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Abstract

The addition of polypropylene (PP) fibres to high-performance concrete (HPC) is one way to avoid spalling of concrete under fire

conditions. The present work contributes both to the understanding of the way in which fibres act and to optimising the fibre dosage. Pore

pressure measurements performed on heated specimens showed that the presence of fibres led to a large decrease in the extent of the

pressure fields that build up in the porous network during heating. This effect was also significant at dosages lower than the theoretical

percolation threshold. These results are supported by permeability measurements carried out after various heat treatments and for various

fibre dosages: they showed the striking effect of fibres from 200�C up, that is, very close to their melting temperature. The role of fibres is

discussed through the analysis of concrete microstructure and fibre–matrix interactions as function of heat treatment. D 2001 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

The sometimes-brittle behaviour of certain high-perfor-

mance concretes (HPCs) under fire conditions may inhibit

their use in buildings and tunnels. It was demonstrated that

some HPCs may spall under certain thermal and mechanical

stresses [1–12], and that the integrity of the structural

element or of the structure itself may be jeopardised.

Spalling results from two concomitant processes: the so-

called thermomechanical process, associated with the ther-

mal dilation/shrinkage gradients that occur within the ele-

ment when being heated [13,14], and the thermohydral

process that generates high-pressure fields of gas (water

vapour and enclosed air) in the porous network. The

thermohydral process is controlled among several para-

meters by permeabilities to gas (vapour and air) and liquid.

The permeability of HPC, being much lower than that of

ordinary concrete and with the pressure built up with

temperature, cannot be reduced [15,16].

Several experimental and theoretical works are being

carried out to model spalling in order to predict the cases in

witch the risk of spalling is high and to propose alternate

solutions in terms of mix and element design. Technological

solutions are also being developed to provide passive or

active protection against spalling. Among them, the addi-

tion of polypropylene (PP) fibres in concrete appears to be

very efficient [17–23]. PP melts at 170�C, whereas spalling
occurs between 190�C and 250�C [10,24]. When melted

and partially absorbed by the cement matrix, the fibres

leave a pathway for gas. So they contribute to the creation

of a network more permeable than the matrix, which allows

the outward migration of gas and results in the reduction of

pore pressure.

To our knowledge the literature reports only one building

made of HPC with PP fibres (Japan Centre in Frankfurt,

Germany [17]). However, other structures have adopted this

solutions, especially in Japan and in the USA. The Japan

Centre was made of concrete with nominal strength of 105
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Chéné), galle@cea.fr (C. Gallé).
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MPa, containing 2 kg/m3 of PP fibres with a length of 12

mm and a diameter of 100–200 mm.

Several authors have studied the efficiency of organic

fibres regarding spalling. Sarvaranta et al. [18] and Sarvar-

anta and Mikkola [19,20] showed that among various types

of fibres, PP fibres were the most efficient. All other authors

used PP fibres. The tests were conducted using standard

thermal curves (close to ISO 834) on columns loaded

[17,22] or not loaded [21,22,24], on small beams [23], on

cylinders [21], and on small-size mortar plates [16–18]. The

efficiency of fibres regarding spalling was in most cases

estimated qualitatively through visual assessment of the

degree of spalling. In Kalifa et al. [24], the columns

(30� 30� 120 cm3) were weighed during heating in order

to measure the mass of concrete that was lost by spalling

(besides water loss). The tests were performed on the same

concrete used in the present study (average strength 105–

110 MPa) and the fibre dosage ranged between 0 and 3 kg/

m3. It was shown that fibres had a good efficiency against

spalling even at dosages as low as 0.9 kg/m3 in the tested

conditions. This result seems to be confirmed by Lennon

and Clayton [23] although the results are not easy to analyse

as presented. Sarvaranta et al. [18] and Sarvaranta and

Mikkola [19,20] were the only ones who attempted a

quantitative analysis by measuring the effect of fibre dosage

on the rate of mass loss and on the shape of temperature

curves: these parameters provide information of the way

concrete evacuates water and gas. No significant fibre length

effect was brought to light in these studies. However, Bentz

[25] showed in a numerical study that for the same fibre

dosage, longer fibres were more efficient. Also, the experi-

mental studies did not quantify the effect of fibre dosage.

They showed that fibres were efficient at dosages as low as

0.9 kg/m3. From the industrial point of view, a dosage of 2

kg/m3, a fibre length between 10 and 20 mm, and a fibre

diameter of 50–200 mm are generally adopted rules for

preventing current HPCs from spalling. However, these

values are not optimised. Since the use of fibres significantly

affects the workability of concrete, this optimisation is of

significant interest. Also, these values cannot be extrapo-

lated to higher range concretes (with higher strength, lower

permeability, or lower grain size) without knowing exactly

the way fibres act, in particular when they do not constitute

by themselves a connected network, as at 0.9 kg/m3.

