions and any load or restraint during heating
and cooling [26][28]. Such properties have been studied by many researchers and an
extensive amount of results can be found in the literature. Moreover, post heating mea-
surements are sometimes used for estimating the properties at elevated temperature due
to the complexity of measuring at high temperature.

The compressive strength degradation caused by heat exposure is slightly influenced by
the type of cement used. More important is the type of aggregate, the degradation also
increases by aggregate size [26]. In the Eurocode 2 (EN 1992-1-2:2004) reduction curves
for siliceous and calcareous aggregates are provided. In comparison, the compressive
strength of concrete containing calcareous aggregate is less sensitive to heat [27]. Resid-
ual strength is generally lower than the strength at high temperature. A considerable
reduction of the elastic modulus, about 40%, even occur after exposure at 300◦C and
after exposure at 600◦C only 15% of the original elastic modulus remains [28].

2.3.1 Residual properties related to durability

Since, high performance concrete (HPC) and self compacting concrete (SCC) are more
sensitive to fire spalling the use of polypropylene (PP) fibres is widely used. Different
studies show that the use of PP fibres just slightly influences the durability [29][30][31][32].
Water absorption, salt-frost scaling and chloride diffusion tests on SCC with addition of
PP fibres even show increased durability for w/c-ratio 0.40 [33]. However, heating of the
concrete above the melting point of the PP fibre may change the durability properties.

Permeability
The gas permeability of concrete is an important property from a durability perspective.
In general HPC has lower gas permeability than ordinary concrete due to the lower w/c
ratio or w/b ratio, i.e., a denser pore structure [34]. When concrete is heated the pore size
and the total pore volume are increased and this is the main reason for increased gas per-
meability between 80 and 300◦C [35]. Kalifa et al. [35] and Liu et al. [36] have studied
the influence of PP fibres on gas permeability after heat exposure. The melting of the PP
fibres only slightly increasing the total pore volume according to mercury intrusion mea-
surement [36][37]. Nevertheless, the gas permeability was significantly increased from
200◦C. Thus, the connectivity of the pore structure is significantly increased at this tem-
perature. The gas permeability increases with amount of PP fibres and fibre length [38].
Above 300◦C the increasing rate was higher for the samples without PP fibres. At this
temperature level the development of micro cracks is assumed to have a dominating effect
on gas permeability [35][36]. The significant increase in gas permeability at the melting
point of the PP fibres is supported by a study by Ozawa and Morimoto [39]. Zeiml et
al. [40] found the same behaviour for both laboratory and in-situ cast concrete. They
discussed the reason for increased permeability. This include additional pore space and
different micro crack development due to the introduced discontinuities. Bos̆njak et al.
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have recently managed to measure permeability at high temperatures by a new test setup.
They found an increase in gas permeability for concrete containing PP fibres already be-
tween 80 and 130◦C [41].

Moisture transport
Adding PP fibres to HSC or SCC seem to have no negative effect on water absorption
resistance at normal conditions [33][42]. In case of fire exposure the PP fibres may melt
and change the water transport ability. Suhaendi and Horiguchi [43] have determined the
residual water permeability coefficient after heating to 200 and 400◦C, respectively. In-
clusion of 0.25 or 0.5% PP fibres by volume increases the water permeability coefficient
after heating to 200◦C. A huge increase was obtained after heating to 400◦C for a group
of samples with both inclusion of 0.25 and 0.5% by volume of PP fibres. However, the
inclusion of fibres does not seem to be the determining factor. A more reasonable ex-
planation is the higher amount of admixtures in these mixes. The increased permeability
coincides with the increased stiffness reduction of these samples, i.e. increased crack de-
velopment. Sideris and Manita [44] have studied the residual water absorption of normal
vibrated concrete and SCC with and without addition of PP fibres, after heating to 300 or
600◦C. All mixes have a w/c ratio of 0.55. The normal vibrated concrete and the SCC mix
without PP fibres have the highest residual water absorption. Hence, the introduction of
PP fibres lowers the residual water absorption for all SCC mixes in this study. In a study
by Persson [45] eight different mixes of SCC were heated to 105, 200, 400 or 600◦C and
subsequently a water absorption test was conducted. Five mixes heaving a w/c ratio of
0.40 and two of those having PP fibres addition of 2 and 4 kg/m3, respectively. In gen-
eral the samples with PP fibres have the lowest increase in water absorption coefficient
between 105 and 200◦C. However, the reverse behaviour was found between 200 and
400◦C. In this interval the water absorption coefficient for those samples increases most.
The increase in water absorption between 400 and 600◦C is more or less similar for all
samples. Further, in other studies, typical Swedish tunnel concretes have been exposed to
two different heating scenarios, (i) discs with no confinement were exposed to 250◦C dur-
ing 24 hours in an electrical furnace, (ii) 200 mm thick slabs were unilateral fire exposed
(350◦C) during 3 hours. The influence of PP fibres on water absorption was evaluated.
The results show that both heat exposures significantly increase the water absorption and
that addition of PP fibres only slightly influences the residual water absorption coefficient
[Paper III][Paper IV].

Chloride transport
Some results on chloride transport in concrete with additions of PP fibres are reported.
Larbi and Polder [32] have reported that the addition of PP fibres up to 3 kg/m3 has no
considerable effect on chloride penetration. The study contains chloride migration tests
on standard samples. Persson [46] has reported that SCC with additions of PP fibres (i)
cured in RH=60% has lower chloride migration coefficient and (ii) no differenced were
found for samples cured in a RH of 90% compared to samples without additions of PP
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fibres. Toutanji et al. [47] have studied the chloride penetrability of concrete with a w/b
ratio of 0.41 by means of rapid chloride permeability test and found that introduction of
PP fibres increases chloride permeability. An improved chloride diffusion coefficient was
found by Trägårdh and Kalinowski [33] for SCC with PP fibres. This is likely due to
increased dispersion obtained by additional superplasticizer introduced to maintain the
workability of the concrete with PP fibres. However, not much attention has been paid to
chloride transport in fire exposed concrete with PP fibres. Albrektsson and Jansson
[Paper III] have conducted chloride migration tests on moderate heated samples, allowed
free expansion during heating, of tunnel concrete. The heat exposure significantly in-
creased the chloride migration rate for both the samples with and without addition of PP
fibres. No considerable difference were found between the samples with and with our
addition of PP fibres.

