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Abstract

Despite almost 100 years of research, the fundamentals of fire spalling of concrete are not
yet fully understood. Many different theories exist, each trying to describe the coupling
between different phenomenon leading to fire spalling. Some of these phenomenon have
been investigated and are presented in this thesis.

The thermal properties at high temperature have been investigated using the Transient
Plane Source (TPS) technique. Measurements of temperature in the cross-section of self-
compacting concrete with the addition of polypropylene fibres (PP-fibres) during fire
exposure are presented. A verification calculation, based on the measured values of
temperature in the cross-section of the fire exposed concrete, was compared with results
from a full-scale fire test with the same concrete. Good correlation was obtained.

Using a measurement system consisting of oil filled steel pipes, the pressure inside the
concrete during fire exposure, was measured. Results from pressure measurement tests on
self compacting concrete show relatively low internal pressure before spalling. In fact, the
pressure was highest in a specimen that did not spall during fire exposure. Conclusions
from the tests were that pore pressure only played a secondary role in the spalling process
of the concrete investigated. Thermal stresses were believed to be the primary reason for
spalling.

With a small addition of polypropylene fibres (PP) in concrete the fire spalling can be
limited or totally avoided. Comparative studies of concrete with and without PP- fibres
were performed, and the function of PP-fibres was illustrated in small and large scale fire
tests. When determining the free thermal expansion as a function of temperature a strain
plateau was found in specimens containing PP-fibres. The plateau corresponds fairly well
with the temperature where accelerated drying behaviour was shown. This is an
indication that an accelerated drying creep phenomenon might be present. Further
experimental work is needed to verify this postulate.
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1 Introduction

1.1 Background

Concrete is used extensively as a building material. Long experience has proven that
traditional reinforced concrete has both good mechanical properties and good fire
properties. Modern applications have lead to the development and use of new types of
concrete. Fire spalling of concrete is not a new phenomenon but renewed focus has been
set on the problem due to the fact that in some new applications certain new types of
concrete have been shown to spall severely compared to traditional concrete.

Sometimes, when concrete is exposed to fire, material from the hot fire exposed surface is
flaked away in a more or less violent manner. Under some circumstances, the whole
cross-section of an element or detail exposed from more the one direction can disintegrate
instantaneously, e.g. the web of a beam. The mechanisms leading to surface flaking of a
element or instantaneous explosion of a web are not necessarily the same, although the
term used to describe this behaviour is “spalling” throughout this thesis. Many
researchers divide spalling into several sub-categories, depending on how violent it is or
whether it is located in the aggregate or in the corner of the construction. The definition
used in this thesis is in line with the definition made by Preston & White (1934), i.e., a
“spall” is a flake from the surface. Spalls must fly off, i.e., they must form suddenly with
enough violence to make at least something of a “pop” or audible noise.

If a concrete structure exhibits spalling during a fire test simulating a fire that reaches the
flashover phase, it usually starts between 3-30 minutes from the start of the exposure. At
slower heat exposure, the spalling behaviour may start later.

One might reasonably consider how common fire spalling is. In an inquiry made by The
Concrete Society Committee of Fire Resistance over 80 % of nearly 100 fire accidents in
concrete buildings reported mentioned the occurrence of fire spalling, Malhotra (1984).
An important conclusion from the study was that none of the investigated events led to
collapse of the structure. Fire investigations at SP, e.g., Bostrom (2006), on fires under
concrete road bridges also show that while surface spalling is common on fire exposed
old concrete, none of the bridges investigated were close to collapse.

1.1.1 Concrete and fire

In 1854, the fact that concrete with flint aggregate would exhibit the following behaviour:
“if there were flintstones in it the concrete would split, and yield under the action of fire”,
was described by Barret (1854).

Some years later Thaddeus Hyatt (1878) performed a large number of tests on concrete
beams with different types of reinforcement. He also compared the thermal expansion of
wrought iron and concrete and concluded that it was almost the same. Concrete in
combination with iron was shown to be an excellent material in a fire situation. The
insulating properties of concrete were good and the function of the elements was
maintained during prolonged fire exposure. Some of the tested concretes include
something as modern as different types of fibres and he concluded that not even asbestos
fibres improved the fire resistance. Thaddeus Hyatts (1878) experiments also show that
the moisture content in concrete contributed to keeping the temperature down during fire
exposure.



The first systematic attempt to categorise different kinds of fire spalling of concrete was
probably made by Gary (1917) in his review of work conducted between 1910-16. He
found from fire tests on specially built houses, that fire spalling could occur in the
following forms:

e Aggregate spalling - crater formed spalling attributed to the mineralogical
character of the aggregate,

o Surface spalling — disc shaped violent flaking, especially in pressure stressed
walls, probably caused by water damp,

e Corner spalling — violent spalling of corners (by later researchers, Khoury (2000)
described as non-violent), probably caused by water damp as well as temperature
stresses due to bilateral fast heating up, and

e Explosive spalling — very violent spalling of large, up to 1 m?, pieces from walls.
Some pieces were thrown 12 meters by the force. Gary (1917) had no explanation
for this type of spalling.

During the early 20™ century a large effort was put into fire testing of large un-reinforced
and reinforced concrete test specimens. As a reaction to this, Lea (1920) performed a
series of small scale material tests to understand the fundamentals of the material
behaviour of steel and concrete at high temperatures. According to Lea, it was unwise to
spend money on large scale tests before the fundamentals were understood. He
investigated the thermal behaviour of different concrete mixes and also the residual
compressive and tensile strength on unloaded specimens after heat treatment up to

700 °C. A conclusion from the study was that the internal temperature in a fire exposed
concrete cross-section can vary considerably for concretes made with different
aggregates.

As a part of a fire investigation after a fire in a storage building made of concrete, Nils
Sundius (1931) studied the changes in concrete after a fire using microscopy. He found
that physical changes such as crack growth in the cement paste, were induced by the
expulsion of water. He also found large cracks parallel to the heated surface, which he
concluded could lead to flaking.

In a Swedish publication by Sonnerberg (1952), it was hypothesised that concrete
manufactured using the “modern” method of machine vibration of concrete, in contrast to
traditional manually compacted concrete, leads to reduced fire resistance. The reason for
this was, according to Sonnerberg, that free and chemically bound water was more
restricted from leaving the concrete structure during fire exposure in “modern” concrete.
This resulted in raising of the steam pressure until the surface layer was spalled off.

A handbook for the residual assessment of fire exposed concrete was published by the
Swedish Tariff Association (1959). A more modern source of information regarding
residual assessment is a special issue of the Fire Safety Journal (Vol. 16 No.4 1990)
where the report “Reparability of Fire Damaged Structures” by the committee CIB W14,
was published.

A detailed examination of the effects of a fire in a storage house in Stockholm in 1966
showed severe fire spalling of the concrete at some locations, Lindblad et al.(1966), as
shown in Figure 1. The fire occurred during the construction of the building and it was
concluded in the fire investigation that if the flat slab construction had been loaded with
its working load, it would have collapsed.



Figure 1 Severe damage by spalling, bottom reinforcement partly fallen down , reproduced
from Lindblad et al. (1966)

During the late sixties and seventies, research on concrete at high temperatures was
intense. Some noteworthy investigations were performed on:

thermal properties by Zoldners (1968), Harmathy (1970) and Odeen &
Nordstrém (1972)

compressive strength by Abrams (1968)

tensile strength by Thelandersson (1972)

transient creep by Schneider (1976) and Anderberg & Thelandersson (1976)
fire spalling phenomenon by Harmathy (1965), Meyer-Ottens (1972), Dougill
(1972), Waubke & Schneider (1973), Zhukov (1976) and Copier (1979)

fire spalling of light weight concrete by Shirayama (1976) and Copier (1979)
modelling of heat and moisture transport by Bennet et al. (1976) and Bazant &
Thonguthai (1979).

During the late seventies and until the present day there has been continuous work in the
technical committees of RILEM on the subject of concrete at high temperature. Some
important publications from the committees include:

“Properties of Materials at High Temperatures - Concrete”, Schneider (1985), a
report including a compilation and review of experimental data.
“Mechanical Testing of Concrete at High Temperatures”, Schneider &
Schwesinger (1990), which includes a discussion of some important aspects of
testing concrete at high temperatures.
The test methods published in Materials and Structures by RILEM TC 129 MHT
and TC 200 HTC:
0 RILEM TC 200 HTC “Test methods for mechanical properties of
concrete at high temperatures - Part 1: Introduction”, Materials and
Structures (2007) 40:841-853



0 RILEM TC 200 HTC “Test methods for mechanical properties of
concrete at high temperatures - Part 2: Stress-strain relation”, Materials
and Structures (2007) 40:855-864

0 RILEM TC 129 MHT “Test methods for mechanical properties of
concrete at high temperatures - Part 3: Compressive strength for service
and accident conditions”, Materials and Structures, Vol. 28, 1995 pp.
410-414

0 RILEM TC 129 MHT “Test methods for mechanical properties of
concrete at high temperatures - Part 4: Tensile strength for service and
accident conditions”, Materials and Structures, Vol. 33, May 2000, pp.
219-223

0 RILEM TC 129 MHT “Test methods for mechanical properties of
concrete at high temperatures - Part 5: Modulus of elasticity for service
and accident conditions”, Materials and Structures, Vol. 37, March 2004,
pp- 139-144

0 RILEM TC 129 MHT “Test methods for mechanical properties of
concrete at high temperatures - Part 6: Thermal strain”, Materials and
Structures, Supplement March 1997, pp. 17-21

0 RILEM TC 129 MHT “Test methods for mechanical properties of
concrete at high temperatures - Part 7: Transient creep for service and
accident conditions”, Materials and Structures, Vol. 31, June 1998, pp.
290-295

0 RILEM TC 129 MHT “Test methods for mechanical properties of
concrete at high temperatures - Part 8: Steady-state creep and creep
recovery for service and accident conditions”, Materials and Structures,
Vol. 33, January-February 2000, pp. 6-13

0 RILEM TC 129 MHT “Test methods for mechanical properties of
concrete at high temperatures - Part 9:  Shrinkage for service and
accident conditions”, Materials and Structures, Vol. 33, May 2000, pp.
224-228

0 RILEM TC 200 HTC “Test methods for mechanical properties of
concrete at high temperatures - Part 10: Restraint stress”, Materials und
Structures, Vol. 38, Dec. 2005, pp. 913-919

0 RILEM TC 200 HTC “Test methods for mechanical properties of
concrete at high temperatures - Part 11: Relaxation” Materials and
Structures (2007) 40:449-458

During the past three decades several handbooks and guidelines on designing concrete for
fire resistance have been published, including:

PCI: Design for Fire Resistance of Precast Prestressed Concrete, Gustaferro et. al.
1977)

Fire Safety Engineering, Pettersson & Odeen (1978, available in Swedish only)
Beton Brandschutz Handbuch, Kordina & Meyer-Ottens (1981)

ACI: Guide on Determining of Fire Endurance of Concrete Elements (1981)
CEB/FIP Model Code 90: Fire Design of Concrete Structures (1991)

Fire Safety Engineering of concrete structures, Anderberg & Pettersson (1991,
available in Swedish only)

Fire safety Design & Concrete, Harmathy (1993)

Concrete at High Temperatures — Material Properties and Mathematical Models,
Bazant & Kaplan (1996)

Eurocode 2: Design of Concrete Structures — Part 1-2: General Rules- Structural
fire design (2004)

fib: Fire Design of Concrete Structures — Materials, structures and modelling
(2007)



During the eighties and nineties, some investigations of high strength concrete at high
temperatures pointed out that dense concrete is more sensitive to spalling, Hertz (1984),
Sanjayan & Stocks (1993), Ali et. al. (1996). The sensitivity to fire spalling of high
strength concrete has also been observed in several tunnel fires as described by Khoury
(2000). The most well known is probably the fire in the Channel Tunnel in 1996. In some
areas during that fire, the whole cross-section of the 110 MPa (mature) HPC was spalled
away so the grout was exposed. In another fire, in the Great Belt tunnel in 1994, up to
68% of the cross section of the 76 MPa (28 days) HPC was destroyed by spalling.

1.2 The purpose of this work

The purpose of the work presented in this thesis was to study fire spalling of concrete.
The aim was initially to develop a theoretical method for the prediction of fire spalling.
Due to the magnitude of this task it was decided to focus this first thesis work on
experimental investigations and their bearing on existing theoretical models with an aim
towards developing new and improved theoretical models in the next phase of this work.

Studies have been performed of an experimental nature with the aim of investigating
some properties related to fire spalling. In particular, the role of moisture in the fire
spalling process was investigated. Ultimately it is hoped that the work presented will
provide a sound basis for future theoretical modelling of fire spalling.

1.3 Limitations of the work

Given the fact that fire spalling of concrete is highly dependent on a number of
parameters including the moisture of the concrete, the aggregate, the composition of the
concrete paste, the presence or absence of an external load, etc, it has not been possible to
study all these parameters given the limited time available. A number of issues have been
focussed on and tests designed to minimise variation of the other parameters. Aggregate
spalling and the non-violent degeneration of concrete in the later phases of fire exposure,
so called falling-off of concrete caused by gravity, is not dealt with in this thesis.






2 Spalling Theories

2.1 Under which circumstances does concrete spall?

It is well known that concrete with low strength and low moisture content seldom spalls
during fire exposure. One example of this is that the concrete slabs (mounted as filling
material between test specimens on the horizontal furnace at SP), with cubic strength
approximately 30 MPa, do not spall even when the fire exposure is very severe. ,

During the early 1970’s, a questionnaire about fire spalling was send out to 20 different
laboratories, Malhotra (1984). Replies were received from 13 of the laboratories and only
a minority had not experienced spalling. Six factors that influenced the occurrence of
spalling were identified, i.e. the aggregate type and size, concrete density, age, moisture,
and restraint to expansion. This list was also refined and graded from most important to
least important as: the nature of the aggregate, free moisture, and restraint to
expansion.

The nature of the aggregate influences the occurrence of fire spalling in several ways.
The structure and the mineral composition are the most important factors influencing the
thermal expansion of the aggregate according to Zoldners (1968). An important factor is
the magnitude of quartz in the rock material. Quartzite and sandstone with high quartz
content exhibit high thermal expansion in contrast to limestone without quartz which has
a low thermal expansion coefficient. At 573 °C, quartz undergoes a sudden thermal
expansion when o-quartz transforms to $-quartz. This expansion is non-reversible and
can be used as an indicator of the magnitude of the temperature exposure in post fire
investigations. Air-dry rock has a higher thermal expansion coefficient than water
saturated rock. The difference is 10 % according to Dettling as cited by Zoldners (1968).
Logically this difference must be dependant on the porosity of the rock material.

Moisture content plays an important role in the phenomenon leading to fire spalling. If
the moisture content of the concrete is low, the probability of spalling is low as concluded
by Meyer-Ottens (1972) and Copier (1979). Whether it is the absence of free moisture or
the method of reducing moisture that limits spalling is a interesting question. A forced
drying processes or long drying time changes the concrete so identical specimens with
and without a high moisture content are hard to manufacture. A drying process, in an
externally dry climate, induces micro cracks by shrinkage of the cement past. In contrast,
when continuous hydration is dominant in reducing moisture, as in the case of concrete
with low water/cement ratio, the pore structure changes. Independent of the drying
method, the process of drying changes the concrete sample fundamentally, i.e., it is not
possible to have two identical specimens with different moisture contents. Despite the
inherent uncertainty concerning why moisture content is important in spalling, moisture
content does appear to be an indicator of the spalling risk. Under a certain moisture
content some authors regards concrete as “safe” from explosive spalling. In Eurocode 2
(EN 1992-1-2:2004) a limiting value of 3 % moisture content by weight is recommended
although the value can be changed in the national annex. Also Hertz (2003) and Bushev
et al. (1970) point out the limit of 3 %.

Restraint to expansion has also been identified as a key factor. Copier (1979) states that
when a compressive stress is present, spalling is promoted, but the size of the
compressive stress is less important. This conclusion was also drawn by Bostrom &
Jansson (2007) when testing self compacting concrete, fire exposed from one side.



Concrete which is exposed to a fire from more than one side is more sensitive to spalling.
Probably the most well-known experimental series dealing with this issue was conducted
by Meyer-Ottens (1972) at the University of Braunschweig. One conclusion from that
study was that thin cross-sections and high load, promote spalling. This nomogram of the
influence of load and thickness on the spalling risk from the study has since then been
widely cited in the literature and was also included in earlier versions of the Eurocode 2
(ENV 1992-1-2:1995), see Figure 2.
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Figure 2 The risk of spalling in two side exposed cross-sections. The X-axis is the thickness in
mm while the Y-axis, O fi,, is the compressive stress in the fire situation. Area (1) denotes

where there is a risk of explosive spalling, while area (2) shows where explosive spalling is
unlikely to occur. (Reproduced from Eurcode 2: ENV 1992-1-2:1995).