The aim of the present work is to quantify the effect of

PP fibres on the behaviour of concrete at high temperature

and to understand the way fibres contribute to the creation

of a network much more permeable than the plain matrix.

The efficiency of fibres against spalling of a C110 column

has been demonstrated in Ref. [24]. This efficiency is

confirmed quantitatively in the present paper by measuring

the effect of fibres on pressure and temperature fields in

concrete blocks (30� 30� 12 cm3) subjected to a unidirec-

tional heat stress of lower severity than the ISO 834 curve.

This is reported in Section 3. In order to understand the

influence of fibres on these fields, permeability measure-

ments and microstructure analysis were carried out after

various heat treatments. This is addressed in Section 4. This

study was conducted on the C110 mentioned above, with a

fibre dosage ranging between 0 and 3 kg/m3.

2. Materials

2.1. Polypropylene fibres

The PP fibres used have a length of 19 mm and a cross-

section of 50� 150 mm2. The fibres are supplied in bunches

that are dispersed at mixing. Their characteristics are gath-

ered in Table 1. They melt at 171�C and turn into vapour at

341�C, as shown on the thermogravimetric (TGA) and

differential thermal analyses (DTA) reported in Fig. 1. It

is noticeable that they exhibit a slight dilation at melting

(around 10%) [27].

2.2. Concrete

The C110 used in this work was studied in the French

National Project BHP2000 under the name of M100 [28].

This concrete is made of calcareous aggregates, contains

silica fume (10% of cement), and has a water-to-binder ratio

of 0.3 (Table 2). The fibre dosage af ranges from 0 to 3 kg/

m3. In order to maintain a suitable workability of all mixes,

Table 1

Characteristics of PP fibres

Density at solid state [23] 0.93

Density at liquid state [23] 0.85

Thickness (mm) 50

Width (mm) 150

Length (mm) 19

Melting temperature (�C) 171

Temperature at vaporisation (�C) 341

Burning temperature (�C) 460

Thermal conductivity [23] (W/m K) 0.15

Fig. 1. DTA, TGA, and differential thermogravimetric analysis (DTG) of

PP. The important points are the melting point (171�C), the vaporisation

point (341�C), and the burning point (457�C).
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it appeared necessary to increase the amount of cement by

10% (38 kg/m3) and the superplasticizer by 30% (3 kg/m3).

The nominal compressive strengths measured on ; 16

cm�H 32 cm after 28 days in water are given in Table 3.

The fibres have a small effect on strength: the latter

decreases by a maximum of 8%. This decrease is probably

due to the defects like air bubbles introduced at mixing.

3. Pore pressure, temperature, and mass loss

In this section, the thermohydral process that takes place

in a concrete specimen during heating is analysed. Both

quantitative and qualitative effects of fibres are studied.

3.1. Experimental

The experimental set-up that was developed for this test

was described previously [10,26]. A thermal stress is

imposed with the help of radiant heaters placed near the

upper face of a prismatic specimen (30� 30� 12 cm3),

whereas the four lateral faces are heat-insulated. This set-up

provides, therefore, a quasi-unidirectional solicitation in the

central part of the specimen (Fig. 2).

The specimens are instrumented with pressure–tempera-

ture gauges that allow measuring pore pressure and tem-

perature simultaneously at the same location. These gauges

are made of a disk of porous sintered metal (; 13 mm)

encapsulated into a metal cup that is connected to a metal

tube (Fig. 3). The pressure on both sides of the metal disk is

that of the porous network. The free end of the tube sticks

out of the rear face of the specimen. It is equipped with a

tight connector that allows, firstly connecting the gauge to a

piezoelectric pressure transducer, secondly to introduce a

thermocouple down to the metal disk. Five gauges are

placed in the 10� 10 cm2 central zone at 10, 20, 30, 40,

and 50 mm from the heated face. Besides, the temperature

of the heated face is measured by introducing a thermo-

couple in a plain tube placed in the concrete, with its

extremity at 2 mm inward from the heated face.

All tests were carried out at heater temperature of 600�C
during 6 h. This temperature was reached in a very short

time. Two tests were performed for each mix.

After fabrication, the specimens were stored in a sealed

bag for at least 3 months, therefore they had a homogeneous

moisture state. The latter was measured on smaller speci-

mens stored in the same conditions, by drying at 105�C until

steady mass state (0.02% / 24 h). The initial moisture state

ranged between 3.0% and 3.2% by mass.