2.3.2 Polypropylene fibres to prevent fire spalling

Concrete tunnel structures may spall in case of fire exposure. Thus, the resistance to fire
spalling shall be verified by testing or an assessment according to the Swedish regula-
tions TRVK Tunnel 11 [15]. Measure to avoid harmful spalling [48] can be based on
recommendations from the Swedish Concrete Association [49]. According to the recom-
mendations PP fibres in dosages of 0, 1.0 or 1.4 kg/m3, can be added to the fresh concrete
mix in order to reduce the amount of fire spalling for some circumstances. However,
some circumstances even require testing or insulation of the structure.

Extensive test programs show that addition of PP fibres in high strength concrete (HSC)
and self compacting concrete (SCC) reduces severe fire spalling, i.e., improves the fire
resistance of the concrete structure [50][51][52]. Extensive research has even been con-
ducted on the mechanisms of fire spalling. However, those mechanisms are still not fully
understood [52]. There exist different theories of the mechanisms of spalling. These in-
clude (i) thermal stresses, (ii) vapour pore pressure increase, (iii) restriction of moisture
movement by occurrence of a moisture clog behind the hot surface which increase the
vapour pore pressure further and (iv) occurrence of frictional forces when vapour flows
through the pore structure causing tensile stresses and sudden energy releases which grad-
ually fracture the pore the structure when superheated liquid water is released [52].

Analogous to the spalling mechanisms there exist different theories on the action of PP fi-
bres. These includes (i) increased permeation due to formation of capillary pores when the
PP fibres melt, (ii) increased connectivity between the interfacial transition zone (ITZ),
(iii) additional micro pore development during mixing and (iv) additional micro crack
development at the tips of the fibre beds during heating [26].
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2.3.3 Assessment of fire exposed concrete structures

After occurrence of fire in a concrete structure a damage assessment is needed for public
safety. There are calculation methods available but the damage assessment should mainly
be based on-site evaluation [25]. An assessment procedure is suggested by Jones [53]
who even included a procedure for decision of final action, i.e. non structural remedial
work, structural repair or demolition. Initial inspection with mapping of concrete dam-
age as well as other damages are recommended. By just striking a hammer on the fire
exposed surface and tapping it, delaminations and heavy damaged areas can be detected.
Such damage is characterised with a hollow sound or low frequency sound in contrast to
the ringing sound of unaffected concrete [25][54]. Further, other damage on installations
can give valuable information on fire spread, temperatures and duration of the fire. Useful
thermal indicators are provided by the Concrete Society [25]. Helpful information may
also be provided by the Rescue Service. In many cases an initial inspection and mapping
of detected damage give sufficient information to decide suitable measures. However,
in some cases a more detailed assessment is necessarily to approximate the degree of
damage. In all cases it is recommended to use a damage classification system. Suitable
systems are provided by the Concrete Society [25] and fib [55]. These two systems are
similar and have a five grade scale ranging from cosmetic damage to severe structural
damage . The repair costs can be reduced by a more accurate assessment. There are dif-
ferent field and laboratory methods available for assessing fire damage concrete. Below a
brief description of some useful methods.

Field methods

Load test
There are some load tests on fire damage concrete elements reported. An early test was
done in 1931. Schlyter [56] loaded a fire exposed floor structure with 80% of its service
load which resulted in substantial remaining deformation after unloading. Reis et al. have
studied fire exposed double T elements where the post-fire load was applied in four steps.
In that study the fire exposed elements recovered more than 75% of its deflection after
unloading [57]. However, a load test may be very expensive and time consuming.

Rebound hammer
A useful tool when mapping severe fire damage is the Schmidt Rebound hammer. While
activating the hammer at the measuring point the pre-stressed piston is released resulting
in a surface impact. The rebound distance of the piston is recorded on the arbitrary scale
10-100, i.e. the rebound number [58]. This method is not suitable for strength measure-
ment of fire exposed concrete [59], nevertheless the method is suggested for detection of
areas with strength reduction between 30 and 50% [55].
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Ultrasonic pulse velocity
The velocity of a ultrasonic pulse in concrete is governed by its elastic properties and
density [10]. Fire exposure causes stiffness reduction of a concrete structure [26]. Thus,
relative measurements of ultrasonic pulse velocity is useful to detect fire damaged regions
[28]. The transmission time of the generated ultrasonic pulse through the concrete is mea-
sured between transmitting and receiving transducers. There are three different measuring
configurations, (i) direct where the angle between the transducers is 180◦, (ii) semi-direct
where the angle between the transducers is 90◦and (iii) indirect where the angle between
the transducers is 0◦, see Figure 2.5. The direct configuration is most accurate, the semi-
direct configuration can be used to avoid reinforcing bars and the indirect configuration is
less accurate but may be used on structures not allowing no other configuration [54][58].
A distinct fire damage layer may be detected by the indirect configuration. The transmis-
sion time for different distances between the transducers is then evaluated [55]. Stiffness
reductions based on ultrasonic pulse velocity measurements coincides well with stiffness
reductions obtained by mechanical tests with full-field strain measurements. Both stiff-
ness reduction evaluations were conducted on cores samples taken from unilaterally fire
exposed slabs [Paper I]. Unbonded post-tensioned concrete slabs unilaterally fire exposed
have also been evaluated by means of ultrasonic pulse velocity measurements. This study
shows that the stiffness reduction was verse perpendicular to the post-tensioning direc-
tion [60]. When the ultrasonic pulse velocity method is used in field on core samples the
planned core drilling can be controlled based on the obtained results [Paper II].