This nomogram is omitted from the most recent version of Eurocode 2 (EN 1992-1-
2:2004), probably due to the fact that these two factors, thickness and load, are not the
only important parameters influencing spalling. Tests at SP, conducted by Bengtsson
(1997, on beams with 80 mm webs, which corresponds to the boundary between where
explosive spalling would be likely or unlikely to occur according to Meyer-Ottens (see
Figure 2), exhibited severe spalling with ensuing collapse, see Figure 3. Further, an
unloaded specimen spalled severely. The age of the test specimens were 4-5 months and
one of the test specimens was pre-dried at 90-120°C for 6.5 hours. The extra drying was
performed two days before the fire test and the mean moisture content by weight was
measured as 3.1% in a specimen preconditioned the same way and with the same
thickness as the web, i.e., 80 x 250 x 250 mm”. This did not eliminate the spalling
behaviour. Four and a half years later one more test was performed on a beam moulded at



the same time. During this test, no spalling was seen during 60 minutes of standard fire
exposure.

Figure 3 Spalled beam with slender cross-section, ]iégtson (1997)

These results illustrate the fundamental difficulty in predicting spalling. Test objects,
produced at the same time and exposed to the same type of fire exposure after different
drying processes behave differently under the influence of a fire.

It is, however, clear that the following parameters influence the propensity of concrete to
spall, Swedish Concrete Association (2004), based on experience from extensive fire
tests:
e External factors, i.e.,
0 Fire scenario (time temperature curve)
0 Heat exposure (one-, two-, three-, or four-sided exposure)
o External load
e Dimensions and reinforcement, i.e.,
0 Outer geometry
0 Concrete cover thickness and reinforcement
e Concrete composition and properties, i.e.,
0 Aggregate (type and size)
Cement and filler (type and amount)
Air content
Fibre content
Moisture content
Permeability
Strength properties

OO0OO0O0OO0O0

Two of the above identified parameters are the aggregate size and fibre addition. In
Article IV of this thesis the influence of aggregate size and poly propylene (PP) fibre
addition on spalling, is discussed. The concretes with maximum aggregate size 25 mm
almost always spalled more than the similar concretes with maximum aggregate size 16
mm and concrete with PP-fibres spalled less than concrete without fibre addition, see
Figure 4.
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Figure 4 Comparison of spalling depth during one-sided exposure and different aggregate
sizes and PP- fibre additions. More details about the concretes and test conditions can be
seen in Article IV of this thesis.

The fact that there are numerous parameters which effect the propensity of concrete to
spall has lead to the postulation of several theoretical explanations to spalling. Due to the
complex nature of spalling, these theories represent a simplification of the real
phenomenon based on observations of spalling behaviour. This means that none of the
existing theories have been able to reliably predict spalling under all conditions. They do,
however, provide an interesting starting point for understanding the significance of the
various parameters listed above. The next part of this chapter provides a short description
of the most well established theories, rounded off with a discussion of a more complex
approach which includes aspects of several theories.

2.2 Fire spalling theories

Some pioneering work on fire spalling has been performed in Germany. By performing
tests on thermal expansion and changes in the structure of the aggregate during heating,
Endell (1929) concluded that the driving force for spalling was the sudden volumetric
change of the quartzitic components of the aggregate at 500 °C. Bottke (1931) theorised
that the stresses caused by differential thermal expansion in a cross-section lead to fire
spalling. He also concluded that the difference between the thermal expansion of concrete
and the reinforcement intensified the spalling behaviour. In a thesis produced at the
University of Braunschweig, Hasenjédger (1935) summarised the available data at that
time and concluded that fire spalling was caused by:

e Rapid heating of concrete

e Exceeding of the tensile strength by one sided strain

e Rapid structure and volume change in the aggregate

e Pressure from liberation of water vapour and gases from the aggregate and the

cement paste

As seen in the list above, Hasenjager (1935) identified two types of stresses leading to the
spalling phenomena: thermal stresses and pressure from moisture. The relative
importance of these two factors has since been the subject of intense discussion by the
scientific community.
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To illustrate the whole palette of spalling theories, a survey performed by Malhotra
(1984) provides an overview of which theories various researchers consider to be the
primary and secondary causes of spalling during the 60’s and 70’s. The different causes
are summarised in Table 1.

Table 1 Main spalling theories with sub groups, Malhotra (1984)

1) Moisture 1a) Vapour pressure

1b) Moisture clogging

1¢) Vapour pressure enhanced by frictional resistance
2) Stress 2a) Initial compression

2b) Initial compression + thermal stress

2¢) Initial compression + thermal stress + stress caused by
frictional resistance

3) Cracking 3a) Aggregate expansion

3b) Internal cracks

3c) Reinforcement expansion

In Table 2, the different theories are graded by different researchers.

Table 2 Highlighted theories by different researchers, Malhotra (1984)

Researcher Main factors Secondary factors
1) Saito 2a, 2b, 2¢ la

2) Harmathy 1b -

3) Meyer-Ottens lc, 2b 2c, 3¢

4) Dougill & 1b, 3b 2a

Sertmehmetoglu

5) Akhtaruzzaman and la Dense surface layer
Sullivan

6) Gustaferro la 3a

7) Copier 2a, la --

As seen in the above overview, there is some disagreement concerning the origin of
spalling.

Moisture is clearly an important factor. One classical approach to the role of moisture was
formulated by Shorter & Harmathy (1961), i.e., the Moisture Clog Theory. When a
concrete specimen is heated, the steam pressure in the pores rises close to the surface. The
pressure gradient then drives moisture not only out of the specimen but also towards the
inner colder regions. When the steam meets a neighbouring colder layer it will condense.
This process will continue, moving further into the cross-section, until a fully saturated
region of “considerable thickness”, Harmathy (1965), will be created. This region is the
so called “moisture clog”. When the moisture clog is created, further movement of steam
inwards towards the colder regions is restricted which will lead to the situation shown in
Figure 5. The figure is obviously a simplification because in a real situation the
temperature and pressure fields will not be linear, but the main point is that the highest
pressure will be developed at the boundary between the moisture clog and the steam
moving inwards, and when (or if) this pressure exceeds the tensile strength of the
concrete, a piece will spall away.
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Figure 5 The fully developed moisture clog, reproduced from Harmathy (1965).

The transient temperature development in the cement matrix of a normal concrete does
not typically, as one might expect, exhibit a plateau at 100 °C (i.e., the boiling point of
water under normal pressure and temperature) as seen in some test results. This plateau
when it exists is often an experimental anomaly due to the fact that a cavity around the
thermocouple becomes water filled and the thermocouple measures the temperature
inside the cavity. The cavity can be natural in the cement matrix or can be a result of
cracking during heating. When using small, unshielded welded thermocouples mounted
during moulding as done in the worked presented in this thesis, see Figure 6., This
plateau behaviour is very seldom seen.

Figure 6 Welded thermocouple wire, diameter 0.5 mm.

The physical explanation for the absence of a distinct boiling plateau is twofold. First the
boiling point of water is pressure dependant, at a higher pressure the boiling point is
higher. As an example, if the pressure is two atmospheres (which is not unusual in fire
exposed concrete) the boiling point for ordinary water on a flat surface is 120°C. As
described by Theladersson (1974), the capillary forces acting on the water inside a porous
media will also lead to a higher evaporation temperature, as the surface tension is
temperature dependant. This effect is naturally more pronounced in dense concrete with
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less capillary pores. The evaporation temperature of water is therefore dependant on the
pore size as shown in Figure 7.

| Evaporation temperature

de:
2501
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08¢ Pore radius

t ===t t === t L
oo1 01 1 um

Figure 7 Evaporation temperature as a function of the pore radius, Waubke (1973).

These two effects (pore size and pore pressure) result in a variable boiling point for water
in concrete under the effect of a fire. This is recognised in the Eurocode 2, EN 1992-1-
2:2004, where the latent heat of evaporation is superimposed on the specific heat in a
temperature interval, see Figure 8. The use of the superimposed latent heat as in the
Eurocode was shown to give good results in a calculation described in Article I of this
thesis.
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Figure 8 Latent heat of evaporation is superimposed on the specific heat capacity c, in a

temperature interval from 100 °C to 200 °C, reprouced from Eurocode 2 (EN 1992-1-

2:2004).

The presence of moisture is also the driving force in the Hydraulic Spalling Theory.

According to this hypothesis, spalling is caused by the hydraulic fracture of a saturated
pore, Khoylou (1997), Breunese & Fellinger (2004). The thermal expansion of water is
higher than the available volume in the surrounding porous skeleton. If a closed pore is
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occupied by more than 32 % water, the water will expand during heating from room
temperature and the whole pore will be filled. The air present in the pore will be forced
into solution in the water and, due to the very low compressibility of water, the hydraulic
pressure will rise very rapidly when the whole volume is filled. In fact this principle is
used as the activation mechanism for sprinklers with bulb activation, where a glass
container is filled with water and a bubble. When the temperature rises sufficiently the
water expands and the air is forced into solution in the water until the whole bulb is filled
and breaks due to the build up of hydraulic pressure. The above analysis is valid for a
closed pore system. In a real system some moisture transport will be present, but this will
be restricted in low permeability concrete, meaning that hydraulic pressure could provide
at least a partial explanation for documented spalling depending on the permeability of
the concrete.

Spalling theories based on Frictional Forces during vapour flow inside concrete have
been proposed by Waubke (1966), Meyer-Ottens (1972) and Waubke & Schneider
(1973). The flow of vapour in concrete will give rise to wall friction which results in
tensile stresses in the capillary system. The fundamental idea of the work by Waubke &
Schneider (1973) was to conduct a reverse calculation, Schneider (2007) assuming that all
moisture must be expelled during heating. A theoretical calculation, including a
comparison of the influence of different parameters on this evacuation, then concluded
that frictional stresses originating from vapour flow during fire exposure, made spalling
probable.

Thermal Stresses created by restrained thermal expansion is one of the most widely
recognised spalling theories. Compressive stresses close to the surface were purposed by
Sato (1965) to be the main driving force for fire spalling. Sato postulated that these
stresses originated from thermal expansion close to the surface that is restrained by the
inner, colder part of the structure. According to this theory, the stresses are highest when
the thermal gradient is high. He based his conclusions on an analysis of the stresses
assuming elastic material, a clear simplification. This analysis does not include the fact
that the transient thermal creep will reduce the stressed during heating. Sato’s theory
predicted that spalling will take place within 30 minutes during a standard fire exposure.
This has been confirmed by experiments. Similarly, the unfavourable effect of pre-stress
or external compressive load on spalling could be explained with his theory (he
superimpose the extra stress upon the thermal stress). The effect of moisture on spalling is
explained by Sato (1965) as being a result of higher thermal gradients close to the surface
when much moisture is present.

The theory by Sato (1965) was, according to Dougill (1971), incomplete. The major
objections were that concrete is not a linear elastic material and failure does not
necessarily occur at a point where the compressive stress reaches its maximum value.
Further, the theory does not explain violent, rapid, spalling behaviour. According to
Connolly (1995), Dougill noted that the stress field during the early stages of heating is
analogous with the stress field produced during a splitting test of a cylinder in a stiff
testing machine, see Figure 9

14



Heat Point load

“ ﬂ u Compression u Compression
e

lll.:l.l.l.-.l.f

Tension ﬂ ﬂ Tension n

Heat Point load

Figure 9 Similar stress fields from two sided heating and splitting test of a cylinder, Connolly
(1995).

Another comparison made by Dougill was that explosive spalling is the same mode of
failure as violent failure exhibited when testing a concrete (with a strain softening region)
specimen in a flexible testing machine, Dougill (1972). When concrete is heated from two
sides, the thermal expansion is restricted by the stiffness of the unheated inner regions.
The inner regions under tension are analogous to the flexible testing machine and the
outer regions in compression are analogous with the test specimen in a compressive test.
The strain softening behaviour under compression close to the surface at high
temperatures, along with the “spring” effect of the internal tension region, leads to violent
failure of the whole cross-section when the peak stress is reached. Based on a literature
review and an experimental study, Copier (1979) concluded that compressive stresses in
the outer layer of a cross-section can give rise to spalling but he considered it unlikely
that this could explain the most serious form of spalling. However, Bazant (2005)
concluded that the main reason for spalling is a “brittle fracture and delamination
buckling caused by compressive biaxial thermal stresses parallel to the heated surface”. A
similar explanation was given by Preston and White (1934) when describing the
mechanism of spalling in heated clay. As shown in Figure 10, the starting point of
spalling in clay is hypothesised to be a initial flaw, lamination or weakness in the
material.
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Figure 10 Mechanism of thermal spalling during sudden heating of clay reproduced from
Preston and White (1934). The dotted line is the heat wave and point P is a initial flaw,
lamination or weakness in the material. The behaviour in d, is more probable than d.

Even Hasenjédger (1935) suggested the exceeding of the tensile strength by one sided
strain as a plausible explanation for spalling. According to Bazant (2005), the
development of high pore pressure may only serve as a trigger for spalling, not the main
driving force. The reason for this conclusion was that pore pressures high enough to
trigger spalling have never been recorded experimentally. If a crack were to be opened by
pore pressure, the available volume for the water would immediately rise by several
orders of magnitude. In this situation, when additional water cannot flow into the crack at
once, the pore pressure must drop to close to zero. During an experimental study, Arita et
al. (2002) recorded the sound of internal cracking before spalling occurred (no cracks
were seen on the surface). The conclusion from this experimental series and a numerical
analysis was that the spalling process starts with cracks parallel to the surface layer
followed by surface buckling leading to spalling. The numerical simulation of the heat
and mass transfer and stresses during the experiments showed only small pore pressures
compared with the thermal stresses.

A mix of Thermal and Moisture Induced Stresses has been proposed as the reason for
spalling by Zhukov (1976). He describes the spalling process as the development of an
unstable crack inside the concrete, that develops up to the surface of the specimen. The
crack growth is ascribed to internal compressive stresses, compressive stresses caused by
external load, and tension stresses caused by steam generation. The cumulative process
leading to spalling is illustrated in Figure 11. Note in the figure that the region where the
crack is initiated is where the compressive stresses from thermal expansion and external
load are vertical while tension stresses are horizontal.
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Figure 11 Development of an unstable crack leading to fire spalling, reproduced from
Zhukov (1976). Notation: a) internal stresses, b) external load stresses, c¢) steam generated
stresses, 1- piece of spalled concrete, 2 - trajectory of the crack development, 3 - crack.
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There are a number of sophisticated numerical models which aim to describe the
mechanisms leading to fire spalling of concrete. A research team in Italy has worked
intensely with a hygro-thermo-chemo-mechanical model called the “Padua” model,
Gawin et al. (2006). This volume averaging numerical model, along with others of the
same type, Tenchev et al. (2001), Shamalta et al. (2005), aim at predicting the occurrence
of spalling. The models are generally based on thermodynamically reasonable principles
but are still on highly fundamental level, i.e., in their present state the numerical models
cannot provide a reliable substitute to fire testing for the determination or prediction of
fire spalling of concrete.

23 Summary

The theoretical explanations for spalling described above overlap to a significant degree.
Almost all theories contain some reference to the importance of moisture as either the
driving force for spalling or one of several driving forces. The main theories are:

e Moisture Clog Theory

e Hydraulic Spalling Theory

e Frictional Forces Theory

e Thermal Stresses

e Thermal and Moisture Induces Stresses Theory
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None of these theories fully explain spalling in all situations. Indeed, as discussed in
Article III, several of these theories probably interact to cause spalling. Most significant,
however, is that all theories have been developed based on an understanding of
underlying transport phenomena but are very difficult to confirm experimentally as they
require the measurement of physical properties or transient phenomena that are often
affected by intrusive measurement techniques.

The next chapter deals with a variety of experimental investigations that have been
conducted to characterise the spalling behaviour of different types of concrete and
experimental investigations that aim to measure underlying physical parameters or
transient phenomena in an effort to confirm or refute some of the various theories that
have been presented above.
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3 Experimental study

The various theories explained in the previous chapter lack experimental validation. It is
not possible to determine which of the proposed mechanisms, or combinations thereof,
are correct without such experimental support. In the work presented in this thesis a
number of different experimental techniques or combinations of techniques have been
used to investigate the validity of the various theories. These experimental techniques and
some results are described below.

3.1 Capillary saturation

The degree of capillary saturation at room temperature, i.e., the proportion of the
capillaries that is initially filled with water, is a factor that influences moisture transport.
Further, the evolution of pore pressure during fire exposure is naturally linked with the
initial degree of capillary saturation, Connolly (1995).