3.2. Results and analysis

The three parameters, temperature field, pore pressure

field, and mass loss, measured during these tests constitute

three major indicators of the thermohydral process.

The establishment of the temperature field within the

specimen is a function of the thermal properties of the

material (which changes during heating due to microstruc-

ture changes [28]) as well as to the physical–chemical

changes that occur during heating. The most energy-con-

suming transformation in the temperature range where

spalling occurs (below 400�C) is water vaporisation.
As a corollary to the increase in temperature, the mass

loss is mainly associated to water loss, transferred outwards

in vapour state. The fibre mass fraction (up to 0.12%) is too

low to significantly affect the specimen mass loss. More-

over, the loss of other cementitious components below

400�C is negligible [29]. The kinetics of mass loss is mainly

controlled by the permeability of the concrete slice located

between the heated face and the drying–dehydrating front.

Associated to these transfers of mass and energy is the

build-up of a pressure field that passes through a maximum

with time, which attests of the inward progression of a

drying–dehydrating front [10,16]. This field is also mainly

controlled by permeability to gas and liquid.

Our objective in this analysis is to assess the qualitative

and quantitative influence of fibres on these parameters and

if possible determine an optimal fibre dosage.

In Figs. 4 and 5, the mass loss and the rate of mass loss

are represented as a function of time. These curves supply

essential data for numerical simulation. Qualitatively, the

most interesting information is supplied on Fig. 5: in the

first part of the test, the rate of mass loss increases with

Table 2

Mix design (kg/m3)

Denomination PTM Permeability

Cement CPA CEM I 52.5 PM CP 415 415

Ground sand, Boulonnais, 0/5 mm (calcareous) 432 432

Seine sand, 0/4 mm (silicocalcareous) 439 439

Ground calcareous aggregate,

Boulonnais, 5/12.5 mm

488 488

Ground calcareous aggregate,

Boulonnais, 12.5/20 mm

561 561

Condensed silica fume 41.6 41.6

Superplasticizer Chryso GT 13.75 13.75

Water 139 139

Water-to-binder 0.3 0.3

PP fibres 0

0.5 0

1.1 0.9

1.75 1.75

2.4 3

3

Table 3

Compressive strength after 28 days in water

Fibre dosage af (kg/m
3) fc28 (MPa)

0 111.6 ± 4.5

0.5 112.0 ± 6.7

1.1 106.4 ± 3.1

1.75 102.6 ± 2.2

2.4 107.4 ± 1.0

3 105.4 ± 4.0
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increasing fibre dosage. This effect is significant although it

is largely attenuated by the fact that at a given time, the

thickness of the zone affected by the drying–dehydrating

process is low (typically 20 mm) with respect to that of the

specimen (120 mm). The increase in the rate of mass loss

with fibre dosage brings to light the contribution of the

fibres in the creation of a connected network for the out-

ward transfer of water. Similar observations were made by

Sarvaranta et al. [18] and Sarvaranta and Mikkola [19,20]

on mortar specimens with a smaller thickness (50 mm).

All specimens have a similar thermal behaviour (Fig. 6):

at each depth, the global temperature rise does not depend on

fibre dosage. Unpublished work showed that fibres had a low

effect on the thermal properties of concrete. However, the

temperature rise exhibits a plateau-like disturbance that starts

above 100�C and ends between 160�C and 200�C, which is

close to the melting point of the fibres. In the plain concrete,

this disturbance ends around 250�C. It was previously

demonstrated that this phenomenon is associated with the

consumption of energy due to the vaporisation of water in the

porous network, and that its end is correlated to the pressure

peak, i.e., to the ingress of the drying–dehydrating front

[10]. The presence of fibres when melted enables the water to

be vaporised and expelled at a lower temperature. A careful

analysis of the pressure curves also shows that the postpeak

pressure drop is higher in fibre concrete. Once more, this

shows the role of fibres in the creation of a network more

permeable than the cement matrix.

The effect of fibres appears strikingly on Fig. 7: pressure-

versus-time curves have a similar shape for all dosages,

however, the height of the peaks drastically decreases with

increasing fibre dosage. Hence, fibres directly contribute to

the reduction of the stress fields in the skeleton due to

pore pressure.

One also notices a rather high scattering of the curves,

especially among the replicas. The latter may originate in

concrete heterogeneity and in the presence of fibre clusters or

in the creation of a macrocrack (e.g., at the matrix–pressure

gauge interface) connected to the surface of the specimen.