(a) Direct (b) Semi-direct (c) Indirect

Figure 2.5: Ultrasonic pulse velocity measurement configurations

Drilling resistance
Felicetti [61] has used an ordinary drill hammer to detect fire damage concrete. By si-
multaneously recording the drilling depth and work dissipated considerable fire damage
can be detected. The unaffected underlying concrete is used as reference. The method is
fast and easy to handle and therefore suitable for field measurement. Further the method
causes less damage to the structure compared to core drilling. According to the simplified
reduced cross-section method in Eurocode 2 [27] concrete at a temperature above 500◦C
can be assumed to be non-loadbearing while concrete at temperatures below 500◦C can
be assumed unaffected. Since, the drilling resistance method can detect regions corre-
sponding to 500◦C this method can be used when the post fire loadbearing capacity shall
be calculated by the simplified reduced cross-section method [61].
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Pullout test
Different pullout tests have been developed for early strength assessment as framework re-
moval, application of post tensioning and cooled weather protection. Nevertheless, some
of these methods can be used for fire damage assessments. Both the Building Research
Establishment (BRE) internal fracture test and the cut and pullout (CAPO) test allow post
installation of the split sleeve which is a requirement for post fire damage assessments
[58]. For a BRE internal fracture test a 6 mm hole is drilled before mounting a com-
mercial anchor bolt at a depth of 20 mm. The maximum tensile load during extracting
of the anchor bolt is then recorded. A CAPO test is similar to a traditional pullout test.
An undercut at a depth of 25 mm is created with a special milling tool before placing an
expanding ring at the undercut. The loading procedure is the same as in ordinary pullout
tests. However, a pullout test gives an average response of the concrete cover [55] and are
not so easily applicable for assessment of fire damage concrete structures [54].

Windsor Probe
The Windsor probe is a fast method with high repeatability compared to other field meth-
ods. A probe with diameter 6.3 mm is fired into the concrete surface and the penetration
depth is measured with a depth gauge. Since, the penetration depth is dependent on the
strength properties at the surface the penetration depth can be correlated to the compres-
sive strength. The method is developed for quality control but may be used to determine
the strength profile on cuts from different depth of the fire exposed structure [28][54][55].

Laboratory methods

Core testing
The compressive strength of concrete is normally determined by loading a core or cube
to failure [62]. Since, fire damaged concrete has a varying strength through the depth
standardized core tests are not fully applicable to fire damaged concrete. The fire exposed
surfaces is softer than the unaffected underlying concrete. Hence, conducting a core test,
with the required core length, on fire damaged concrete giving an average compressive
strength of core sample [54][63].

Core testing with full-field strain determination
Loading a fire damaged core sample, as in traditional core testing, resulting in fracture
close to the fire exposed surface. Further, this strength is complicated to associate with
a specific depth. However, recording the strain field of such a core sample by means of
full-field strain measurements allows determination of the stiffness reduction on different
depths. The full-field strain measurements are conducted using digital imaged correlation
(DIC) [54][Paper I]. Compared to traditional core testing the equipment is more expen-
sive and the analysis is more time consuming, but gives a more accurate image of the
damage.
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Microscopy
During fire exposure and subsequently cooling concrete undergoes different chemical and
physical changes [64]. Such, changes may be used to determine the thermal history of
fire exposed concrete structures [65]. It has been used in research and testing of concrete
tunnel linings [66]. Using a polarization and fluorescence microscopy (PFM) techniques
thermal changes caused by heating and thermal induced cracks can be detected [54][67].
Thin sections cut from the fire exposed concrete are impregnated with epoxy resin con-
taining fluorescent dye. Different changes caused by heating are provided by for exam-
ple Nijland and Larbi [66]. Further, studies involving crack density measurements on
transient heated concrete showing good correlation with residual compressive strength at
different depths. This method works for a variety of cements and aggregates [68]. Crack
counting methods allow not only determination of the thermal history and strength reduc-
tion but also assessment of durability changes [69].

Colour changes
During heating the characteristic grey colour of the cement paste turns to reddish be-
tween 300 and 600◦C, whitish grey between 600 and 900◦C and finally buff between
900 and 1000◦C [70][71][72]. The colour changes seen in the cement paste are mainly a
consequence of the thermally induced dehydration. Moreover, different types of aggre-
gates even change colour at elevated temperature. The most pronounced colour change
is observed for silicate aggregates, i.e., quartz or flint. This has been utilized in damage
assessments of fire exposed concrete. A visual inspection of colour changes, cracks, de-
laminations and spalling at the fire exposed surfaces usually initiate a damage assessment
[70]. Further, even the depth of damage may be observed by a visual inspection. A red-
dish discolouration usually occurs above 300◦C which is associated with significant loss
of strength [25]. An example of discolouration of a concrete core sample is shown in
Figure 2.6.

Figure 2.6: Concrete exposed to an elevated temperature in accordance with the Standard
time-temperature curve during 90 minutes

A more accurate assessment based on colour changes can be obtained by an image anal-
ysis. A colour is usually described by the presence of the main colours red, green and
blue (RGB) or the hue, saturation and intensity (HSI) of the colour [70][72]. Spectropho-
tometers [73] and suitable image analysis softwares have been used for studying colour
changes. An image analysis requires a consistent light. By using a scanner a consistent
light is obtained and the evolution of colours described by the RBG or HSI can be evalu-
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ated [74][75]. However, valuable information can be obtained by conducting a simplified
image analysis with pictures, of core samples, from an ordinary low-cost digital camera
[76].

2.3.4 Self healing

The fact that bond cracks, between the reinforcing bars and the concrete, under certain
conditions recover some of its uncracked strength was first observed in 1913 [77]. At
that time the self healing studies focused on strength restoration. Later more attention
has been paid to durability aspects of the self healing. The two main mechanisms of self
healing, or autogenous healing, are continued hydration and precipitation of calcite. The
continued hydration is most likely a short time after casting, then cement gel can develop
in the crack space from neighbouring unhydrated cement grains. Fastest strength recovery
is observed for test samples stored in water [73]. When cracks occur some years after the
casting, from mechanical loading or environmental loading, most of the cement grains
are hydrated. The dominating mechanism is then precipitation of calcium hydroxide and
calcium carbonate. The calcium hydroxide from the hydration products also react with
carbonate, if carbonation has occurred, and form insoluble calcium carbonate, i.e., calcite
[78]. The maximum crack width possible to undergo self healing is 0.1 to 0.2 mm. This
requires immersion or at least frequent wetting [6]. Young concrete, i.e. only partly
hydrated, has been heated to temperatures between 80 and 300◦C. After resaturation of
the samples heated to 300◦C a porosity similar to that measured after heating to 80◦C were
obtained, by either rehydration of the dehydrated cement paste or hydration of unhydrated
cement grains [79]. Poon et al. [80] have studied post-fire-curing of normal strength
and high strength concrete after heating up to 800◦C. The test results indicate substantial
strength and durability recovery. Samples with free access to water showing higher degree
of re-curing and samples heated to 600◦C recover more of its strength and durability than
the samples heated to 800◦C. The importance of water for the rehydration process, either
constant water access or periodical immersion in water, is also concluded by Chromá et
al. [81]. In their study concrete was preheated to temperatures between 200 and 1200◦C.
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3 Experimental study
An experimental study has been conducted in order to study properties related to dura-
bility and stiffness reduction of civil engineering concrete, with and without addition of
PP fibres, after fire exposure. In this chapter the experimental test methods used and the
obtained results are summarized.