Concrete filled plastic pipes were used to represent the two sided drying of large slabs
used in the spalling tests described in Article IV. The aim was to investigate whether
differences in capillary saturation could give any clue to how PP- fibres can reduce
spalling. The plastic tubes were 300 mm long, had a diameter of 45 mm and were open at
both ends. They were stored under the same conditions as the large specimens that they
represented. Close to the day of the fire test of the large specimens, the cylinders inside
the plastic tubes were sliced into 2 cm thick slices, to determine the capillary saturation
profiles. The thickness of 2 cm was chosen as this was the smallest size possible with the
slicing method chosen. To minimize the heating of the specimen during slicing, the
specimen was first notched a couple of mm with a diamond disc, see Figure 12, and then
cut using an axe, see Figure 13.

Figure 12 The author is notching of the specimens.
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Figure 13 The author is slicing of the specimens where the notch is.

The sliced test specimens were then used to determine of the degree of capillary
saturation according to the method described by Hedenblad and Nilsson (1985). The
specimen was first weighed, then the underside of the specimen was placed in contact
with a water surface and evaporation protection was attached to the top of the sample
before capillary suction began. The specimen was kept in contact with the water surface
until it was capillary saturated, i.e. when no change in weight over time could be seen. At
this point the weight was recorded and the specimen was dried at 105 °C. The degree of
capillary saturation was then determined using the following formula:

m, —m,
M, — M,

cap

S =

cap

Scap = the degree of capillary saturation

m,, = the mass of the sample in the moist state (initial state)
Mcap= the mass of the sample after capillary suction

Mo = the mass of the sample in the dry state

In Article IV it was concluded that PP-fibres in concrete modify the degree of capillary
saturation, see Figure 14. The results of the degree of capillary saturation measurements
indicate that the specimens containing PP-fibres show a higher degree of capillary
saturation close to the surface to be fire tested (0-20 mm). It can also be seen that close to
the surface to be fire tested, the sequence from lowest to highest degree of capillary
saturation is the same for those concrete types with maximum aggregate size 16 mm as
for those with maximum size 25 mm. In both cases the order from lowest to highest is:
concrete without PP-fibres, 1 kg 32 um PP-fibres, 1 kg 18 um PP-fibres and 1.5 kg 18 um
PP-fibres. Almost the same order from lowest to highest was also seen when
determination of the average moisture content in cubes, 150 x 150 mm?, was performed,
shown in Table 3. To summarise, the results from this limited study indicated that PP-
fibres restricted drying. There is no obvious connection between this results and the anti-
spalling function of PP- fibres.
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Figure 14 Results from capillary saturation tests. A description of the tested concretes and
storage conditions can be seen in Article IV.

Table 3 Average moisture content (% by dry weight) in cubes (150 x 150 mm?).

Max Moisture Max aggregate | Moisture content
aggregate size content in size 25 mm in cubes [%]
16 mm cubes [%]
A 5.1 B 5.2
M (1 kg 32 um 5.8 N (1 kg 32 um 4.9
PP-fibres) PP-fibres)
E (1 kg 18 um 6.1 F (1 kg 18 um 5.4
PP-fibres) PP-fibres)
I(1.5kg 18 5.8 J (1.5 kg 18 um 6.0
um PP-fibres) PP-fibres)
3.2 Fire resistance testing
3.21 Small furnace tests

As shown in Article IV of this thesis some of the spalling tests were performed using a
small furnace. The furnace had inner dimensions of 500 x 400 x 525 mm”® with an
opening of 500 x 400 mm?” on the top of the furnace. The specimens to be tested covered
the opening, i.e. the fire exposure was one-sided only (from below the test specimen).

When testing according to the European standard, EN 1363-1, the furnace temperature is
measured using plate thermometers. The use of plate thermometers in furnace testing has
revolutionised such testing relative to the use of traditional shielded thermocouples. This
has lead to smaller differences in fire exposure from different furnaces, i.e. the time a
construction can survive a fire is less dependent of the furnace that is used.

In the small scale furnace used in this project, it was not possible to include a plate
thermometer in the actual tests due to the shadow effect of the plate on the specimen. This

is not important in a large furnace test but in the small furnace when the exposed surface
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is 500 x 400 mm? and the plate thermometer is 100 x 100 mm?, the shadow effect is
significant. However, in an attempt to adjust the thermal exposure to a standard fire test
(EN 1363-1) the furnace was calibrated using a plate thermometer and a “standard”
concrete test sample. The calibration was performed by regulating the furnace according
to a plate thermometer and simultaneously measuring the temperature with a 1 mm
shielded type K thermocouple, see Figure 15.

Figure 15 Comparison test between a 1 mm shielded typ K thermocouple and a plate
thermometer.

The difference in temperature readings between the two temperature measurement
devices is shown in Figure 16.
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Figure 16: Temperatures measured in the small furnace during calibration using different
measurement devices.

Based on the results of the calibration, a specific fire curve was devised for the small
furnace used in this work using a 1 mm shielded thermocouple to control the furnace.
One should note that this curve is specific to this furnace configuration and cannot be
generalised to other furnaces (even if they are the same size) without re-calibration. The
fire curve for the small furnace, based on a 1 mm shielded thermocouple, was fitted to the
following curve:

T(t) = 290 x log(30 x t+ 1) + 20 [°C]

T = temperature
t = time in minutes

The temperature was also measured inside the test specimens during the fire tests. This
was accomplished using thermocouples with a welded tip as the measuring point. The
thermocouples were placed in the concrete during moulding at a distance of 10 mm and
40 mm from the surface exposed to the fire.

All tests were performed on specimens loaded in compression. The load level was 10 %
of the cube compressive strength as tested prior to the fire test. Post-stressing was
performed using four Dywidag bars, thickness 28 mm, inserted into the concrete. The
applied load was monitored using four load cells, two on each side of the specimen. The
loading system is shown in Figure 17.
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Figure 17 The loading system for small slabs.

The tensile stress in the bars was measured with load cells connected to an MGC Plus
system and a computer for data collection.

If the results from these tests are compared with the results from the large scale test using
standard fire exposure (EN 1363-1), it can be seen that the spalling is generally less
severe on the small furnace. The reason for the difference is believed to be the
significantly greater boundary effects on small specimens during the later stages of fire
exposure. These boundary effects are probably negligible during the early stages of the
exposure. Some proof of this can be seen when comparing the times when spalling starts
during the two tests using small slabs of concrete A and the single test using a large slab
of concrete A as described in Article IV. During the two small scale tests spalling starts
after 7.75 minutes and 8.47 minutes which shall be compared with the spalling start 8
minutes during the test on the large slab. When the spalling then continues to a certain
depth the boundary effects will be different for the large scale test relative to the small
scale test. To summarise, small slabs in the used experimental setup can be used both to
conduct an investigation of the risk for explosive spalling during one dimensional fire
exposure, and to provide and indication of whether it is necessary to investigate the
spalling depth in a larger slab to verify large scale performance.

3.2.2 Large furnace tests

The furnace used in the large slab test series, described in Article IV, had inner
dimensions of 5 x 3 x 2 m® with a horizontal opening at the top of the furnace of 5 x 3
m?. The specimens to be tested, with the dimensions 1200 x 1700 x 300 mm®, covered
the opening, i.e. the fire exposure was one sided only, from below. The large slabs were
tested in two separate furnace runs, one with the RWS fire exposure and one with the
standard fire exposure specified in the European standard EN 1363-1 (1999), see Figure
18.
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Figure 18 Temperature curves used for fire testing.

The location of the test specimens on the furnace in the two tests is shown in Figure 19
and Figure 20. The specimens were connected two-by-two, with the internal loading
system described below, i.e., in Figure 19, A and B, E and F etc. are connected.

25



N
Gas burner f

IConcrete A Concrete B
|

[
E "Concrete E Concrefe F

7

[=]

[=]

Ll

|
|
| -
Concrete | Concrete J S
| (¥a]
| 0
|
5| | |Concrefe M Concrete N E
|
ol 0
3000

Figure 19 The location of test specimen during the RWS test as seen from above.
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Figure 20: The location of test specimen during the EN 1363-1 test as seen from above.

The load was close to 10 % of the cube compressive strength of that concrete with the
lowest strength in the pair. Post-stressing was performed using eight Dywidag bars with a
diameter of 28 mm, inserted into the concrete. The applied load was monitored using four
load cells during the fire test. A drawing of the loading system is shown in Figure 21.
Figure 22 shows a photo of the loading system during a fire test. Some results from the
large scale tests described in Article IV can be seen in Figure 4. The results show that
PP-fibres reduce fire spalling.
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Figure 21: Loading system for a pair of large test specimens.

Figure 22: The loading system on the side without load cells during fire test.
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33 Moisture pressure measurements

In the experiments described in articles II and III, indirect measurements of the moisture
pressure during fire exposure were performed. The pressure cannot be strictly defined as
a vapour pressure in all situations because at a certain depth the crack and capillary pore
system may be fully saturated. If this is the case, the pressure measured with the system
used will be a liquid pressure. An experimental indication of the presence of a fully
saturated zone is that liquid water is literally pouring out of the non-fire-exposed side
when a concrete cross-section is fire tested from one side.

In the approach used in this thesis, the pressure is conducted out of the specimen in a
small pipe so that the pressure can be measured outside of the sample. This is a more cost
effective method than embedded sensors because the pressure sensor can be reused and
the working conditions for the sensor are more stable. The actual measurement in a pipe
system can be conducted either as a vapour pressure measurement, using an empty pipe
as performed by Kalifa et al. (2000) and Kusterle et al. (2004), or as a fluid pressure
measurement, using oil as the pressure conductor, as performed by Harada and Terai
(1997). Oil was used in the pipe during the present experiments to limit the compressible
volume that is always present in an air filled system.

During casting of the concrete specimens, thin steel pipes, with an inner diameter of

2 mm and wall thickness of 0.2 mm, were inserted into the concrete. One end of each
steel pipe was placed at different depths from the surface to be fire tested. The pipe
extended from the measurement point through the test specimen, exiting on the cold side.
To ensure that no concrete, i.e. cement paste, would fill the pipes, thin welding bars were
inserted into the pipes during casting.

When the fire tests were conducted, the welding bars inside the steel pipes were removed
and the pipes were filled with high temperature resistant silicone oil, Sil 300, produced by
Haake. The filling of the pipes was conducted by inserting a thin needle and syringe and
carefully injecting oil from the bottom of the pipe to ensure that no air was trapped.
Outside the concrete, the steel pipes were connected to a pressure gauge using a T-
junction. The pressure gauges that were used were of the type P8AP/100bar from
Hottinger Baldwin Messtechnik GmbH. A photo of the pressure gauges and the T-
junctions are shown in Figure 23.

This method was devised to measure the internal pressure in the concrete prior to spalling
in an effort to confirm or refute the Moisture Clog Theory. In Articles II and III in this
thesis, it was concluded that the pore pressure played only a secondary role in the spalling
process of the investigated self compacting concrete, because the maximum pressure was
fairly low.
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system.

34 Thermal characteristics of concrete

The Transient Plane Source (TPS) method is a transient method for the determination of
the thermal conductivity, thermal diffusivity and specific heat, simultaneously. The
method was developed by Gustafsson (1991) at the Chalmers University of Technology
in Sweden.

When a measurement according to the basic TPS method is performed, a flat round hot
disc sensor is placed between two “slices” of a specific material, see Figure 24. The
sensor consists of a thin nickel foil spiral, 10 um, which is sandwiched between two
sheets of electrical insulation material.

Figure 24 Test setup for a measurement according to the TPS method, Gustafsson and Long
(1995)

The hot disc sensor acts as a constant effect generator and a resistance thermometer at the
same time. The measurement starts when a stepwise power pulse is applied to the sensor.
When a constant electrical effect is applied, the temperature in the sensor rises and heat
starts to flow to the tested material. The time dependent resistance rise is then recorded
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and converted using the temperature coefficient for the resistivity of Nickel, to a
temperature response curve, see Figure 25.

Power
Time
Voltage
i 1ce
=temperature _
Time

Figure 25 When the stepwise power pulse is applied the change in voltage is recorded and
converted to resistance and thereafter temperature

The temperature rise in the sensor is a direct response to the thermal properties of the
tested material. If the material has good insulation properties, i.e., low conductivity and
diffusivity, the temperature of the sensor will rise rapidly when a given amount of heating
effect is applied. If, on the other hand, the material has good conducting properties the
applied heat will be transported faster inside the material and the temperature will not rise
as rapidly as in the test of the insulating material. The separation of thermal diffusivity
and thermal conductivity in a measurement is conducted using a calculation software. The
calculation is based on the principle that the early part of the heating is similar to heating
of an infinite slab, i.e. one dimensional, while the latter part of the heating is close to a
point source, i.e. three dimensional. Once the thermal diffusivity and thermal conductivity
are known, the volumetric specific heat can be calculated.

When measurements are made using the TPS method, the test specimen must have a
uniform internal temperature distribution. A temperature drift recording, which is the
start-up for every measurement, is used to confirm this. If the temperature recording
shows a systematic drift in any direction, the possibility exists to compensate for this in
the software, although the accuracy of the measurement may be reduced considerably and
it is not recommended. The measurements at high temperatures shown in Article I in this
thesis have been performed inside a muffle furnace.

One limitation of this method is that it is not possible to measure phase transitions. For
material like concrete, the fundamental specific heat is not sufficient to describe the
amount of energy that is needed to heat a piece of the material due to the fact that the
material undergoes chemical reactions and conversions during heating. Despite this
limitation the methodology seems promising even for use in materials like concrete
provided the effect of evaporation of water or other phase transitions at very high fire
temperatures, for example the melting of concrete, is added when doing a temperature
calculation based on measured thermal data. An example of this type of calculation is
given in Article I.

When the energy needed for reactions and conversions is included in the specific heat, it
is usually referred to as the “apparent specific heat”, Harmathy (1993), Bazant & Kaplan,
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1996), Schneider & Horvat (2003). The “apparent” specific heat is shown in equation 3.1

below.

() ()
ar J, ot Jor

The first term is the sensitive heat contribution to the specific heat (i.e., the fundamental
specific heat as defined by thermodynamics) and the second term is the contribution from
chemical reactions. The second term can be a sum of different chemical processes or

phase changes which occur in the concrete. In this case, AH, is the enthalpy change for

3.1)

each elementary reaction, and & is the reaction progress variable (0< & <1). Thus, the term

% provides information concerning how the reaction has progressed during any given

temperature change. Several processes can occur in the same temperature interval.

Examples of reactions that can be included in the “apparent specific heat” can be seen in
Fel! Hittar inte referenskilla., Schneider & Diederichs (1981). Note that the concrete,
in the example shown, includes quartzite or limestone aggregate and blast furnace slag

cement.

Table 4 Examples of reactions in a concrete during heating, Schneider & Diederichs (1981).

Temperature
(C)

Transformation
or decomposition
reaction

Heat of transformation
or decomposition per
unit mass (kJ/kg)

Mass of material
transformed or
decomposed per
m?® of concrete

Heat of
transformation
or decomposition
per m® of

(kg/m®) concrete (kJ/m%)
30-120 Release of Heat of evaporation of 130 kg water 290 MJ
evaporable water | water, 2238 kJ/kg
(endothermic reaction)
30-300 Dehydration of Heat of hydration of p- 78 kg hardened 20 MJ
non-evaporable or | C,S, 250 kJ/kg cement paste
chemically bound | (endothermic reaction)
water in cement
gel
120-600 Release of Heat of hydration not About 60 kg water | 135 MJ
remainder of less than 2238 kJ/kg
evaporable and (endothermic reaction)
non-evaporable
water
450-550 Decomposition of | Heat of decomposition of | Not more than 40 40 MJ
Ca(OH), = CaO + | Ca(OH),, 1000 klJ/kg kg Ca(OH),
H,0 (endothermic reaction)
570 Transformation of | Heat of transformation of | 1500 kg SiO, in 8.8MJ, 1.2MJ
a- to B-quarts Si0,, 5.9 kl/kg quartzite concrete,
(endothermic reaction) 200 kg SiO; in
limestone concrete
600-700 Decomposition of | Heat of decomposition 240 kg C,S in 120 MJ
CSH and 500 kJ/kg (endothermic hardened cement
formation of - reaction) paste
C.S
780 Recrystalisation Heat of recrystallization, | 100 kg unhydrated | 5 MJ
of unhydrated 50 kJ/kg (exothermic blast furnace slag
cement reaction) cement
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600-900 Decarbonation of | Heat of decomposition, 1440 kg CaCO; 2360 MJ
limestone 1637 kJ/kg (endothermic
aggregate reaction)
1100-1200 Melting of Heat of melting, 750 2100 kg quartzite 1575 MJ, 1125
concrete kJ/kg (endothermic concrete, 1500 kg MJ
reaction) limestone concrete

An example, found in Article I, of results from measurements of the thermal conductivity
with the TPS method is shown in Figure 26. The test was performed on pre-dried
specimens, dried at 105°C The thermal cycle starts with the highest value at 20°C and
then decreasing with increasing temperature. Measurements performed during the cooling
down cycle shows an almost constant value.

2
1,6
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” 1,2 . V
£
E 0.8
< —e— TPS measuremrent
04 -
0 . . . . . .
0 100 200 300 400 500 600 700

Temperature [ °C]

Figure 26 The thermal conductivity for the tested concrete at different temperatures and
place in the heating cycle. The heating cycle starts at the highest conductivity value at 20°C.

To determine whether the thermal properties measured with the TPS method were
relevant, a temperature calculation using the TPS data was compared with the
temperatures measured during a fire test. The boundary conditions in the calculation were
the temperature measured at the depth of 10 mm from the surface while those at the
depths of 25 mm and 50 mm from the surface were used for comparisons between the
calculated values and temperature measurements. The results, shown in Figure 27, show a
good correlation between measured and calculated temperatures. More details concerning
the calculations can be found in Article I.
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Figure 27 Temperature curves at different depths. Tm is measured temperature and Tc is
the calculated temperature.
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3.5 Drying tests

Transient drying tests were performed in an electrical tube furnace as shown in Figure 28.
When performing a test, the specimen is hung on a wire attached to a balance. The
balance is connected to a computer for data collection.

Figure 28 Balance and furnace used to measure transient drying.

The electrical effect to the tube furnace is automatically adjusted to obtain a ramp
temperature function. This is recorded using a thermocouple placed a few mm from the
middle of the test specimen. With this arrangement the actual surface temperature is not
measured but as most of the experiments are of comparative nature this is a minor
problem.

Results from the weight loss measurements, during exposure to a heating ramp of
2°C/minute, are shown in Figure 29. As seen in the figure the weight loss before reaching
100°C ( a few mm from the middle of the test specimen) is limited. This is due to the
thermal inertia of the material, i.e. the inner core is colder than the heated exterior, and
low permeability of the sample leading to restricted moisture flow. The derivatives of
these curves can be seen in Figure 37 in the discussion chapter.
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Drying of cores, d=34 mm =300 mm
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Figure 29 The weight loss of 34 mm cores at the heating rate of 2°C/minute normalised
relative to the original weight.

3.6 Permeability

The Cembureau method was used to measure the gas permeability both before and after
heating (residual testing). Nitrogen gas was used with a differential pressure of 0.2 MPa
and the intrinsic permeability was calculated according the following formula, Neville
(1996):

K: quOLn2
A(pz — Pa )

K = intrinsic permeability coefficient [m’]

g = volume flow [m*/s]

Po = pressure at which the volume flow rate is measured [Pa]
L = thickness of specimen[m]

n = dynamic viscosity [Ns/m”] (nitrogen = 1.76 x 107

A = cross-sectional are of the specimen [m’]

p = inlet pressure [Pa]

pa = outlet pressure [Pa]

The only inlet pressure used was 0.2 MPa, so no estimation of the Klinkenberg effect (so
called “slip flow”) could be made. The Klinkenberg effect was not explored as these tests
were conducted mainly to provide comparative data between the different types of
concrete studied.

The specimens used in the tests were cylinders, diameter 150 mm and height 48 mm,
sawed from cores a couple of days after casting. After sawing, both cut surfaces were
ground smooth using a diamond grinder. The specimens were then wiped clean from all
free moisture and put inside plastic bags until tested.
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Figure 30 The Cembureau test equipment for measurement of gas permeability.

In Article IV an investigation of the influence of the heating scenario on the apparent
residual permeability was performed. The results from this type of permeability
experiment after rapid heat exposure from all sides should not be seen as intrinsic
material data, as there will not be a uniform crack pattern produced throughout the
specimen. This method gives, therefore, only an indication of the effect of heating on the
apparent permeability, not a measure of the absolute permeability of the sample. This
means that the results provide information concerning an increase in the presence of
cracks, but not of their distribution in the sample.

Heating of test specimens to 400 °C with different heating rates does not influence the
residual permeability, i.e. the ratio of the permeability from the specimen heated with a
thermal shock to that of a sample heated at a rate of 1 °C per minute, does not vary
significantly when comparing before heating and after heating. When the same
experiment was repeated using the oven pre-heated to 600 °C, however, the specimen
exposed to thermal shock exhibits more cracks than the specimen heated slowly. The
specimen exposed to a thermal shock has twice the residual permeability as the specimen
that has been heated slowly. Cracks close to the edges could be seen on the specimen
exposed to thermal shock. This is probably the reason why pore pressure measurements
on slowly heated specimens are often higher than fire exposed specimens. This also
indicates that the mechanical properties close to the surface where spalling occurs are not
easily examined with traditional slow heating methods. The depth of the surface cracking
that was indicated by the permeability test was not investigated in this project but could
be further analysed using microscopy.
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3.7 Speed of sound

The speed of sound is related to the dynamic elastic modulus of the material, i.e., the
speed of sound is higher in a stiffer material. The elastic modulus for concrete decreases
almost linearly from room temperature to between 800 °C to 1000 °C, when it is almost
zero according to Eurocode 2 (2004). This is a measure of internal cracking.

The cylindrical test specimens used in the drying tests were also tested in a speed of
sound apparatus, see Figure 31 and Figure 32. When conducting these experiments, a
contact gel is put on the sensors and the apparatus is calibrated against a reference
material with a known speed of sound.

The speed of sound was tested before heating the specimen during the drying test and
directly after cooling down to room temperature. Results, further described in Article IV,
show that concrete with PP- fibres exhibits a smaller loss of elastic modulus after heating
to 600 °C with a heating rate of 5 °C/minute than concrete without PP-fibres. An example
of the results from these measurements is shown in Figure 33. This figure is reproduced
from Article IV and shows the difference in speed of sound between specimens with and
without PP- fibres. In specimens without PP- fibres, the reduction in the speed of sound is
larger than in specimens with PP-fibres.

Figure 31 The contact gel, reference material and speed of sound apparatus.
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Figure 32 The speed of sound sensors.

Ratio (after/virgin), cores d =34 mm
Heating: 5 deg/min to 600 °C
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Figure 33 Speed of sound ratio (after/virgin), cores d =34 mm, heating: 5 °/min up to 600 °C.
Specimen A and B and U do not contain PP- fibres. U is a reference concrete with higher w/c
ratio.

3.8 Thermal expansion

As shown in Article IV tests of the free thermal expansion of concrete types A, E and I
were performed at Centre Scientifique et Technique du Batiment (CSTB) in France. The
equipment used is built to fulfil the requirements outlined in the RILEM TC 129 MHT
“Test methods for mechanical properties of concrete at high temperatures- Part 6:
Thermal strain”, (1997). The thermal expansion was measured on cylinders with a
diameter of 104 mm and length 300 mm. The cylinders were placed in a cylindrical
furnace and a strain measurement system was attached. Both the longitudinal and radial
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expansion were measured, each with three strain gauges. The heating rate was
1°C/minute up to the maximum temperature of 600°C. The measurement system, shown
in Figure 34, is described in more detail by Hager (2004).

Figure 34 The equipment for measurements of mechanical properties at high temperature at
CSTB in France.

Test results from the thermal expansion measurements on concrete types A, E and I show,
when looking at the whole temperature scale, quite similar results for the different
concretes. This is expected because the only difference between the concretes is the
amount of PP-fibres added and the major driving force for expansion is the aggregate
which is the same in all mixes.

There is one interesting difference although it is small. At around 200-250°C the thermal
expansion decreases to zero or close to zero for concretes E and I. After this decrease
there is an increased expansion rate between 250-300 °C compared to concrete A, so at
300°C the total strain is almost the same as before the strain plateau. Concrete A is free
from PP-fibres while concrete E contains 1 kg/m® 18 um PP-fibres and I includes 1.5
kg/m3 18 um PP-fibres. Further, the decrease is highest for the highest content of PP-
fibres. The behaviour can be seen both in the longitudinal and radial direction of the
tested cylinders, as shown in Figure 35 and Figure 36.
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Figure 35 The free thermal expansion in the longitudinal direction, the strain plateau.
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Figure 36 The free thermal expansion in the radial direction, the strain plateau.
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4 Resume of articles

4.1 Article I: Measurement of Concrete Thermal
Properties at High Temperature

The spread of heat and the shape of the temperature profile in a concrete structure govern
all the processes involved in the phenomenon of fire spalling. Therefore, a thorough
knowledge of the thermal properties of the material is fundamental to our understanding
of fire spalling of concrete.

In this article, the use of the Transient Plane Source (TPS) method to measure the
thermal properties at high temperature was investigated. With the TPS method, the
thermal conductivity, thermal diffusivity and volumetric specific heat can be determined
simultaneously. This is done by applying a heat pulse to the material when the material is
in thermal equilibrium. The resulting temperature increase in the sensor gives an
indication of the thermal properties of the material and allows the calculation of these
properties.

During fire exposure the material is never in thermal equilibrium with the surroundings
and the effect of moisture, both by evaporation and transport, on the temperature is
always present. Thus, the practical application of the measured properties, requires that
the effect of the evaporation and transport of moisture is added to the calculation. This
can be done by adding the moisture effect to the specific heat, as described in the
Eurocode 2 (2004).

A calculation of the temperature, based on thermal data from TPS experiments, has also
been presented in this article. This was found to correspond well with temperatures
measured during a large scale fire test on the same type of concrete. This confirms the
utility of TPS measurements of the thermal properties of concrete in predicting large scale
performance of concrete specimens.

4.2 Article II: Liquid/steam pressure measurement
inside concrete exposed to fire

When heating concrete, the moisture in the porous network will expand and evaporate.
This will induce pressure in the capillary system. According to Harmathy (1965), the
pressure developed is the driving force for the build up of the moisture clog and spalling
by internal pressure, as described in more detail in a previous chapter. If the moisture
indeed governs the spalling behaviour, it should be possible to confirm this by measuring
high pressure inside the concrete immediately prior to spalling.

Using a measurement system consisting of oil filled steel pipes, the pressure inside the
concrete during fire exposure, was measured. Results from pressure measurement tests on
self compacting concrete show relatively low internal pressure before spalling. In fact, the
pressure was highest in a specimen that did not spall during fire exposure. Conclusions
from the tests were that pore pressure only played a secondary role in the spalling process
of the concrete investigated. Thermal stresses were believed to be the primary reason for
spalling.
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4.3 Article III: Fire spalling: Theories and
experiments

An overview of the most common spalling theories is given in this article. A more
detailed overview of the different theories can be seen in chapter 2 of this thesis. The
theories illustrated include:

0 Moisture Clog,

0 Hydraulic theory, and

0 Thermal stresses.

One important aspect discussed in this article is the relationship between drying creep

and moisture transport. It is clear from the literature that drying creep releases thermal
stresses in the material due to expansion. If moisture transport is restricted this reduces
the impact of such creep and stresses increase.

It is suggested that this may be the explanation for fire spalling of dense concrete, i.e.,
that stress relaxing moisture release is restricted.

4.4 Article I'V: Experimental study of the influence of
polypropylene fibres on material properties and
fire spalling of concrete

This article focuses on the effect of polypropylene (PP) fibres in concrete. The influence
of PP-fibres on the following was investigated:

e Moisture content and degree of capillary saturation
Fire spalling, thermal exposure with standard fire or RWS fire
Drying, an example of drying of 34 mm cores during a temperature rise at
2°C/min was shown
Speed of sound, the change of speed of sound in 34 mm thick cores after heating
to 600°C with the heating rate 5°C/min
Free thermal strain during heating of 100 mm thick cylinders with a temperature
rise of 1°C/min

Tests to determine the role of the heating rate on the residual permeability of a concrete
without PP-fibres were also performed.

Results from the study shows that PP-fibres:
e reduce or prevent fire spalling
o modify the capillary saturation close to the surface of concrete
o limit the internal destruction at moderate heating, 5°C per minute
e modify the drying behaviour at high temperature
e introduce a plateau in the free thermal strain curve.

It was also found that concrete without PP-fibres heated by a thermal shock to 600°C had
twice the residual permeability of concrete heated at a heating rate of 1°C per minute to
the same target temperature. The same test performed with a target temperature of 400°C
did not reveal any measurable difference. The influence of cracking during fast
temperature rise was illustrated in this manner.
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5 Discussion

Concrete with a small addition of PP-fibres is less sensitive to fire spalling, and the
probability of fire spalling is reduced. This is a well known fact in the research
community which is illustrated in Article IV of this thesis. What is then the role of PP-
fibres? Only by answering this fundamental question can we hope to optimise fibre use
and design in concrete to minimise the risk of fire spalling. Without such knowledge the
application of PP-fibres to concrete can at best be a trial and error process. Schneider and
Horvath (2003) summarise the various theories presently discussed in the literature as
being based on an improvement of the permeability of the concrete due to:

= the formation of capillary pores when the fibres melt and burn,

= the development of diffusion open transition zones near the fibres,

= additional micro pores, which develop during the addition and mixing of fibres in
the concrete mix, or

= additional micro cracks at the tip of the PP-fibres which develops during heating
and melting.

Common to all these theories is that moisture transport is facilitated. One example, from
article IV, of this modification of the moisture transport is shown in Figure 37 where the
concrete samples with PP-fibres, E, F, I, J, M and N exhibit a clearly marked peak in the
drying rate at a surface temperature of approximately 220°C. The comparable concretes
without PP fibres, A and B have a lower and earlier peak. Concrete U is a reference
concrete with w/c 0.62 compared with w/c 0.40 for the rest of the samples. Due to the
heating conditions, with heating of 2°C/minute and the fact that the temperature is
measured 2 mm from the surface so as not to disturb the weight measurement, the real
surface temperature where the actual process of amplified drying is taking place is
probably lower, i.e., approximately 200°C.

Weight loss rate of cores, d=34 mm |1=300 mm
heat rate=2°C/min
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Figure 37 Drying rate of w/c=0.40 concretes with and without PP-fibres (see Article IV for
more details). A and B are concrete without PP-fibres; E, F, I and J contain 18um fibres; M
and N contain 32 pm fibres; and U is a reference concrete with w/c=0.62. These curves
correspond to the derivative of the curves shown in Figure 29.

The experiment was not conducted under flash-over fire conditions, where the heating
rates are very much higher, but they indicates that PP-fibres modify moisture transport.
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Similar results showing that PP-fibres modify the drying behaviour were presented by
Kalifa et al. (2001) when testing concrete mixes and by Saravanta & Mikkola (1994)
when testing mortar mixes.

If, in the following discussion, it is assumed that high moisture transport reduces spalling,
the anti-spalling function of fibres in heated concrete may be due to one of the following
three hypotheses:

Hypothesis A. reduction of “breaking” pressures in the capillary pores

Hypothesis B. modification of the mechanical properties, E-modulus, strength
and fracture energy in the spalling zone

Hypothesis C. local stress relaxation in the spalling zone due to drying creep.

These three different possible explanations (hypotheses) will be discussed in more detail
below. Common for the three hypothesises is that a zone close to the surface, the so
called “critical zone” as shown in Figure 38, will be affected by the presence or
movement of moisture.

=
Fire => ! Concrete

=%
/

Critical zone

Figure 38 Zone affected by moisture presence or movement.
According to all three hypotheses, this zone will be where the spalling crack ultimately

occurs which leads to the type of surface spalling, the results of which are shown in
Figure 39.
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Figure 39 Spalled material from the surfaces of three different concretes.

Let us now discuss these three hypotheses individually.

Hypothesis A: Pressure effect from moisture

As PP-fibres aid moisture transport the moisture pressure in heated concrete containing
fibres is decreased.

The pressure effect from moisture, which was suggested early by Hasenjdger (1935), still
seems to be the most common theory of the origin of spalling. As discussed in a chapter
2, the moisture clog phenomenon can increase the pore pressure and under certain
circumstances liquid pressure initiated spalling, so called hydraulic spalling, might occur.
During heating liquid moisture will expand and, at higher temperatures, evaporate.
During evaporation at atmospheric pressure, i.e. at 100°C, the volumetric expansion from
liquid to steam is approximately 1600 times. If there is insufficient space available to
accommodate this expansion the pressure will rise.

In an experimental study by Kalifa et al. (2001) it was concluded that PP-fibres in
concrete reduce the pore pressure by increasing the permeability of concrete at high
temperatures. The specimens without the addition of PP-fibres reached 4 MPa which was
higher than specimens with fibres. The heating scenario entailed the exposure of the
specimen to a radiant heater with a temperature of 600°C which resulted in a heating less
than the standard fire curve. None of the tested specimens spalled during the heat
exposure.

In the experimental study described in Article IT of this thesis, the measured pressure
inside concrete that did not spall during heating was higher than the pressure in the
concrete exhibiting spalling. The conclusion from that test series on self compacting
concrete was that thermal stresses were the primary mechanism for spalling of the
investigated self compacting concrete and that pore pressure was only secondary, Jansson
(2006).