3.1 Test methods
In this experimental work different standardized and non-standardized test methods were
used to evaluate residual material properties related to durability of fire exposed concrete.
Concrete mixes of tunnel concrete with and without addition of polypropylene (PP) fibres
were tested. All tests were conducted on samples prepared and fire exposed in laboratory
environment. Test methods for penetrability of the pore structure, stiffness and strength
as well as thermal history were used. In this section an overview of the different test
methods is given.

3.1.1 Fire exposure

A small scale fire resistance tests furnace, described in [82], was used to apply the dif-
ferent fire loads on the test samples, see Figure 3.3(a). Four different fire curves were
uses:

• The standard time-temperature (Std) curve with a test duration of 90 minutes [83],
see Figure 3.1(a).

• A slow heating (SH) curve with a temperature ramp of 10◦C/min up to 1000◦C and
a duration of 130 minutes, see Figure 3.1(a).

• A moderate fire curve with a temperature ramp of 50◦C/min up to 350◦C and a
duration of 180 minutes, see Figure 3.2(a).

• The hydrocarbon (HC) curve with a test duration of 30 minutes [20], see Figure
3.2(b).

In addition a test series of discs for water absorption tests and chloride migration tests
were heated in an electrical furnace, see Figure 3.3(b). The temperature was increased by
1◦C/min up to 250◦C and kept at this temperature for 24 hours, see Figure 3.1(b).
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Figure 3.1: Fire scenario; (a) Std curve with duration 90 minutes and SH curve with
duration 130 minutes, (b) 250◦C with duration 24 hours
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Figure 3.2: Fire scenario; (a) Moderate fire curve with duration 180 minutes, (b) HC
curve with duration 30 minutes
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(a) Unilateral heating (b) Uniformly heating

Figure 3.3: Furnaces; (a) Furnace for small scale tests [82], (b) Electrical furnace

3.1.2 Full field-strain measurement

The stiffness reduction of the fire exposed concrete was determined by means of digital
image correlation (DIC). After fire exposure cores were drilled, in the heating direction,
from the tested slabs. The outermost 10 mm of the fire exposed surface was removed due
to severe fire damage before making the two surfaces plane-parallel. Uniaxial compres-
sion tests of the cores were then conducted in a servo-hydraulic machine with load control.
The applied load and axial contraction of the cores were recorded with a high speed data
logger during the test. Simultaneously, the strain field of the cores were recorded using
the DIC technique. The strain field is obtained by tracking the natural surface speckle
during the axial contraction and displacement analysis of the pattern within discretized
pixel subsets or facet elements of the image. Evaluation of the stiffness reduction was
done by introducing nine segments, consisting of ten equally spaced sections. The mean
strain and stiffness reduction of each segments were then calculated.

3.1.3 Ultrasonic pulse velocity

The stiffness reduction was also evaluated indirectly by measuring the ultrasonic pulse
velocity through the fire exposed concrete samples. Unexposed samples with the same
concrete mix, age and conditioning was used as reference. The measurements were con-
ducted on different depth, starting 20 mm from the fire exposed surface to avoid any
boundary effects. A test rig for positioning of the transducers was constructed for the
large series of moderate fire exposed samples, see Figure 3.4. Thus, the positioning of
the transducers was ensured and the measuring cycle time was reduced. For these test
series the ultrasonic pulse velocity were measured in both the longitudinal and transverse
direction of the concrete slabs, in order to evaluate any influence of test sample geometry
on the stiffness reduction.
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Figure 3.4: Test rig for positioning of the transducers during ultrasonic pulse velocity
measurements

3.1.4 Water absorption

Water absorption tests were used to measure the penetrability of liquids for the preheated
and unheated test samples. Discs with thickness 30 and 50 mm were cut from cores
taken from concrete slabs produced for the study. All discs were dried in an electrical
furnace in 40◦C for 5 weeks. This low conditioning temperature was chosen to minimize
any micro structural or chemical alterations of the concrete. The side surface was sealed
to prevent any bypass of the water. After recording the dry weight of each disc, the fire
exposed surface or corresponding surface of the unexposed samples was partly immersion
in water. The mass increase was recorded at specified times. A shorter time interval was
chosen compared to the suggested time intervals in [9]. This for increasing the number of
weight measurement before water appears on the upper side of the preheated discs. The
same time schedule was used for the unheated samples. Since the water absorption rate
is a measure of the liquid penetrability, this rate was calculated for all samples.

Figure 3.5: Water absorption test, water has appeared on the upper surface of the discs
taken at the fire exposed surface (bottom row)
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3.1.5 Chloride migration

The resistance to chloride penetration was tested by a non-steady state chloride migration
test. Preheated and unheated discs were conditioned according to the test standard NT
Build 492 [84]. Since the water absorption test showing a significant increase of the
water absorption rate, the test time for the preheated samples were reduced. The test
samples were split after the test and the chloride penetration depth was measured. The
mean chloride migration coefficient was then calculated for both preheated and unheated
samples.