In a previous study Mindeguia et al. (2007) used the same test setup as Kalifa et al.
(2001) to investigate the influence of the heating severity on pore pressure in concrete.
The heating scenarios used entailed the exposure of the specimens to a heating panel at
600°C and 800°C as well as standard time temperature exposure, ISO 834. The specimen
used for the heating panel tests were 30 x 30 x 12 cm and the ISO 834 specimens 70 x 60
x 15 em. The maximum measured pressure in a concrete with w/c= 0.54 was 1.5 MPa
during exposure to a heating panel at 600°C and approximately 0.2 MPa during exposure
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to a heating panel at 800°C. No spalling occurred during these heating panel tests. When
the same concrete was tested with ISO 834 exposure it spalled and the maximum pressure
was only approximately 0.2 MPa. A similar behaviour was recorded in a concrete with
w/c= 0.38. Conclusions from the tests were that the origin of spalling was not the pore
pressure. Slow heating lead to high pore pressure and no spalling, while fast heating led
to low pore pressure and spalling. These findings are in line with the experimental results
concerning residual permeability shown in Article IV where it was shown that rapid
heating led to an increase in surface cracking.

The above discussion illustrates that although PP-fibres reduce the pore pressure, the pore
pressure alone is not the mechanism for spalling. One should note that this discussion is
only valid for one-sided fire exposure of concrete samples. When concrete is exposed
from two or more sides the role of pore pressure may be much more important, see for
example Figure 3 in Chapter 2.1.

Hypothesis B: Effect of moisture on mechanical
properties

The presence of moisture influences the mechanical properties. PP-fibres facilitate
moisture transport, peaking around 200°C, i.e., the evacuation of moisture at high
temperatures from the critical zone shown in Figure 38 might be faster if the concrete
contains PP- fibres. Important then is to consider whether the presence of trapped
moisture during heating is unfavourable from a mechanical viewpoint.

At room temperature, Pihlajavaara (1974) showed that the presence of moisture reduces

the flexural strength of cement mortar, Figure 40. The tests were performed on specimens
in moisture equilibrium with their surroundings.

46



Determination
Cement mortar of flexural
beam strength
4cm 16cm L‘
ldcm ‘j I Scm | S5cm Jj
| |
(112 1424
r 1
1Mo I T T [ 1 MN
kgf \0\ 2 years' sealed precuring m?
3 years' moisture conditionin
cm o O\o Y : ) = - 9 0
100 b ——1— |
| ™= i
~N
-‘?9 o ° | I 9
Q0 i 4-10*9,\ pe "\_'“'_'_?—_
0 99( (]
g 8L, o %
£ 3§ e S g Fi8
> g0 Iz S T T S R S
? I e \\ °8
) | | Op la |
o | - A 48 ~N
5 , _ Pon 3, i L 7
(/] 70 | } 1 'b O\S ___\ 4
— I~ 2570 }
o 8| » P
t o~ Ko
23 / I~ 6
:‘J 60 R Gemm o aae | — 1
) 5 s |
“'1099"(\90 ~ o
50 | X ﬂcho(" . 1 “Q" — 4 3 5
I l,c.’, e,.%nl \&Koo
"’(‘ o "’o:o K“\
40 ] } 7‘{ - r s ~ " 4
| | 9n 0.)5
| f;,h
I
30 | i3
n 0 20 40 60 80 % 100
3 water
(e}
¥ o6 ol
e 50 % Bet 2351
29a'swo Relative humidity of air
S
0%

Figure 40 The effect of relative humidity on the flexural strength, reproduced from

Pihlajavaara (1974).

The mechanical properties cannot be determined locally in a rapidly heated specimen,
containing trapped moisture. However, an indication of the effect of trapped moisture
during heating can be seen from experiments conducted on specimens heated and tested

under sealed conditions.

A literature review conducted by Lankard et al. (1971) shows that the compressive
strength of concrete heated under sealed conditions exhibits a dramatic decrease, see
Figure 41. The same conclusion was drawn by Schneider & Horvat (2003) when
reviewing results from Berto & Polivka (1972). These results show a 30 % reduction of
the compressive strength when testing a sealed specimen compared to an unsealed

specimen at 150°C.
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Figure 41 Compressive strength of concrete heated under different conditions, reproduced
from Lankard et al. (1971)

At room temperature, the Young’s modulus is much higher when more moisture is
present, Betonghandbok Material (1982). This is explained by the fact that pore water is
almost incompressible and, if it is not easy moved by the pressure, the Young’s modulus
will increase. It is highly plausible that a situation will arise when the moisture transport
from the gel pores to the capillary pores and further transport away from the high pressure
zone will be restricted during heating and the critical zone shown in Figure 38 will
become stiff.

According to Zhang et al. (2002), the loss of moisture from concrete due to heating
always leads to a decrease in brittleness. This conclusion was based on the heating and
drying of notched beams in a test program including heating to different temperatures for
a variety of heating times.

A stiff cement matrix zone around an expanding aggregate can be the reason for the
development of a crack parallel to the fire exposed surface. When PP-fibres are present
the moisture kept at a high temperature in the critical zone will be reduced, leading to less
stiffness and less cracking. This plausible effect has not been experimentally verified.

Very few experiments to measure the E-modulus during sealed conditions can be found in
the literature and the conclusions are not consistent. Schneider & Horvat (2003) conclude
based on six test series, four performed under sealed conditions and two unsealed, that
sealing of the specimens did not have a significant effect on the E-modulus for limestone
concretes. In tests performed by Lankard et al. (1971) on gravel concrete, however, the
effect of sealed conditions was dramatic. When the temperature was 100°C the E-
modulus was reduced by 50 %.
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Hypothesis C: Drying creep effect

As shown previously, PP-fibres facilitate moisture transport peaking at around 200°C.
Thus the evacuation of moisture at high temperatures from the critical zone shown in
Figure 38 will be faster if the concrete contains PP- fibres. Hypothesis B dealt with the
effect of the presence of moisture on mechanical properties. In this discussion, the effect
of moisture transport from the critical region will be discussed.

During first time heating of a loaded specimen the strain components can be described as
in Fel! Hittar inte referenskilla.. The total strain is divided into the components:
thermal expansion, transient strain, creep strain, and elastic strain. In an analogy to this
description, the transient strain will, in a given situation of restrained thermal expansion
during heating, relax the stresses originated from thermal expansion. This is very
important in the behaviour of heated concrete.
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Figure 42 Strain components during first time heating and constant load. Total strain (gta)
seen as a sum of the thermal expansion (&,), transient strain (g,), creep strain (gceep) and
elastic strain (€,,q) (reproduced from Anderberg & Thelandersson (1976).

The nature of the transient strain in a heated unsealed specimen is, according to Khoury et
al. (2002), a mixture of “transitional thermal creep” (TTC) and drying creep, i.e., in Fel!
Hittar inte referenskilla., &, = TTC + drying creep. The TTC component was first
found by Hansen & Eriksson (1966) when they tested loaded and unloaded cement paste
and mortar specimens submerged in water and heated to 100 °C. These experiments
illustrated that a specimen first loaded and then heated exhibited greater deformation than
a specimen first heated and then loaded. The fact that the tests were performed under
water lead to the conclusion that transitional thermal creep is a different phenomenon to
drying creep.

How much of the transient strain originates from TTC relative to drying creep during a
test such as that shown in Fel! Hittar inte referenskilla., has never been determined.
According to Bazant & Kaplan (1996) the drying creep (also called “the Pickett effect”)
is totally dominant. The drying creep component was also highlighted by Thelandersson
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(1982) as a highly important phenomenon during heating. In a recent experimental study,
Petkovski & Crouch (2008) concluded, from tests on concrete under partly sealed
conditions, that the Load Induced Thermal Strain (LITS) in concrete is reduced if the
moisture movement is restricted, i.e., if drying creep is minimised, thereby confirming the
importance of drying creep in transient strain. LITS is the difference between heating
without load relative to heating under load, minus the initial elastic strain.

The strain plateau shown in the “free thermal strain” experiments, presented in Article IV,
might be an indication of an accelerated drying creep phenomena. A free thermal strain
experiment during heating does not really represent free expansion. Stresses from thermal
expansion are found in the cross-section of a heated specimen with a thermal gradient;
compressive stresses near the surface and tensile stresses further from the surface of the
specimen, Bazant el al. (1996). These stresses arise due to the fact that the inner colder
regions in the core will expand slightly less during the heat exposure and to a certain
degree restrain the outer hotter region. When the outer region approaches approximately
200°C, the drying creep phenomenon promoted by PP- fibres appears to relax some of the
compressive stresses, which are mainly from expansion of the aggregate. Bazant et al.
(1996) proposed a hypothesis that the creep viscosity (creep) is a function of the micro
diffusion flux of water between the gel pores and the capillary pores. According to this
theory the mechanism promoting creep is the flow out of or in to the gel pores and this
flow is dependent on temperature and relative humidity. Any drainage of the capillary
pores promoted by the presence of PP- fibres will probably create a flow from the gel
pores to the capillary pores, thereby promoting creep. This effect of PP- fibres on the
“free” thermal expansion must be investigated further.

Drying of concrete during heating leads to drying creep which relaxes stresses in the
material. Thus, in a material with low permeability the drying is restricted and higher
stresses will occur. When PP-fibres are present, an extra “relaxation” peak in the material
around 200°C, will be present, which indicates that the PP-fibres may facilitate drying
creep.

In summary, the effect of PP- fibres might be a mixture of the three hypotheses presented
above. In the case that all three are valid their relative significance will be different for
different concrete compositions and moisture contents, but during the experiments
performed in this experimental study, the pressure effect in the capillaries from moisture
is believed to be of only secondary importance. All three hypothesises require further
study in order to be confirmed or refuted. Indeed, their relative importance in different
types of concrete (as discussed above) cannot be determined before their very basis in
fact has been established.
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6 Conclusions

The objective of the work presented in this thesis has been to investigate some properties
of concrete and their relationship to fire spalling. In particular, the thermal properties and
the role of moisture in the fire spalling process have been focused on.

It is clear that the heat exposure is in some way involved in the spalling processes,
therefore the thermal properties are important. The thermal properties, i.e., thermal
conductivity, thermal diffusivity and the volumetric specific heat, at high temperatures
were investigated using the TPS method. A temperature calculation based on the
measured values for a specific concrete was compared to the temperature measurements
conducted during a large scale test on a concrete slab of the same concrete. The results
from the calculations corresponded well to the temperatures measured during the test.

Another important issue that is often addressed in the literature as important to the
mechanism of fire spalling of concrete is the pressure in the capillary system. In certain
circumstances this might be the case, as for an example when the heat exposure is from
more the one side, but based on measurements of pressure performed in this project it is
concluded that during one-sided fire exposure, the spalling initiator was not the pressure
in the investigated concrete.

A theory concerning the role of moisture in fire spalling based on experiments performed
on concrete with and without PP- fibres, was presented. It was shown in small and large
scale fire experiments that PP- fibres reduced spalling. A plausible explanation of the
spalling retarding mechanism of PP- fibres is that the addition of fibres promotes
moisture transport at temperatures around 200°C. This peak in moisture transport was
shown in drying experiments and the effect on thermal expansion was clearly seen as a
plateau in the free thermal expansion curve. Based on these observations and references
in the literature a theory based on two phenomena for the function of PP- fibres in high
temperature concrete, was presented. A possible third phenomena, the pressure in the
capillary system, was concluded to be only secondary in the investigated concretes, see
above).

First, the presence of PP- fibres leads to a lower degree of saturation of the material. It
was found in the literature that the compressive strength is reduced if moisture is kept
inside and from a parallel to room temperature behaviour it is plausible that the Young’s
modulus rises relative to saturation. This is not yet confirmed in high temperature
experiments. The second phenomenon in the theory is that the moisture transport
amplified by PP- fibres leads to a relaxation of thermal stresses by drying creep.

51



52



7 Future research

The work presented in this thesis was originally intended to have a focus on theoretical
modelling of fire spalling in concrete. As stated in the introduction it rapidly became clear
that a significant amount of experimental data is needed before realistic models can be
developed to the point where it is meaningful to conduct extensive modelling with any
degree of accuracy. This thesis presents some important experimental results and test
methods to improve our understanding of fire spalling and will provide the basis for
model development in the future. Further experimental data is however needed
concerning, e.g., creep, fracture mechanics, chemical processes in concrete and moisture
transport in general.

Further, the phenomenon of fire spalling and the spalling reducing effect of PP- fibres are
not yet understood in detail. As the role of moisture in fire spalling is often highlighted in
this thesis and in the research community, the next step in this research area should be to
investigate the three hypothesises presented experimentally. Both the local moisture
transport close to the surface and the effect of trapped moisture at high temperature. The
test methods developed in this work could be further improved by comparison to
alternative methods including the use of fiber optic sensors for pressure measurement.
Such sensors have been applied in a limited number of applications but initial results are
highly promising. Presently many pressure measurements from different sources in the
literature are still contradictory. Optical fibers may represent our first real opportunity to
resolve such contradictions and ultimately understand the relationship between moisture
transport, pressure and spalling.

Another method which has recently received some attention is the use of NMR (Nuclear
Magnetic Resonance spectroscopy) at high temperatures to register the transport of
moisture during a heating cycle. This method is in its infancy but could be used to
confirm or refute one of the oldest and most well-established theories to explain fire
spalling, i.e. the moisture clog theory. As presented in this thesis, some aspects of this
theory is questionable and experimental resolution of its validity would provide a
benchmark for further research.

As our understanding of fire spalling improves yet further models should be developed
and validation of these models against relevant experimental data performed. Well
defined models of fire spalling in concrete would facilitate the development of new,
designer, formulations for specific future applications.
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Summary

A method for the determination of concrete thermal properties at high temperature
is examined in this paper. The so-called TPS Method (Transient Plane Source)
makes it possible to simultaneously evaluate the thermal conductivity, thermal
diffusivity and specific heat in the temperature range 30 — 1000 K.

The standard technique is briefly described, and some measurement
carried out on self compacting concrete reinforced with polypropylene fibres are
presented. The theoretical results based on the values of the thermal properties
measured in the test turns out to be in satisfactory agreement with the
measurements concerning a full-scale fire test. Finally, a comparison is made
between the results obtained with TPS and those obtained with MDSC
(Modulated Differential Scanning Calorimeter).

Keywords: self-compacting concrete; thermal properties.

1. Background
1.1 Introduction

The heat propagation in a material governs the chemical and structural
degradation processes in a fire situation. Therefore the thermal properties of
concrete are of fundamental interest when theoretical predictions of the behaviour
in fire are done. In this short paper the use of a transient method for
simultaneously determination of the thermal conductivity, thermal diffusivity and
specific heat in self-compacting concrete is investigated. When using the
Transient Plane Source (TPS) method a specimen in thermal equilibrium is
exposed to a heat pulse and by using the recorded transient thermal response of
the material and the geometrical data for the sensor a calculation of the thermal
properties can be done.

1.2 Previous studies

Determination of the thermal properties of concrete at high temperature is not a
new issue. As an example Odeen and Nordstrom [1] performed measurements on



concrete at temperatures from room temperature up to 1000 °C. The
measurements at high temperature were performed with the Stalhane-Pyk method
(thermal conductivity) and a Dynatech calorimeter (specific heat). The thermal
conductivity measurements show the typical decay at high temperatures. When
the material is cooling after an exposure at high temperature the thermal
conductivity is approximately constant, see Fig. 1.
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Fig. 1 - The temperature dependent thermal conductivity for concrete with w/c =
0.7 (Odeen and Nordstrém 1972). The cooling phase is included in the diagram.

In the literature there exist several good compilations of data of the thermal
properties for different qualities of concrete at high temperature [2,3,4]. One
example, which shows the specific heat, is shown in Fig. 2.
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Fig. 2 - Effect of temperature on measured specific heat of various concretes.
Compilation made by Bazant and Kaplan [4]. (1) granite aggregate concrete
(Odeen [5]); (2) limestone aggregate concrete (Collet and Tavernier [6]); (3) lime
stone aggregate concrete (Harmathy and Allen [7]); (4) siliceous aggregate
concrete (Harmathy and Allen [7]); (5) limestone aggregate concrete
(Hildebrand, et al. [8]); (6) siliceous aggregate concrete (Hildebrand, et al. [8])

The prescribed values in the Eurocode 2 part 1-2 [9] are shown in Fig. 3. The
thermal conductivity is described by an upper and lower limit.
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Fig. 3 - The thermal conductivity (3a) and specific heat(3b) of concrete according
to Eurocode 2 part 1-2 [9].



2. Experimental procedure

2.1 Test method

The basic idea behind the TPS method is to apply a constant heating effect and
measure the temperature response in the same sensor.

When a measurement according to the TPS method is performed a flat round hot
disc sensor is placed between two pieces of material, see Fig. 4. The sensor
consists of a thin nickel foil spiral, 10 pm, which is sandwiched between two
sheets of electrical insulation material. When the temperature is below 500 K the
insulation material is Kapton with a thickness of 25 pm and in the 500 — 1000 K
range Mica with the thickness of 60 um is used. The reason for using Nickel as
the conducting material in the sensor is because of its large temperature
coefficient of resistivity over a big temperature range.