(a) Chloride migration cell (b) Split test sample

Figure 3.6: Chloride migration test; (a) Test setup, (b) The chloride penetration depth is
visible after spraying silver nitrate solution on the freshly split section

3.1.6 Polarization and fluorescence microscopy

Polarization and fluorescence microscopy (PFM) was used to determine the depth of dif-
ferent changes caused by heating and crack quantification. Changes caused by heating are
useful when assessing the maximum temperature attained in fire exposed field structures
during damage assessments. The changes caused by heating studied were portlandite
(calcium hydroxide) decomposition to calcium and water which occurs between 510 and
547◦C [85], quarts transformation from α to β which occurs at 573◦C [25][66] and dis-
colouration of the concrete, i.e., when the cement paste and aggregate turn to reddish,
which occurs between 300 and 350◦C [25]. PFM was also used for quantifying cracks
caused by the fire exposure. The crack pattern is a measure of the concrete transport prop-
erties, thus its durability properties. A linear transverse crack analysis was conducted on
different depths from the fire exposed surface.
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3.2 Test results

This experimental study consists of three parts. The parameters varied are (i) concrete
mix, which includes maximum aggregates size and amount of added PP fibres, (ii) heat
exposure and (iii) restraint of the heated samples. Residual strength and durability prop-
erties are evaluated by means of standardised test methods. In addition full-field strain
measurements were conducted during uniaxial compression load tests and changes caused
by heating and crack density changes were studied by means of polarization and fluores-
cence microscopy (PFM). The results obtained in this experimental study are summarized
in this section. For a full description of the studies see paper I to IV.

3.2.1 Unilateral fire exposure, standard time-temperature curve and slow heating-
curve

The aim of this part was to determine the stiffness reduction of unilateral fire exposed
concrete, which will lead to a highly heterogeneous layered-material. Unheated samples
were used as references. A full description of the study is presented in Paper I. The results
were obtained by means of both full-field strain measurements and ultrasonic measure-
ments. In addition the thermal history and thermal induced cracks were studied by means
of PFM. A concrete mix for civil engineering structures with maximum aggregate size of
8 mm or 16 mm were used. Both mixes have additions of PP fibres, see Table1.

Table 1: Concrete mixes part 1, w/c = 0.45 and w/c = 0.47
Series w/c Gravel Gravel Water Cement Super- PP fibres

0-8 mm 0-16 mm CEM I plasticizer
[-] [kg/m3] [kg/m3] [kg/m3] [kg/m3] [kg/m3] [kg/m3]

0-16 0.45 898.5 863.3 180.9 402.8 0.6 1.0
0-8 0.47 1637.8 - 181.1 385.5 2.8 1.0

Concrete slabs with dimensions 600×500×200 mm3 were cast and stored indoors during
6 months before fire exposure. In total ten slabs were cast. A compressive load of 2 MPa
was applied in the longitudinal direction of all samples during fire exposure. A furnace
for small scale fire resistance test was used to apply the fire load on an area of 500×400
mm2. The furnace was controlled in accordance with the standard time-temperature curve
or a slow-heating curve, see Section 3.1.1. Four slabs of each mix were fire exposed and
subsequently allowed to cool down in room temperature. From each slab eight cores with
diameter 60 mm were drilled. The ultrasonic pulse transmission time was then measured
in the radial direction of the cores at different distances from the fire exposed surface
or corresponding surface on the unexposed cores. The calculated mean ultrasonic pulse
velocity for concrete mixes and the two different fire scenarios are shown in Figure 3.7.

26 KTH Royal Institute of Technology, Civil and Architectural Engineering, Lic. Thesis



Chapter 3 : Experimental study

Distance from fire exposed surface [mm]
0 50 100 150 200

U
ltr

as
on

ic
 p

ul
se

 v
el

oc
ity

 [k
m

/s
]

0

0.5

1

1.5

2

2.5

3

3.5

4

1 kg Unheated
1 kg Std
1 kg SH

(a) Maximum aggregates size 8 mm
Distance from fire exposed surface [mm]

0 50 100 150 200

U
ltr

as
on

ic
 p

ul
se

 v
el

oc
ity

 [k
m

/s
]

0

0.5

1

1.5

2

2.5

3

3.5

4

1 kg Unheated
1 kg Std
1 kg SH

(b) Maximum aggregates size 16 mm

Figure 3.7: Mean ultrasonic pulse velocity for samples exposed to the slow heating curve
(SH) and the standard time-temperature curve (Std)

A considerable decrease in ultrasonic pulse velocity was found for all test samples close
to the fire exposed surface. A decrease in ultrasonic pulse velocity was observed to a
depth of 80 mm for the mix with maximum aggregate size of 8 mm and a depth of 100
mm for the mix with maximum aggregate size of 16 mm. In general the ultrasonic pulse
velocity was found to be slightly lower for the samples exposed to the Std curve. This
might be explained by different original values. However, no differences in ultrasonic
pulse velocity were found between the two heating scenarios close to the fire exposed
surface.

The cores were then prepared for mechanical testing. The outermost 10 mm of the fire
exposed surface was removed due to severe fire damage. A second cut was done to re-
duce the core length followed by a milling operation in order to make the two surfaces
plane parallel. A uniaxial compressive load was applied on each core. The non uniform
deformation of the cores was recorded by means of full-field strain measurements using
a digital image correlation (DIC) system. All samples were loaded to a stress level of
20 MPa, thus even the fire damage samples were within elastic response. The compres-
sive strain was then assessed by introducing ten segment lines, 10 mm between each line,
forming nine segments. The centre of the first segment can be compared to a depth of 20
mm from the fire exposed surface or corresponding surface of the reference cores. The
segment strain εm-n

c,s is defined in Equation (3.1).

εn-m
c,s =

δn
m − δm

m

l0
(3.1)

where δn
m and δm

m are the mean axial displacement of the corresponding sections n and m,
respectively and l0 is the initial distance between the segments. The mean compressive
strain for both concrete mixes and the two different fire scenarios are shown in Figure 3.8.
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Figure 3.8: Mean axial compressive strain εc,m

An increase in compressive strain was observed to a depth of about 50 mm for the samples
with maximum aggregate size of 8 mm. No considerable difference was found between
the two heating scenarios. An increase in compressive strain was observed to a depth of
about 80 mm for the samples with maximum aggregate size of 16 mm exposed to the
Std curve. Corresponding depth for the samples with coarse aggregate exposed to the SH
curve was 60 mm. For all samples a significant increase in compressive strain was found
close to the fire exposed surface.