Fig. 4 - The test setup for a measurement according to the TPS method [11].

The hot disc sensor in Fig. 4 acts as a constant effect generator and a resistance
thermometer at the same time. The time dependant resistance rise is recorded and
converted with the temperature coefficient of resistivity for Nickel to a
temperature response curve. When a constant electrical effect is applied the
temperature in the sensor rises and heat starts to flow to the tested material. The
temperature rise in the sensor is then a direct response of the thermal properties of
the tested material. Depending of the thermal properties a proper applied effect,
size of sensor and measurement time must be chosen, i.e. it is an iterative process
if the properties of the tested material are totally unknown. The effect selection is
direct connected to the desired temperature rise in the test specimen. For metals a
suitable temperature rise is < 1 °C and for insulation materials between
approximately 1 and 5 °C. There is a characteristic time for every measurement
when the thermal conductivity, thermal diffusivity and the specific heat can be
determined from one measurement. This is when the heat profile in the test
specimen can be approximated as a mix of the mathematical solutions from a
semi-infinite slab and a point source. If the measurement time is to short only the
thermal effusivity can be calculated because the mathematical solution approaches
the semi-infinite slab case. If the measurement time on the other hand is to long
the mathematic solution is more like an infinite solid heated by a constant point
source and only the thermal conductivity can be calculated [11,12]. A more



detailed mathematical description of the solution strategy used in the software
Gustafsson [12] gives.

When measurements are made with the TPS method the test specimen must have
a uniform internal temperature distribution. A temperature drift recording that is
the start-up for every measurement checks this. If the temperature recording show
a systematic drift in any direction there is a possibility to compensate for that in
the software but the accuracy of the measurement can be suffering and therefore it
is not recommended. The measurements at high temperatures in this project have
been performed inside a muffle furnace.

All the measurements presented in this article are a result of at least three repeated
measurements with the same experimental setup. This is done to assure that no
time dependant processes in the material are going on, and to detect if any
external random errors occur.

2.2 Tested material

One quality of self-compacting concrete with polypropylene fibres has been
studied. This type of concrete does not require vibrating when it is cast in a
mould. To the concrete recipe a small amount of polypropylene fibres were added
with the purpose to avoid or reduce the possibility of spalling when the concrete is
exposed to fire. The recipe for the concrete is shown in Table 1. All the thermal
property measurements on concrete described in this article were done on dried
material.

Table 1 - Concrete mixture [13].

Dry materials (kg/m’)

Cement Slite (CEM 1) 380.76
Limestone filler Limus 25 119.24
Fine gravel 0-8 Satertorp 899.96
Coarse gravel 8-16 Sitertorp 721.90
Plasticizer*® CemFlux Prefab 5.73
Plasticizer (% of C+F) 1.15%
Fibres Fibrin 18um 1.0
Water/moisture (kg/m”)

Water 149.69
Dilution water 10.02
Moisture in material 37.54
w/c-ratio 0.518

* Plasticizers are given as weight in diluted form, as delivered. The moisture is included in
”Moisture in material” in the table.



3. Test Results

The temperature sequence for the test on concrete was chosen to be 20, 90, 110,
200, 500, 600, 500, 200 and 20 °C. The decrease of the temperature from 600 to
20 °C was done to see if the thermal conductivity was to remain constant during
cooling as reported in the literature [1]. At every temperature level the
measurement was performed when the test sample had a uniform temperature
distribution. In Fig. 5, the thermal conductivity from the measurements is
presented and in Fig. 6 the thermal diffusivity is shown. As explained earlier the
thermal conductivity, thermal diffusivity and the specific heat are determined
simultaneously i.e. in the same measurement.
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Fig. 5 - The thermal conductivity for the tested concrete at different temperatures
and place in the heating cycle. The heating cycle starts at the highest conductivity
value at 20 °C
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Fig. 6 - The thermal diffusivity for the tested concrete at different temperatures
and place in the heating cycle. The heating cycle starts at the highest diffusivity
value at 20 °C.



To get some kind of accuracy check on the measurements done with the TPS
equipment a supplementary test on the concrete was done with a MDSC
(Modulated Differential Scanning Calorimeter) to determine the specific heat. In
Fig. 7 the specific heat results from the TPS test and two scanning tests are
shown.
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Fig. 7 - The specific heat of the investigated concrete. The volumetric values from
the TPS measurements are converted to the right unity with the temperature
dependant density taken from the Eurocode 2 part 1-2 [9].

4. Discussion

Concrete is a mixture of aggregate and cement paste. The thermal conductivity in
the aggregate is normally higher than in the paste so it is important to use a sensor
of a suitable size to get a representative picture of the material. This was checked
by MDSC (Modulated Differential Scanning Calorimeter) measurements on
pulverized material. From this measurement a representative value of the specific
heat can be achieved. The specific heat measurements done with the TPS agreed
well with MDSC, see Fig. 7.

A fire test on self-compacting concrete slabs made with the same recipe as the
concrete tested with the TPS equipment was performed with an ISO 834
exposure. The dimensions of the specimen were 200 x 1200 x 1800 mm
(thickness x width x length) [13]. Inside the specimen the temperature was
recorded at the depths 10, 25, 50, 100 mm from the fire-exposed surface. The
measured temperature at the depth 10 mm, Tm(10 mm), was then used as
boundary condition in an one-dimensional finite element calculation. The finite
element code TASEF [14] was used for the calculation and the thermal properties
from the TPS measurements were used as input.



The thermal data from the TPS measurements on dried concrete shown in Fig. 5
and 7 were completed with data for the latent heat corresponding to the moisture
content measurements that were done prior to the fire test on the concrete plates.
The moisture content in the concrete was 4,8 % and both the amount of energy
that was needed for heating the water up to 100 °C and latent heat was added in
the simulation model. The effect of latent heat of evaporation was spread out
between 100 and 150 °C.
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Fig. 8 - Temperature curves from the measurement, Tm = temperature
measurement, Tc = temperature calculation.

The calculated temperature response, Tc, shown in Fig. 8 shows a good agreement
with temperature measurements Tm. The only significant difference is in the 100
°C region which is probably caused by moisture movements or/and pressure
dependant boiling points.



5. Conclusions

With the TPS (Transient Plane Source) method the thermal conductivity, thermal
diffusivity and the specific heat can be determined at the same time.

The thermal data at elevated temperatures from the TPS (Transient Plane Source)
measurements on self-compacting concrete correspond well with data from
specific heat measurements done with MDSC (Modulated Differential Scanning
Calorimeter). A good correlation in a practical case has been shown between a
finite difference calculation based on TPS data and temperature measurements on
a full-scale fire test object.
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Liquid/steam pressure measurement inside concrete exposed to fire

ROBERT JANSSON!

ABSTRACT

In order to investigate the mechanism of fire spalling, and obtain experimental data on
the liquid/steam pore pressure inside concrete exposed to fire, a pressure measurement system
containing oil as the pressure carrier has been used.

The liquid/steam pressure inside a fire tested self compacting concrete was measured
at different ages, load levels and specimen sizes. The results do not show any clear
relationship between age and pressure development in the fire situation. A conclusion from
the tests performed is that it is unlikely that the pore pressure is the main reason for fire
spalling of the investigated concrete.

1. INTRODUCTION

The high density and the thermal properties of concrete are advantageous when
concrete is exposed to fire. Heat transport is in most cases a slow and well known process
which depends largely on the aggregate that is used and the concrete quality [1]-[3]. The slow
nature of this process leads to the formation of a very steep temperature gradient in the
concrete element exposed to the fire, especially in the early stages of exposure to a flashed
over fire. Therefore, the temperature dependant degradation of the material is limited to a
relatively thin layer which grows slowly with the time of exposure. This makes the explosive
spalling of the concrete, which occurs under certain circumstances, particularly onerous to the
fire resistance, as the advantageous insulation function of the outer material is lost. In certain
specific instances the whole cross-section may collapse.

Fire spalling is a poorly understood phenomenon that occurs due a complex interplay
between numerous parameters in the material and/or structure. Some of the main factors that
are known to influence the risk of fire spalling are the moisture level, aggregate type,
permeability, cross section and speed of heating. For the past 40 years or more, two main

! Project manager, PhD-student, Fire Resistance, Swedish National Testing and Research Institute, Fire
Technology, email: robert.jansson@sp.se



theories have traditionally been used to explain the origin of fire spalling of concrete, i.e.,
thermally triggered forces and steam pressure from the water present in the concrete.

In 1965, Harmathy [4], [5] presented a theory that explained spalling as a moisture
phenomenon i.e. moisture clog spalling. Concrete is a porous material and, according to this
explanation, desorption of water in the early stages of fire exposure starts when heat begins to
penetrate the concrete. A major part of the desorbed vapour then moves to colder regions of
the concrete and is adsorbed into the colder concrete matrix. When the drying front moves
further into the concrete, this phenomena leads to the formation of a fully saturated layer in
front of the vapour, a so called moisture clog. This moisture clog acts as an obstruction to the
vapour and the vapour is forced to find release through the fire exposed side of the concrete.
Finally, at some point in time, as the heat increases, the hot side of the moisture clog itself
will begin to evaporate and the steam pressure will begin to rise. Indeed, the formation of a
moisture clog where the concrete matrix is saturated with liquid is supported by fire test data
as in many cases when concrete is fire tested with a single side of exposure, liquid water can
be seen, literally pouring out of the non-exposed side, as illustrated in figure 1.

Fig. 1 Liquid water on the non-(fire)-exposed side of 200 mm thick concrete slabs.

The other explanation, presented for example by Bazant [6], relates to “brittle fracture
and delamination buckling caused by compressive biaxial thermal stresses parallel to the
heated surface”. Bazant also point out the moisture clog alone cannot cause spalling. When a
crack, produced by pore pressure, starts to open, the available volume for the water vapour
and liquid increases drastically and the pressure drops. Thus, Bazant [6] concluded that the
pore pressure can only act as a trigger for the spalling phenomenon. Once the pore pressure
has triggered the crack, its growth and the resulting explosive spalling will depend on the
thermal stresses.

These theories point out that the internal pressure of water and vapour in any concrete
element is an important factor in understanding the phenomenon of explosive spalling.
Several models have been developed to describe the underlying physics of heat and mass
transfer (sometimes coupled to mechanical properties) of concrete at high temperatures [7]-



[9]. Indeed, in recent years, developments in computational capacity and numerical codes
have lead to the construction of more and more refined, constitutive relations between the
properties of matter in concrete. In light of this, there is a need for more experimental data for
the validation of these models. Therefore, measurements of the internal liquid/steam pressure
in concrete exposed to fire, such as those presented in this paper, are of fundamental interest.

2. EXPERIMENTAL DESCRIPTION
2.1 Pressure measurement

A variety of methods used to measure the pressure inside heated concrete can be found
[10]-[15]. Direct measurements with embedded electrical sensors have been conducted by
Phan [10], Consolatio et al. [11] and Dal Pont and Ehrlacher [12]. One problem with this type
of measurement is the size effect, i.e., the size of the sensor must be small to minimize the
influence of the sensor on the thermal field in the concrete. Further, the temperature range
where the pressure sensor is functional can be a limiting factor. Naturally, sophisticated
pressure gauges can be used which have a broad temperature range but no such sensors exist
that can survive a standard fire test. The fact that pressure gauges in these type of tests are
sacrificial are limiting their use in extensive test programs.

Indirect measurement can also be used. In this approach the pressure is conducted out
of the specimen in a small pipe so that the pressure can be measured outside of the sample. In
this case the pipe is open ended with one end inserted into the sample and the other end
connected to the external pressure gauge. This is a more cost effective method of
measurement because the pressure sensor can be reused and the working conditions for the
sensor are more stable. The actual measurement can be made as a vapour pressure
measurement, using an empty pipe [13], [14]; or as a fluid pressure measurement, using oil as
the pressure conductor [15].

In the experiments presented in this paper, oil has been used as the pressure carrier.
The advantage of oil as a pressure carrier is largely due to its minimal compressibility. The
disadvantage of using oil, however, is that oil is subject to thermal expansion in the pipe when
exposed to elevated temperatures. This thermal expansion could potentially be misinterpreted
as a pressure rise. Preliminary investigations of the effect of such expansion on the pressure
measurements in experiments, in which the concrete is exposed to an 1SO 834 curve, indicate
that this effect will be minimal. This is due to the fact that the 1ISO 834 curve will give rise to
high temperature gradients in the concrete, and only the top of the oil filled pipe will be
heated in the initial stages of the fire exposure. As the main purpose of these measurements is
to measure the pressure up to the point of first explosive spalling, it is expected that this
method will provide sufficiently accurate results up to this point. A simple experiment where
5 cm of a plugged oil pipe was exposed to an environment at 200 °C, indicates that the
thermal expansion is in an acceptable range, i.e. only a minor overestimation of the pressure
will be made with this system.

2.2 Test setup

During casting of the concrete test specimens, thin steel pipes with an inner diameter
of 2 mm and wall thickness of 0.2 mm were inserted into the concrete, see figure 2. One end
of each steel pipe was placed near the surface to be fire tested. The pipe extended from the
measurement point through the test specimen, exiting on the cold side. To ensure that no
concrete, i.e. cement paste, would fill the pipes, thin welding bars were inserted into the pipes



during casting. Figure 2 shows a pressure measurement station with three steel pipes and one
thermocouple. The struts placed at each of the four corners of the measurement station are
used to position the whole apparatus correctly in the concrete specimen. The steel pipes are
(from left to right) 10, 20 and 30 mm shorter than the four struts. This setup is then placed in
the casting mould with the struts placed on the surface which is to be exposed to the fire,
ensuring that each pressure measurement is made 10, 20 and 30 mm from the surface exposed
to fire.

Fig. 2 The oil pipes and one thermocouple

When the fire tests were conducted the welding bars inside the steel pipes were
removed and the pipes were filled with high temperature silicone oil, Sil 300, produced by
Haake. Filling of the pipes was conducted by inserting a thin injection needle and carefully
injecting oil from the bottom of the pipe to ensure that no air was trapped. Outside the
concrete the steel pipes were connected to a pressure gauge using a T-junction (see Figure 3).
The pressure gauges that were used were of the type P8BAP/100bar from Hottinger Baldwin
Messtechnik GmbH.

Fig. 3 The pressure gaugés connected to the small pipes Wih angle tees.

Two sizes of test specimens were used in this experimental series: concrete slabs with
dimensions 600 x 500 x 200 mm?® and 1800 x 1200 x 200 mm®. All specimens were equipped



with both pressure gauges and type K thermocouples. Each specimen was equipped with
thermocouples at a minimum of 3 different depths: 10, 20 and 40 mm in the small slabs and
10, 20, 25, 40, 80 and 120 mm in the larger test slabs.

The small slabs were tested on a small scale furnace with an opening area of 500 x 400
mm?. During most of the tests a compressive load was applied with a loading system
consisting of 36 mm post tensioning bars inside aluminium pipes. Load cells were applied to
measure the load during the test. One such load cell can be seen in the left hand corner of
figure 3. The large slabs were tested on the horizontal furnace with an opening area 3 x 5 m?,
with the same type of loading system as the small slabs. The test on the horizontal furnace
was made in accordance with EN 1363-1 which means that plate thermometers were used to
control the furnace temperature. The use of type K thermocouples during the test on the small
furnace and plate thermometers on the horizontal furnace made the thermal exposure
somewhat different. Thus, the large slabs tested according to the EN 1363-1 standard
experienced a slightly higher thermal exposure.

2.3 Test specimens
The material used in these tests was self-compacting concrete with limestone filler. All

test specimens were produced at the same time and stored in indoor climate before the fire
tests. More details of the composition and properties are shown in table 1.

Table 1 - Concrete admixtures and characteristics.

Water 230
Cement (CEM 11) 355
Limestone filler (Limus 25) 105
Plasticizer (Sikament 20HE) 2,4
Stabilizer (Sika Stabilizer 100) 4,0
Aggregate 0-8 mm 1029
Aggregate 8-16 mm 554
wic 0,65
wi/p 0,50
Air (%) 18
Slump 620
Compressive strength (28 days) 37
Moisture (%, 3 month old) 5.3
Moisture (%, 6 month old) 5.0

The name of the test specimens is for example “A, 3 month, 5%”. This means
Specimen A tested at the age 3 month with an external load level of 5 % of the compressive
strength. The A and B letters are used when two equal tests have been carried through. All the
load levels refer to the strength at 3 month, which was 39,4 MPa.

3. RESULTS



The temperatures measurements from a typical test specimen tested on the small
furnace during 60 minutes are shown in figure 4. This test specimen, which was tested with a
load level of 5 % of the ultimate compressive strength at 3 months, started to spall after 16
minutes. Figure 5 shows the size of some of the first material spalled off in these test. The
sound of the spalling in these experiments is a mix of loud bangs and quiet plops. Further
results and discussion focussing on the amount of spalling, can be found in the article
“Spalling of self compacting concrete” by Bostrom and Jansson also presented at this
workshop.