Both the ultrasonic and full-field strain measurements showed a significant change close
the fire exposed surface. Since the mean axial stress is the same in all segments a stiffness
reduction factor Kc,s based on the compressive strains can be introduced. This factor is
defined in Equation (3.2).

Kc,s =
εc,sm, unexposed

εc,sm, exposed
(3.2)

Analogous to Kc,s a reduction factor REdyn based on the indirect stiffness measurements,
i.e. the ultrasonic measurements, was introduced. Unchanged density and Poissons ratio
were assumed for all samples. This reduction factor is defined in Equation (3.3).

REdyn =
Edyn, exposed

Edyn, unexposed
(3.3)

A comparison of the reduction factors Kc,s and REdyn is shown in Figure 3.9.
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Figure 3.9: Mean stiffness reduction factors Kc,s and REdyn

Both test methods show a significant stiffness reduction close to the fire exposed surface.
In general a better agreement was obtained for the samples with maximum aggregate size
of 8 mm. The differences in stiffness reduction for the samples with maximum aggregate
size of 16 mm might be explained by the larger scatter in original values.

Several experimentally determined data on stiffness reduction of heated concrete can be
found in the literature. A large variation of the stiffness reduction is seen, especially at
high temperatures. However, most of the results can fits within two simple linear mod-
els, i.e., 1-0 between 20 and 600◦C and 1-0 between 20 and 800◦C [54]. The stiffness
reductions, as a function of the concrete temperature when the fire tests were terminated,
obtained in this study and the two simple linear reduction models are shown in Figure
3.10.
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Figure 3.10: Stiffness reduction factor Kc,s vs. temperature and two simple linear reduc-
tion models [54]
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The stiffness reductions obtained from the full filed-strain measurements in this study co-
incide with the two linear models at the fire exposed surface. However, for lower concrete
temperatures higher stiffness reductions were obtained in this study compared to the two
linear models.

Post-fire assessment of thermal history and evaluation of thermal induced cracks were
conducted by means of PFM on thin sections. The thermal changes caused by heating
studied were decomposition of portlandite which occurs between 510 and 547◦C, transi-
tion of α to β quartz at 573◦C and a change in colour of the cement paste towards red or
pink which occurs between 300 and 600◦C. The temperature measurements in the con-
crete samples show temperatures corresponding to the decomposition of portlandite at a
depth between 22 and 26 mm, the quartz α to β transition at a depth of 20 mm and red-
dish of the cement paste at a depth of 17 mm, respectively. Estimated depth from the fire
exposed surface for the different thermal changes caused by heating are shown in
Table 2.

Table 2: Estimated depth of changes caused by heating
Changes caused by heating 0-8 SH 0-8 Std 0-16 SH 0-16 Std-1 0-16 Std-2

[mm] [mm] [mm] [mm] [mm]

Portlandite (Ca(OH)2 19-20 11-14 15-18 14-17 13-15
Quartz α to β transition 21 13-16 26 25 25
Reddish cement paste 4-12 0.5-12 3-12 2-13 1-14

The quartz α to β transition is reversible, rapid and independent of pressure differences in
the concrete. As seen in Table 2 a better agreement was found for this transition in com-
parison with decomposition of portlandite. In general the decomposition of portlandite
was detected closer to the fire exposed surface, i.e. at a higher temperature, than expected.
One reason for this might be the kinetics of the reaction or its water pressure dependence.
The estimated distance from the fire exposed surface presented in Table 2 is where the
portlandite is entirely consumed. Estimated depth of reddish cement paste coincides well
with the temperature measurements. A similar crack pattern was found for all samples, a
high crack frequency close to the fire exposed surface. The influenced layer had a min-
imum at 15 mm and maximum at 25 mm. Adhesion cracks and both perpendicular and
parallel micro cracks are more frequent than fine cracks. A higher frequency of cracks
was found in the samples containing coarse aggregates. The analysis was conducted on
one sample per concrete mix and fire exposure, with exception for 0-16 Std where two
samples were studied.
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3.2.2 Uniform heating, 250◦C

The aim of this part was to study the influence of PP fibres on residual transport properties
of concrete after heating to a temperature above the melting temperature of PP fibre.
Unheated samples were used as references. A full description of the study is presented
in Paper III. A concrete mix for civil engineering structures was use, the concrete mix
is shown in Table 3. Additions of 1 kg/m3 18μm, 1 kg/m3 32μm and 1.5 kg/m3 18μm
of PP fibres were studied. Samples without PP fibres were used for comparison. Discs
were cut from core samples with diameter 100 mm, stored in plastic bags for 6 years.
The thickness of the discs for water absorption tests was 30 mm and the discs for chloride
migration tests were 50 mm.

Table 3: Concrete mix part 2, w/c = 0.4
Components Gravel Gravel Gravel Water Cement Super-

0-8 mm 8-16 mm 16-25 mm CEM I plasticizer
[kg/m3] [kg/m3] [kg/m3] [kg/m3] [kg/m3] [kg/m3]

847 143 767 168 420 2.73

An electrical furnace was used to apply the heat load. The discs were distributed in the
furnace and were allowed to free thermal expansion. The temperature inside the furnace
was increased with 1◦C/minute up to 250◦C. Hence, the thermal gradients were kept
low. The final temperature, 250◦C, was maintained for 24 hour. The samples were then
allowed to cool down in the furnace. Water absorption tests were subsequently conducted
on the thin discs. The water absorption coefficients of the heated and unheated samples,
with and without additions of PP fibres are shown in Figure 3.11.
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Figure 3.11: Mean water absorption coefficients, Aw, for unheated and heated samples,
250◦C during 24 hours
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As seen in Figure 3.11 addition of PP fibres just slightly influences the water absorption
of unheated samples. However, a considerable increase in water absorption was found
for all heated samples. The differences between the series is larger after heating, but this
might has less importance since the relative changes of all series is high.

The chloride migration coefficients of the heated and unheated samples, with and without
additions of PP fibres, are shown in Figure 3.12.
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Figure 3.12: Mean chloride migration coefficients, Dnssm, for unheated and heated sam-
ples, 250◦C during 24 hours

Similar chloride migration coefficients were obtained for the unheated samples with and
without addition of PP fibres. Heating the samples to 250◦C and allow free thermal
expansion resulted in a significant increase in chloride migration for both series.

3.2.3 Unilateral fire exposure, 350◦C, restrained

The aim of this part was to study the influence of PP fibres on residual transport properties
of moderate unilateral fire exposed restrained concrete. Unheated samples were used as
references. A full description of the study is presented in Paper IV. The results were
obtained by means of water absorption tests. In addition the stiffness reduction of this
moderate unilateral fire exposed restrained concrete was studied by means of ultrasonic
measurements. The concrete mixes are shown in Table 4. Additions of 1 and 2 kg/m3 of
PP fibres were studied. Samples without PP fibres were used for comparison.
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Table 4: Concrete mix part 3, w/c = 0.42
Components Gravel Gravel Water Cement Super-

0-8 mm 8-16 mm CEM I plasticizer
[kg/m3] [kg/m3] [kg/m3] [kg/m3] [kg/m3]

819 890 181 435 1.31

Concrete slabs with dimensions 700×600×200 mm3 were cast. Reinforcing bars with
diameter 12 mm were placed 50 mm from the outer edges and on a height of 50, 100 and
150 mm from the fire exposed surface or corresponding surface on the reference slabs. In
total nine slabs were cast. A furnace for small scale fire resistance test were used to apply
the fire load on a sub-area of 500×400 mm2. The furnace temperature was maintained
at 350◦C during 3 hours, see Section 3.1.1. Two slabs of each mix were fire exposed
and subsequently allowed to cool down in room temperature. From each slab six cores
with diameter 100 mm were drilled. The ultrasonic pulse transmission time was then
measured in the radial direction of the cores at different distances from the fire exposed
surface or corresponding surface on the unexposed cores. The calculated mean ultrasonic
pulse velocity for the three concrete mixes are shown in Figures 3.13 - 3.15.
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Figure 3.13: Mean ultrasonic pulse velocity for the concrete mix without addition of PP
fibres
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Figure 3.14: Mean ultrasonic pulse velocity for the concrete mix with addition of 1 kg/m3

PP fibres
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Figure 3.15: Mean ultrasonic pulse velocity for the concrete mix with addition of 2 kg/m3

PP fibres

A thermal induced decrease in ultrasonic pulse velocity was observed to a depth of ap-
proximately 80 mm for all samples. The decrease in ultrasonic pulse velocity was higher
close to the fire exposed surface. No considerable differences were found between the
samples with and without addition of PP fibres.

The standard thickness of test samples for water absorption test is 50 mm. This thickness
coincides with a representative concrete cover for tunnel structures. Water absorption co-
efficients for unexposed and moderate unilateral fire exposed restrained samples, taken at
the fire exposed surface, for mixes with and without additions of PP fibres are shown in
Figure 3.16.
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Figure 3.16: Mean water absorption coefficients, Aw, 0-50 mm, for unheated and heated
samples, 350◦C during 3 hours

The water absorption of unheated samples was found to vary with the amount of PP fi-
bres. The highest water absorption rate was obtained for the samples with addition of 1
kg/m3 PP fibres. The reason for this is still not known. One explanation can be the higher
compressive strength obtained for the series with addition of 2 kg/m3 PP fibres. Moder-
ate unilateral fire exposure of these restrained samples caused a considerable increase in
water absorption rates. The highest increase was observed for the series without PP fibres
and the lowest increase was observed for the series with addition of 1 kg/m3 PP fibres.
However, the highest absolute water absorption coefficient was obtained for this series.

In additions to the standard test samples thickness tests with discs of thickness 30 mm
were tested. Two discs with thickness 30 mm were cut from each core, i.e. the extension
of the discs were 0-30 mm and approximately 30-60 mm from the fire exposed. Wa-
ter absorption coefficients for unexposed and moderate unilateral fire exposed restrained
samples, 0-30 mm, for mixes with and without additions of PP fibres are shown in Figure
3.17.

KTH Royal Institute of Technology, Civil and Architectural Engineering, Lic. Thesis 35



Durability of fire exposed concrete

Addition of PP fibres [kg/m3]
0 1 2

W
at
er
ab
so
rp
ti
on
co
effi
ci
en
t
[k
g/
(m

2
√
s)
]

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035
Unheated
350oC

Figure 3.17: Mean water absorption coefficients, Aw, 0-30 mm, for unheated and heated
samples, 350◦C during 3 hours

Similar water absorption coefficients as the samples with thickness 50 mm were obtained
for these thin surface samples. However, the increase in water absorption rate is lower for
these samples.

Water absorption coefficients for unexposed and moderate unilateral fire exposed re-
strained samples, 30-60 mm, for mixes with and without additions of PP fibres are shown
in Figure 3.18.
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Figure 3.18: Mean water absorption coefficients, Aw, 30-60 mm, for unheated and heated
samples, 350◦C during 3 hours

At this depth the thermal induced increase in water absorption rates were less than the
samples containing the fire exposed surface. The series without PP fibres was even un-
changed. The highest increase was observed for the series with addition of 2 kg/m3 PP
fibres.
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4 Discussion
Tunnels are important parts of the modern infrastructure. Concrete are extensively used
for such civil engineering structures since it provides both high strength and high dura-
bility. By a proper design, including a low penetrable concrete mix and an appropriate
concrete cover, the required service life can be fulfilled. However, a fire may change the
concrete properties momentary and reduce the load carrying capacity and/or the service
life. Thus, knowledge on post-fire properties of concrete and reliable and efficient fire
damage assessment methods are therefore of great importance.