Test specimen” A, 3 month, 5%"
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Fig. 4 Temperature vs. time for a test specimen tested using the small furnace. This specimen
started to spall at 16 minutes.

Fig. 5 This is some of the material spalled ofform specimen “A, 3 month, 5%”.

To obtain a clearer picture, all graphs from pressure measurements shown in this
report show the pressure development until the time of the first spalling, which means that
when the pressure curve is ended, spalling has occurred. In figure 6 the measured pressures at
the depth of 10 mm are shown, for concrete of different ages. The plot shows the pressure
development to the time of spalling. Of the specimens tested, two did not spall during the fire
tests: “B, 6 month, 0%” and “B, 3 month, 10%”. All other specimens did spall.



Pressure at 10 mm, small scale tests
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Fig. 6 Pressure vs. time at different ages for the measurements at the depth of 10 mm.
The measured pressures at the depth of 20 mm are shown in figure 7. Note that in this

figure the pressure in specimen “B, 3 month, 10 %” rises rapidly. The pressure is actually
higher than all other of the measurements at the depth of 10 mm.
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Fig. 7 Pressure vs. time at different ages for the measurements at the depth 20 mm.
At the depth of 30 mm only small pressures were built up before the spalling occurred,

see figure 8. The highest pressure was measured in specimen “B, 3 month, 10 %”, as found
at the depth of 20 mm.



Pressure at 30 mm, small scale tests
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Fig. 8 Pressure vs. time at different ages for the measurements at the depth 30 mm.

Pressure measurements were also conducted during tests of large slabs of the same
quality of concrete, on the horizontal furnace. Four large slabs were tested with pressure
measurements being taken at depths of 10, 20, 30, 40 and 50 mm. During these tests, two of
the slabs were loaded in compression with 10% of the 3 month compressive strength and two
slabs were unloaded. During these tests the concrete started to spall after 10 minutes and
during that time the highest pressure recorded in one of the 20 pressure gauges was 0.3 MPa.
Due to limited space in this article and the fact that these results provide no further insight
into the discussion below, graphical results are not presented here.

4. DISCUSSION AND CONCLUSIONS

A self compacting concrete was tested at different ages, 3, 6 and 9 month, and load
levels, 0, 5 and 10 % of the compressive strength at 3 month, on a small scale furnace. The
results do not show any clear relationship between the age and the pressure development in
the fire exposed concrete. The highest pressure measured, 1.8 MPa, was at the depth of
10 mm, in a specimen that was not spalling. All of the specimens, but two, spalled when they
were exposed to an 1SO 834 curve.

Previous tests have provided results in the same range of pressures as those presented
in this paper. As a comparison, even though the concrete mixes and the placement of the
pressure gauges are different, experiments conducted by Harada and Terai [15] with ISO 834
thermal exposure resulted in a maximum pressure of 0.2 MPa. Similarly, in the experiments
conducted by Kusterle et al. [14], with the extremely tough LT1 “Lainz 180" temperature
curve, the maximum pressure measured was 1 MPa. The highest pressures recorded in tests of
this type on concrete have been made by Phan [10] who measured 2.1 MPa in moist, cured,
high strength concrete cylinders that spalled.

The maximum pressure measured, in the tests presented here, before spalling is low
compared to the normal tensile strength of concrete. This supports the explanation for
explosive spalling that Bazant [6] has proposed, i.e., that the pore pressure alone cannot cause
explosive spalling. If the pore pressure is involved, the role may be only as a trigger, i.e. the



pressure leads to a slight deformation that initiates the process of thermal stress promoted
brittle fracture. This conclusion is further supported by the fact that, although the concrete
exhibited significant spalling, the maximum pressure recorded during the large scale test on
the horizontal furnace was only 0.3 MPa. The obvious conclusion to be drawn from this fact
is that the pore pressure cannot be the sole explanation for the spalling behaviour seen in the
concrete investigated, and may not even be an important factor.

The results presented in this paper give no definitive proof of the role of pore pressure
(or indeed, whether there is any role) in the spalling of concrete. Before general conclusions
can be drawn concerning spalling behaviour in concrete, further results are needed from other
concrete mixes and geometries. Such tests will be the subject of future work.
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Abstract

Fire spalling can be described as the breaking off of small or large layers or pieces of
concrete from the surface during fire exposure. In some rare cases spalling can refer to the
explosion of a whole cross-section or the division of an entire concrete element. Numerous
mechanisms have been defined to explain fire spalling and there has been some controversy
concerning the correct mode of action to produce spalling. It is clear that a combination of
physical, thermodynamic and chemical mechanisms are involved and the underlying
mechanisms are probably case dependant.

This paper will present the most common theories of spalling together with some evidence
to support or refute modes of spalling operation. The spalling considered in this paper is the
type that occurs between 3-30 minutes from the start of fire exposure. Non-violent
degeneration of concrete during later phases of the fire is not examined.

1. INTRODUCTION

Fire spalling can be described as the disintegration or failure of concrete when it is exposed
to fire. When spalling occurs it can vary in magnitude between small flakes of a few mm of
the surface layer to a total explosion of, for example, the web of an I-beam. The spalling
considered in this paper is the type that occurs between 3-30 minutes from the start of fire
exposure. Non-violent degeneration of concrete during the later phases of a fire is not
examined.

One of the earliest descriptions of fire spalling of concrete was made in 1854 when it was
determined that concrete with flint aggregate would exhibit the following behaviour: “if there
were flintstones in it the concrete would split, and yield under the action of fire” [1]. The first
systematic attempt to categorise different kinds of fire spalling was made by Gary [2] 1910-
16. He found, from fire tests on specially built houses, that fire spalling could occur in the
following forms:

o Aggregate spalling- crater formed spalling attributed to the mineralogical character of
the aggregate,

e Surface spalling — disc shaped violent flaking, especially in pressure stressed
walls, probably caused by water damp,

e Corner spalling — violent spalling of corners (by later researchers [3] described as
non violent), probably caused by water damp as well as temperature stresses due
to bilateral fast heating up, and

e Explosive spalling — very violent spalling of large, up to 1 m pieces from walls.
Some pieces were thrown away 12 meter by the force. Gary [2] had no
explanation for this type of spalling.
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The above categorisation of spalling, with a few small modifications, has been adopted by the
research community since it’s inception. One major addition is that progressive spalling can
sometimes occur, where layer after layer is flaked away from the surface.

One might reasonably consider how common fire spalling is. In an inquiry made by The
Concrete Society Committee of Fire Resistance [4], over 80% of the nearly 100 fire accidents
reported mentioned the occurrence of fire spalling. An important conclusion from the study
was that none of the investigated events led to collapse of the structure. Fire investigations at
SP [5], on fires under concrete road bridges also show that while surface spalling is common
on fire exposed old concrete, none of the bridges investigated were close to collapse.

To the best of the author’s knowledge, a thorough compilation of the structural damage
from fires in buildings focussing on the function of self-compacting concrete (SCC) or high
performance concrete (HPC) has not been conducted, perhaps due to the relative infrequency
of fires. Several examples of severe spalling of HPC in tunnel fires have, however, been
reported [3]. Perhaps the most notable example concerns the effect of the fire in the Channel
Tunnel in 1996. In some areas during that fire, the whole concrete cross-section of the
110 MPa HPC was spalled away so the grout was exposed. Similarly, up to 68% of the cross
section of the 76 MPa HPC in the Great Belt tunnel was destroyed by fire spalling during a
fire in 1994.

2. COMMON FIRE SPALLING THEORIES

The two most common explanations of the origin of spalling are internal pore pressures
and thermal stress. Internal pore pressure caused by heating of water trapped in the concrete
leads to tensile failure while restrained thermal expansion causes mechanical stresses which
results in spalling. These mechanisms are both described in more detail below.

2.1  Pore pressure: vapour and hydraulic

When concrete is exposed to fire conditions, free water in the pores starts to expand. Any
liquid water will start to evaporate and the steam pressure will rise rapidly. This will initiate a
transport process in the porous network.

D

A: Temperature profile
A
@ B: Steam pressure
Fire C: Moisture ratio
O D: Steam generation front

N————

~

Figure 1: Schematic figure of fire exposed concrete (redrawn from ref [8]).
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As the process of fire spalling usually is rapid, 3-30 minutes after the start of fire exposure,
one can assume that the pressure is the main driving force (Darcian flow) for the flow [6].
This pressure will drive some of the moisture out to the fire exposed surface and some will be
pressed further into the centre of the specimen. When the hot steam meets the colder inner
regions of the concrete, a condensation process will begin. This can lead to the formation of a
saturated region, or “moisture clog” [7], at some distance from the surface, see Figure 1. The
moisture clog confines the moisture transport inwards and at a certain time a sharp, steam
generation front will be created [8]. According to the moisture clog theory, a piece of the
cross-section will be flaked away when the steam pressure exceeds the ultimate tensile
strength of the material [7].

Another possible cause of spalling is a hydraulic fracture of a saturated pore [9-10].
According to this theory the volume expansion of the pore water in a filled pore will exceed
the tensile strength of the material. Liquid water has a higher thermal expansion coefficient
than the surrounding porous skeleton. If water occupies more than approximately 32 % of the
initial pore volume, the water in the pore will expand during heating from room temperature
to the critical point of water and fill the whole volume [9-10]. The air in the pore will be
forced into solution in the water. Due to the low compressibility of water the hydraulic
pressure will rise very rapidly when the temperature continues to rise in a fully saturated pore.
This analysis is applicable for a closed pore system. In a real system the moisture transport
will induce different boundary conditions but this mechanism might be relevant, in particular
in relation to low permeability concrete.

2.2 Restrained thermal dilation

When exposed to a fire, the thermal properties [11] and the high density of concrete make
it a very good insulating material. One consequence of this fact is the formation of a very
steep temperature gradient inside the material. This leads to high compressive stresses near
the surface caused by the restriction of the colder inner part of the concrete. As a consequence
tension stress is formed in the boundary between the heated surface and the colder inner part
of the concrete element. This can lead to a “brittle fracture and delamination buckling caused
by compressive biaxial thermal stresses parallel to the heated surface” according to Bazant
[12].

It is known from the literature that different aggregates in the concrete make it more or less
prone to fire spalling [3]. The thermal expansion and the thermal properties of the aggregate
seem to be an important factor.

3. EXPERIMENTAL DATA

Numerous fire experiments have been conducted on concrete elements of varying sizes and
shapes and for a variety of concrete formulations and ages within the framework of two
different research projects. Details of these research studies will be presented elsewhere but it
is clear from numerous fire tests on SCC, that flowing liquid water can be seen on the cold
side of fire exposed concrete slabs. This is a clear evidence of water movement in the concrete
specimens when exposed to fire and an indication that the role of moisture (and it’s movement
in the concrete) is important.
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However, pore pressure measurements [13] using a specially designed oil-based
measurement system on SCC during fire exposure indicates only low pressures, in
contradiction to simple pore pressure theories. In small scale slab tests (500x600x200m®
slabs), the maximum pressure immediately prior to spalling was 1.1 MPa at 10 mm from the
fire exposed surface. Larger specimens of the same concrete (1800x1200x200 mm?), tested
with a slightly higher thermal exposure, exhibited more severe spalling but the pressure
measured at 10 mm from the fire exposed surface had a maximum of 0.3 MPa immediately
prior to spalling. Significant in both cases is the fact that there were pieces of concrete,
approximately 10 mm in thickness, spalled away from the test sample. Thus, based on pore
pressure theory one would expect the maximum pressure to be approximately where the
pressure was measured. These findings cannot, however, conclusively disprove pore pressure
theory due to the technical difficulties associated with performing the measurements.
Corroborative evidence should be collected and further research is under way.

Figure 2 shows temperatures at different depths in an SCC slab (1800x1200x200 mm?®)
exposed on one side to the EN 1363-1 standard fire. As seen in the figure, the temperature
difference between the furnace temperature and that registered 10 mm below the surface of
the material is more than 400 degrees after 10 minutes. Clearly, large thermal stresses would
be created by such a large temperature difference.

SCC, CEM II, lime, w/p=0,50, age 6 month

Furnace
3} 1000 (EN 1363-1)
° 800 10 mm
()
é 600 25 mm
©
o 400 40 mm
o
% 200 80 mm
= 0 ‘

0 10 20

Time [minutes]

Figure 2: Temperature on different depth in a fire exposed slab tested at SP. The fire spalling
started after 10 minutes.

Finally, in a comparative study between two HPC formulations [14], which differed only
in terms of the type of aggregate, the influence of the thermal gradients on spalling was
investigated. The microstructure and the permeability of the concretes were similar but the
thermal diffusivity was drastically higher in one HPC than in the other. The high thermal
diffusivity of one of the HPC led to much lower thermal gradients in the concrete element.
This led in turn to absence of spalling in this sample. This indicates that thermal stresses are
dominating spalling behaviour in these samples.
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DISCUSSION

Although there are exceptions, most empirical experience indicates that density and
internal water content play key roles in the phenomenon that lead to fire spalling. One major
problem facing the research community is to understand the magnitude of and nonlinear
coupling between the following factors (see Figure 3):

Density: Dense concrete usually exhibits low permeability which slows down the
rapid drying process during a fire and traps the water inside the concrete leading to
high internal vapour pressures.

Creep, swelling and mechanical properties: During fire exposure of high density
concrete, the restricted moisture transport and moisture status will influence the
mechanical properties. In such cases, swelling and pore pressure will give an extra
contribution to the thermal expansion. Drying creep releases the stresses due to
expansion. Restricted moisture transport reduces the impact of such creep i.e.
stresses increase. Without this creep effect, often called “transient thermal creep”,
almost all concrete (with common aggregates) will fall apart at high temperature.
Water content: Large water content leads to high vapour generation during
heating and consequently increased internal pressure.

Temperature Gradients: High water content leads to higher temperature gradients
due to the latent heat of vaporisation, which in turn leads to higher thermal stresses.

( High density >

( Large water conte@

Restricted
vapour release

Much vapour
generation

Large thermal
stress

Large temperature
gradient

\/

[ Vapour pressur

causes spalling

] o= |

Relative importance?

—

Thermal stress
causes spalling

Figure 3: Relations between factors and reasons concerning spalling (redrawn of flow
diagram from ref [15]).

CONCLUSIONS

The experimental results presented in section 3 of this paper indicate that water content and
it’s movement in concrete are important. Preliminary evidence from pore pressure
measurements on SCC, however, indicates that the correlation between pore pressure and
spalling is complex at best. Further, temperature measurements at different depths in samples
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that have fire exposure on one side exhibit sharp temperature gradients which are an
indication of thermal stress.

Spalling itself is a complex process that is affected by many parameters. Full
understanding and prediction of these processes is not presently possible although some
general predictions can be made. In order to provide a sound basis for future predictions of
fire spalling more work is needed to establish sound measurement methods for physical
properties. Without proper measurement techniques it will not be possible to understand the
complex coupling between different modes of action in concrete leading to fire spalling.
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ABSTRACT

A study of the fire spalling behaviour of concrete has been performed. It has been shown that
polypropylene fibres (PP-fibres) reduce fire spalling of the investigated concretes. From the
material testing part of this project it was revealed that PP-fibres in concrete modify the drying
behaviour and the capillary saturation close to the surface of the concrete, and introduce a
plateau in the free thermal strain curve.

1. INTRODUCTION

A deep understanding of the physics involved in the phenomenon of fire spalling of concrete is
still lacking. However, many tests have shown that polypropylene fibres (PP-fibres) reduce the
damage incurred by fire significantly. The aim of the project presented in this article was to
investigate the spalling behaviour of concrete containing CEM I cement in combination with
various amounts and sizes of PP-fibres. The fire tests were conducted on two types of test
specimens, large slabs, 1800 x 1200 x 300 mm’, tested on a large horizontal furnace with the
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standard fire curve (EN 1363-1) and the RWS curve; and small slabs, 500 x 600 x 300 mm?,
tested on a small furnace. Additional tests, to investigate some aspects of the material
behaviour at high temperature, were also performed.

2. CONCRETE MIXES AND CONDITIONING

The preparation of the concrete was performed at the concrete mixing plant Fardig Betong AB
in Boras, Sweden. Firdig Betong AB, included in The Thomas Concrete Group, is the largest
ready-mix concrete supplier in Sweden. The concrete mixtures chosen for this study are typical
Swedish infrastructure concretes, that have been used in tunnels in western Sweden. Further,
the concrete mixes have been modified by the addition of monofilament polypropylene fibres
(PP-fibres) with length 12 mm and two different diameters, see table 1.

The concrete mixes used in the project are shown in Table 1. The main parameters that were
varied were: the water cement ratio, maximum aggregate size and type as well as the amount of
PP-fibre addition. The names of the different mixes given in Table 1 (letters A, B etc.) will be
used throughout this paper. Concrete U is a reference mix for comparison of data during
material testing.

Table 1 Concrete Mixes

Series wl/c Gravel Gravel Gravel Water Cement | Super- Fiber Fiber
0-8 mm 8-16 mm 16-25mm | [kg/m’®] CEM I plasticizer amount ¢
kgm'] | [kgm’] | [kg/m’] [kg/m’] | [kg/m’] [kg/m’] | [um]

A 0.4 852 896 - 170 426 2.98 - -
B 0.4 847 143 767 168 420 2.73 - -
C 0.45 871 862 - 182 405 2.43 - -
D 0.45 880 134 772 171 380 2.28 - -
E 0.4 852 896 - 170 426 2.98 1 18
F 0.4 847 143 767 168 420 2.73 1 18
G 0.45 871 862 - 182 405 2.43 1 18
H 0.45 880 134 772 171 380 2.28 1 18
1 0.4 852 896 - 170 426 2.98 1.5 18
J 0.4 847 143 767 168 420 2.73 1.5 18
K 0.45 871 862 - 182 405 2.43 1.5 18
L 0.45 880 134 772 171 380 2.28 1.5 18
M 0.4 852 896 - 170 426 2.98 1 32
N 0.4 847 143 767 168 420 2.73 1 32
(0) 0.45 871 862 - 182 405 2.43 1 32
P 0.45 880 134 772 171 380 2.28 1 32
Q 0.4 852 896 - 170 426 2.98 1.5 32
R 0.4 847 143 767 168 420 2.73 1.5 32
S 0.45 871 862 - 182 405 2.43 1.5 32
T 0.45 880 134 772 171 380 2.28 1.5 32
U 0.62 1051 881 - 192 308* 0.04 - -
* CEM II, concrete U is a concrete used as a comparison during material testing



A petrographic analysis of the aggregate used in all concrete mixes is shown in Table 2. As
seen in the table, the dominating part of the aggregate is granite.

Table 2 Petrographic analysis of aggregate

Size 0.063-2 mm | Size 2-4 mm | Size 4-8 mm | Size 8-16 | Size 16-25
mm mm

Granite 97% 97% 96%
Quartz, 94% 94%
Felspar
Amphibolite 3% 2% 4%
Diabase 4% 3%
Mica 2%

All concrete specimens used for fire testing were stored under water approximately half a year
and then in air for between 1 — 3 months. The climate in the laboratory corresponded to a mean
temperature of 21 °C and RH 62 % during the storage of the samples in air. More details about
the concrete mixes and storage can be seen in reference [1].

3. FIRE TESTS
3.1 Test Methods

One of the aims of this project was to investigate the influence of the severity of the fire on the
spalling behaviour. Therefore two different fire exposures were used for the large slabs, the
RWS (Rijkswaterstaat) curve and the standard fire curve, EN 1363-1. The RWS curve
represents a very severe fire exposure which attempts to emulate a worst case fire scenario in a
tunnel, while the standard fire curve represents the temperature development in a room
exhibiting a flash over. During the tests on small slabs, the standard fire curve was used. It was
not possible to use plate thermometers in the small furnace during the fire tests, but to make the
temperature exposure closer to the prescribed in the standard (EN 1363-1) the small furnace
was calibrated with plate thermometers prior to the tests.

During the tests on both large and small slabs a compressive load of 10 % of the compressive
strength was applied in one direction on the test specimen [1]. The specimens were plain
concrete. During the tests temperatures and pressures in the pore system in the cross-section of
the slabs was measured and the temperature and change in load were recorded.

3.2 Moisture in concrete during fire tests

Concrete filled plastic pipes were used to represent the two sided drying of large slabs. The
plastic tubes were 300 mm long, had a diameter of 45 mm and were open at both ends. They
were stored under the same conditions as the large specimens that they represented. Close to
the day of the fire test, the cylinders inside the plastic tubes were sliced to determine the
capillary saturation profiles. The pipes with concrete were sliced into 2 cm thick slices. The
size 2 cm was chosen because it was the smallest size possible due to technical constraints



associated with the slicing method chosen. The sliced test specimens were then used to
determine of the degree of capillary saturation according to the method described by
Hedenblad and Nilsson [3]. The results of the degree of capillary saturation measurements,
shown in Figure 1, indicate that the specimens containing PP-fibres show a higher degree of
capillary saturation close to the surface to be fire tested (0-20 mm). It can also be seen that
close to the surface to be fire tested, the sequence from lowest to highest degree of capillary
saturation is the same for those concrete types with maximum aggregate size 16 mm as for
those with maximum size 25 mm. In both cases the order from lowest to highest is: concrete
without PP-fibres, 1 kg 32 um PP-fibres, 1 kg 18 um PP-fibres and 1.5 kg 18 pm PP-fibres.
Almost the same order from lowest to highest was also seen when determination of the
moisture content in cubes was performed, see table 3.

Degree of capllary saturation

1
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A
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s 7 E 16A 1kg18PP
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o 0,86
o / J 25A 1.5kg18PP
(=]
2084 1
0,82 ¢
0.8
1 2 3 4 5 6 7 8

20 mm slices from surface inwards

Figure 1 Degree of capillary saturation for different concretes (16 mm and 25 mm are the
maximum aggregate sizes)
Table 3 Moisture content in cubes.

Max aggregate | Moisture content | Max aggregate Moisture content
size 16 mm in cubes [%0] size 25 mm in cubes [%0]
A 51 B 5.2
M (1 kg 32 um 5.8 N (1 kg 32 um 4.9
PP-fibres) PP-fibres)

E (1 kg 18 pm 6.1 F (1 kg 18 pm 54
PP-fibres) PP-fibres)

1 (1.5 kg 18 pm 5.8 J(1.5kg 18 um 6.0
PP-fibres) PP-fibres)




3.3 Results from fire tests

Figure 2 displays a comparison between the spalling depths in large slabs tested using the
standard fire exposure curve. One should note that the concrete without addition of PP-fibres,
concrete A, exhibits far greater spalling than the other types of concrete. The spalling in
concrete A and F can be described as an evenly spread flaking of the specimen surface. The
spalling in concrete I, M and N had another pattern, i.e., the spalling was concentrated to one
part of the specimen probably through a falling off phenomenon.

Spalling depths after 1 hour
standard fire curve (EN 1363-01), large slabs
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Figure 2 The spalling depths measured after standard fire exposure. (Aggl6= 16 mm max
aggregate size, Agg25= 25 mm max aggregate size).

The more severe spalling behaviour for concrete without PP-fibres experienced during standard
fire exposure was also found for the RWS fire exposure, see Figure 3. However, during RWS
exposure all the concrete tested spalled. During the RWS exposure the fire tests were
terminated after 30 minutes due to safety reasons.
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Figure 3 Spalling depths measured after RWS fire exposure. (Aggl6= 16 mm max aggregate

size, Agg25=25 mm max aggregate size).

The test program on small slabs consisted of 40 tests. As see in Figure 4, the trends from the
large tests are repeated in the small scale tests, i.e. all concrete without PP-fibres spalled
(concrete A-D). There was also some spalling in one of the two specimens of concrete H. This

concrete contained one kilogram of 18 um PP-fibres per cubic metre.
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Figure 4 Spalling depths measured after standard fire exposure on small slabs tested on a small

furnace.



If the results from these tests are compared with the results from the large scale test using
standard fire exposure, it can be seen that the spalling is generally less severe on the small
furnace. The reason for the difference is believed to be the much greater boundary effects on
small specimens during the late stages of fire exposure. These boundary effects are probably
negligible during the early stages of the exposure. Proof of this can be seen when comparing
the times when spalling starts during the two tests using small slabs of concrete A and the
single test using a large slab of concrete A. During the two small scale tests spalling starts after
7.75 minutes and 8.47 minutes which shall be compared with the spalling start 8§ minutes
during the test on the large slab. When the spalling then continues to a certain depth the
boundary effects will be different for the large scale test relative to the small scale test. To
summarise, small slabs can be used both to conduct an investigation of the risk for explosive
spalling during one dimensional fire exposure, and to provide and indication of whether it is
necessary to investigate the spalling depth in a larger slab to verify large scale performance.
This is an important characteristic of the small scale test which increases the intrinsic
predictive quality of the small scale results.

4. MATERIAL TESTS

To investigate the effect of PP-fibres, different types off additional testing were performed.
During moulding of the concrete for the fire tests extra slabs were manufactured for material
testing. Cores for material testing were drilled from the slabs when the concrete was less then
one week old. The material testing specimens were kept in plastic bags until the time of testing.

4.1 Drying tests

To investigate the drying behaviour of concrete when exposed to heat, a series of tests were
performed on cylinders. The main goal was to explore possible differences between concrete
with and without the addition of PP-fibres. The most widespread theory concerning the action
of PP-fibres is that they promote fast drying by melting and providing channels for the internal
moisture to escape [3]. This theory is, however, not the only explanation that has been
promulgated. Schneider and Horvath [4] highlight the following theories:

* Improvement of the permeability due to formation of capillary pores when the fibres
melt and burn.

* Improvement of the permeability caused by the development of diffusion open
transition zones near the fibres.

=  Improvement of the permeability due to additional micro pores, which develop during
the addition and mixing of fibres in the concrete mix.

* Improvement of the permeability due to additional micro cracks at the tip of the PP-
fibres which develops during heating up and melting

One should note, however, that all the above theories indicate that in some way the drying
process, i.e. moisture transfer, is somehow facilitated by the presence of PP-fibres.

Cylinders, with diameters 34 or 60 mm and length 300 mm, were exposed to three different
heating ramps, i.e., 1, 2 or 5 degrees per minute. The heating was performed in a cylindrical



furnace with a height of 400 mm and diameter of 200 mm. During the heating, the specimens
were hanging on a wire connected to a weight measurement device. The temperature, regulated
by the system and shown in the diagrams, was measured a couple of mm from the vertical
centre of the specimen.

An example of results from the drying tests on 34 mm cores heated with a 2 degree per minute
ramp can be seen in Figure 5 and Figure 6. Concrete A, B and U (reference) are the ones
without addition of PP-fibres. When analysing the diagram in Figure 5 it can be seen that U,
the reference concrete, exhibits the fastest total weight loss rate up to approximately 400 °C.
The weight loss behaviour of concrete A is somewhere in the middle of that shown by all
tested concretes while concrete B has the lowest total weight loss after approximately 230 °C.
The derivative of the weight ratio curve is shown in Figure 6. With this type of presentation it
is easier to discern a systematic difference between the concrete with and without PP-fibres.
Concrete A and B have the lowest maximum weight loss rate and the peak in weight loss rate
comes at a higher temperature for the concrete with PP-fibres. The reference concrete, U,
shows a different type of behaviour, i.e., it exhibits an early peak with a high weight loss rate.

Drying of cores, d=34 mm 1=300 mm
heat rate=2°C/min

Weight ratio [-]

1 _
0,99 A
0,98 B
0,97 E
0.96 |
095
J
094 -
0,93 M
: N
0,92 | 0
0,91 T T T T T 1
0 100 200 300 400 500 600

Temperature [°C]

Figure 5 The weight loss of 34 mm cores at the heating rate of 2 °C/minute. Different colours
have been used to indicate the different formulations as defined in table 1. The figure illustrates
the fact that the weight loss performance of the cores follows the same general trend for all
formulations.
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Figure 6 Weight loss rate of 34 mm cores at the heating rate 2 °C/minute. Different colours
have been used to indicate the different formulations as defined in table 1. The figure illustrates
systematic differences between the rate of weight loss for the different formulations, e.g A and
B have a lower first peak; E, F, I, J, M and N have a slightly delayed (high) first peak; and U
exhibits an early, high first peak.

4.2 Speed of sound

Some clear trends can be discerned when comparing concrete with and without the addition of
PP-fibres with respect to the speed of sound, or more precisely the change in speed of sound as
a result of heating. Although the heating rates used in these experiments are low, 1, 2 and 5 °C
per minute, compared with the rapid heat exposure that leads to fire spalling during a fully
developed fire, it is interesting to see how different heating rates influence the change in speed
of sound in these specimens. The main trend is that during the most rapid heating used in these
tests, 5 °C per minute, specimens without PP-fibres exhibits the greatest damage, see as an
example Figure 7. When the heating rate is lower, 1 and 2 °C per minute, this is not as clearly
evident.
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Figure 7 Speed of sound ratio (after/virgin), cores d =34 mm, heating: 5 °/min up to 600 °C



4.3 Permeability after different heating scenarios

The influence of the heating rate on the residual permeability was investigated with the
Cembureau method with nitrogen as gas. Two heating scenarios were investigated: 1 °C per
minute, or heat shock in a pre-heated furnace, to two target temperatures: 400 °C and 600 °C.
The heating at 1 °C per minute was performed in the same furnace that the drying tests were
performed in.

The results from this type of permeability experiment after rapid heat exposure shall not be
seen as material data, because there will not be a uniform crack pattern through the whole
specimen. Furthermore, the results from residual tests do not necessary reflect the behaviour at
high temperature. The results are, however, an indication that different heating scenarios can
influence the mechanical properties in different ways. The results from the experiments with
different heating rates can be seen in Table 4 and Table 5. When heating to 400 °C the
investigated heating rates do not influence the residual permeability, i.e. the ratio of the
permeability from the specimen heated with thermal shock and by the heating rate of 1 °C per
minute do not vary significantly when comparing before heating and after heating. When the
same experiment is repeated using the oven pre-heated to 600 °C, however, the specimen
exposed to thermal shock is more cracked than the specimen heated slowly. The specimen
exposed to a thermal shock has twice the residual permeability as the specimen that has been
heated slowly. Cracks close to the edges could be seen on the specimen exposed to thermal
shock.

Table 4 Permeability after different heating rates to 400 °C.

Permeability Permeability after heating
before heating Heating to 400 €
A4 2E-17 Thermal shock 400 °C 3,7E-15
A5 2E-17 1 deg/min 3,5E-15
ratio: 1,1 1,1
Table 5 Permeability after different heating rates to 600 °C.
Permeability Permeability after heating to
before heating Heating 600 €
A8 3,2E-17 Thermal shock 8,13E-14
A6 3,2E-17 1 deg/min 3,84E-14
ratio: 1,0 2,1

4.4 Free thermal strain

Tests of the free thermal expansion of concrete types A, E and I were performed in a test
apparatus located [5] at Centre Scientifique et Technique du Batiment (CSTB) in France. The
thermal expansion up to 600 °C was measured on cores with a diameter of 104 mm and length
of 300 mm. The used heating rate was 1 degree per minute.



Test results from the thermal expansion measurements performed on concrete types A, E and I
show, as seen in Figure 8, quite similar result for the different concretes. This is expected
because the only difference between the concretes is the amount of PP-fibres added and the
major driving force for expansion is the aggregate which is the same in all mixes. There is one
interesting difference although it is small. As seen in figure 9, at around 200-250 °C the
thermal expansion decreases to zero or close to zero for concretes E and 1. After this decrease
there is an increased expansion rate between 250-300 °C compared to concrete A, so at 300 °C
the total strain is almost the same as before the strain plateau. Concrete A is free from PP-fibres
while concrete E contains 1 kg/m® 18 pm PP-fibres and I contains 1.5 kg/m® 18 um PP-fibres.
Further, the decrease is highest for the highest content of PP-fibres. This behaviour can be seen
both in the longitudinal and radial direction of the tested cylinders.
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Figure 8 Free thermal expansion conducted on specimens A, E and I between 0 and 600 °C.
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Figure 9 Free thermal expansion conducted on specimens A, E and I between 150 and 350 °C.



5. CONCLUSIONS

The addition of polypropylene fibres in concrete prevents or reduces the amount of fire
spalling. In this experimental program no systematic effect could be seen on the amount of
spalling as a function of the size or quantity of PP-fibres. During the RWS fire exposure all
types of concrete spalled to some extent. This should be compared with the standard fire
exposure where the concretes without PP-fibres and only the concrete with 1 kg 18 um PP-
fibres and 25 mm maximum aggregate size exhibited spalling of the whole surface. The
mechanism, or mechanisms, leading to this reduction of spalling by PP-fibres is not known in
detail. However, the effects of a PP-fibre addition were shown in several different areas in the
present research project. PP-fibres:

= reduce or prevent fire spalling

» modify the capillary saturation close to the surface of concrete

= limit the internal destruction at moderate heating, 5 °C per minute.
*  modify the drying behaviour at high temperature

* introduce a plateau in the free thermal strain curve.

Other findings, from a limited study of material properties, concluded that concrete without
PP-fibres heated with a thermal shock to 600 °C had twice the residual permeability as
concrete heated at a heating rate of 1 °C per minute to the same target temperature. The same
test performed with a target temperature of 400 °C did not reveal any measurable difference.
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