The majority of experimentally determined post-fire material data of concrete found in
the literature are based on small test samples slowly heated to different temperature lev-
els. Since the durability is mainly dependent on the transport properties any crack devel-
opment is of importance. Slowly heated and non-restrained small samples may exhibit
a different crack pattern compared to fire exposed field structures due to lack of high
thermal gradients and restraint. In this study both small uniformly heated non-restrained
samples and samples exposed to more realistic fire conditions were studied. Higher levels
in water absorption were observed for the non-restrained samples in this study and sim-
ilar test samples found in the literature compared to the moderate unilateral fire exposed
restrained samples. The larger aggregate size in the uniformly heated and non-restrained
samples might increase the water absorption further. Both the higher reduction in com-
pressive strength and the quantitative crack analysis indicate that the thermal induced
cracks are more frequent in the samples with coarser aggregate.

For safety reasons design fires representing severe tunnels fires are required. In this study
a fire scenario far away from such a design fire was studied and considerable changes
in transport properties were found. Also fires with lower intensity and shorter duration
might influence properties related to durability in the vicinity of the fire. Neglecting such
changes might lead to additional future cost and downtime if the protective function of
the concrete cover reduces further with time or the reinforcement starts to corrode early.

In Swedish regulations road tunnels are divided into two zones, namely road environ-
ment and other traffic space, with different exposure classes for chloride-induced corro-
sion and freeze-thaw attack. However, the use of de-icing agents may vary for different
regions and the yearly numbers of freeze-thaw cycles is generally less in the northern part
of Sweden. Further, the degree of re-saturation after fire exposure will be dependent on
the actual moisture conditions in the tunnel. Presence of moisture is necessary for any
re-hydration and self-healing but increases the risk of frost damage and reinforcement cor-
rosion. Hence, knowledge on the actual post-fire tunnel conditions, including exposure
of de-icing agents, frequency of freeze-thaw cycles, moisture conditions and location of
the fire damage in the tunnel may allow a performance based rehabilitation which is less
expensive and time consuming compared to rehabilitation to required exposure classes.
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5 Conclusions
An experimental study on fire exposed concrete focusing on transport properties related to
durability and stiffness reduction of civil engineering concrete with and without addition
of polypropylene (PP) fibres has been conducted. From this study the following main
conclusions were drawn:

• Full-field strain measurement, using digital image correlation (DIC) technique, dur-
ing uniaxial compression core tests captures the depth of the damage in contrary
to traditional core testing. However, this advanced method is expensive and time
consuming. In damage assessment focusing on detecting the fire damaged depth,
rather than determine the absolute stiffness reduction, one can use ultrasonic pulse
velocity measurements, i.e., indirect stiffness measurements. Such measurements
require no machining of the cores and can be conducted also in-situ in connection
with core drilling. Repeated measurements may be required to obtain a clear trend
due to local variations.

• Determining of post fire transport properties on uniformly heated and non-restrained
samples may overestimate the increase in transport properties of fire exposed field
structures. By considering the fire induced non-linear thermal gradient and that the
surrounding cold structure act as a confinement one will obtain more realistic post
fire transport properties.

• The water absorption considerably increases for samples with and without addition
of PP fibres after both uniform heating of non-restrained samples and unilateral
moderate fire exposure of restrained samples. The post fire absolute water absorp-
tion was higher for all series containing PP fibres compared to series without PP
fibres. However, the importance of this might be low for the studied fire scenarios
since also the series without PP fibres reached levels of water absorption which may
reduce the service life of a civil engineering structure.

• No changes in water absorption were found for samples without PP fibres behind
the unilateral moderate fire exposed and restrained surface, i.e., between 30 and
60 mm. Nevertheless, an increase in water absorption was found for samples con-
taining PP fibres and the increase was higher for the series containing the highest
dosage of PP fibres.

• Several concrete properties are of importance for the post fire load carrying capacity
and durability of fire exposed structures. To obtain a reliable image of the fire
damage one has to combine different test methods.

• This study indicates that the anti spalling function of PP fibres is maintained during
a second fire. No sign of fire spalling was observed on samples containing PP fibres
while progressive spalling occurred on the sample without PP fibres.
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6 Further research
It is well known that severe fires may cause damage to concrete structures, especially the
layer closest to the fire. Only a small fraction of the original compressive strength remains
after heating above 500◦C. Fire exposure resulting in concrete temperatures up to 300◦C
reduces the strength but repair actions to recover the load carrying capacity is commonly
not necessary. However, this study shows that transport properties considerably changes
for samples with and without addition of polypropylene (PP) fibres after fire exposure
causing a thermal gradient between 300 and 170◦C over the concrete cover. To increase
the knowledge further on durability of moderate fire exposed civil engineering structures
research in three areas are suggested.

• Rehabilitation of the protective function of the concrete cover
Some studies have been conducted on self-healing of cracked concrete including
fire damaged concrete. However, knowledge on the degree of self-healing, time
required and the requirements of water supply for moderate fire exposed field struc-
tures need to be studied further. If self-healing is found to be insufficient impreg-
nation of the fire exposed surface might be one solution to recover the protecting
function of the concrete cover. Such studies need also to include the effect of age-
ing and resistance to fire spalling of the treated surface.

• Resistance to frost damage
The observed high water absorption rates and increased pore and crack volume in
the concrete cover may result in an enhanced amount of freezable water in the con-
crete cover. Thus, moderate fire exposed concrete might undergo surface scaling
in presence of de-icing agents or even without saline water. Any enhanced risk of
frost damage must be known.

• Small fires
The most frequent tunnel fires, about 70% of all fires, are single vehicles fires. Such
fires cause less fire temperatures and a shorter duration compared to the design fire
of Swedish road tunnels, considered in this study. Hence, the maximum concrete
temperature and the heat penetration is less. The conducted study indicates that the
water absorption of concrete without PP fibres is unchanged for lower temperatures
while some changes in transport properties were observed for series containing PP
fibres. Thus, the influence of PP fibres on durability after a small fire need to be
studied further.
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[33] Kalinowski M, Trägårdh J, “Microstructure and durability of Self-Compacting Con-
crete containing PP fibres”. In: Proceedings of the 5th International RILEM Sympo-
sium on Self-Compacting Concrete, Ghent, Belgium, 3-5 September, 2007

[34] Anderberg Y “Spalling phenomena of HPC and OC”. In: Proceedings of the In-
ternational Workshop on Fire Performance of High-Strength Concrete, NIST special
Publication 919, Gaithersburg, USA, February 13-14 1997
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