The effect of fibre dosage is brought to light through

three aspects of the pressure fields: the temperature reached

Fig. 2. PTM tests: the experimental set-up.

Fig. 3. Pressure– temperature gauge.

Fig. 4. PTM test: relative mass loss for various fibre dosages.

Fig. 5. Rate of mass loss versus time for various fibres dosages.
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at the peak (TPmax
), the amplitude of the peak (Pmax), and the

maximal pressure gradient (rP)max=(@P/@x)max where x is

the depth. In order to reduce the effect of the data scattering,

it was decided to consider for each fibre dosage, the four

highest values of Pmax, taken among the two replicas and

without considering the depth. The average value and the

standard deviation were calculated from these values. The

corresponding values of TPmax
were considered. The same

procedure was applied to (rP)max.

The effect of fibre dosage on these three parameters is

presented on Figs. 8–10. A significant decrease is noted in

the parameters with increasing fibre dosage:� TPmax
increases from 180�C to 200�C for af = 3 kg/m3

to 240–260�C with no fibres. For af � 1.75 kg/m3, the

pressure peak occurs at temperature very close to the

melting point of the fibres. Therefore, it seems that fibres

are effective as soon as they are melted.� Pmax increases from � 1 MPa for af = 3 kg/m3 to �
4 MPa for af = 0 kg/m3. For af = 1.1 kg/m3, Pmax reaches

about 2 MPa. For comparison, this value is very close to that

reached in ordinary concrete [10].� (rP)max increases from 0.1 to 0.3 MPa/mm when af

decreases from 3 to 0 kg/m3.

One also notes that the effect of fibre dosage on (rP)max

and Pmax barely changes for af � 1.75 kg/m3 or even 1.5

kg/m3. This should be taken into consideration when

designing a concrete mix with PP fibres.

In summary, these tests clearly bring to light the effect of

fibres on the thermohydral process, especially on the

pressure fields. Pressures peaks appear at a temperature

close to the melting temperature of PP (171�C) and far

below its temperature of vaporisation (341�C). It was

mentioned earlier that PP dilates by about 10% when

melting, which reduces the volume available for the transfer

of gas and fluid. It is very unlikely that fibres can be

evacuated from the specimen before the pressure peak,

except for those with an end in contact with a free surface

of the specimen.

The process through which the fibres contribute to the

reduction of pore pressure is analysed in the next section,

with the help of permeability measurements and microstruc-

ture characterisation.

4. Permeability and microstructure

In order for the PP fibres to contribute to a significant

increase in permeability when melted, two criteria should

be fulfilled. The first one is that, at least, part of the PP

be absorbed by the surrounding cement matrix, so that a

pathway for the transport of mass (liquid water, vapour,

and gases) is created. This will be studied in Section 4.1.

The second criterion is that the fibres constitute a con-

nected network, either alone or with another population of

defaults more permeable than the matrix itself. Garboczi

et al. [30] studied the connection of ellipsoidal rigid

objects randomly distributed in a volume and allowed to

intersect. They carried out numerical simulations to cal-

culate the proportion of objects at the percolation thresh-

old as a function of their aspect ratio. The percolation

threshold is the proportion of objects above which they

constitute a connected network that crosses the considered

volume of material. Above the percolation threshold, the

transport property (here, permeability to gas) increases

rapidly. Below the threshold, the property is very low and

barely varies.

Let us identify the PP fibres (with a rectangular cross-

section) to an ellipsoid with a length (l) of 19 mm and an

unchanged cross-section surface area (7.5� 10� 3 mm2). A

fibre has therefore an equivalent diameter (d) of 98 mm and

an aspect ratio (l= l/d) of � 200. After Garboczi et al. [30],

the percolation threshold is then reached for fibre volume

ratio of 0.32%. In this ratio, one should consider only the

volume of the matrix, which is that of cement paste and

sand, since the aggregate volume cannot be occupied by the

fibres. In the mix used in this study, about 40% of the total

volume are occupied by the aggregates. Therefore, the

percolation threshold is reached for a fibre dosage of

approximately 1.8 kg/m3 of concrete. This value is within

the range studied in this work. This theoretical prediction is

very consistent with the experimental behaviour observed in

the previous section: the dosages 1.75 and 3 kg/m3 had a

similar effect on pressure peaks. In other words, this would

mean that as soon as fibres constitute by themselves a

connected network, the latter is large enough to evacuate

gases and vapour, thus to reduce pore pressure.

Fig. 6. Evolution of temperature with time at various depths for af = 0 and 3 kg/m3. Fibres do not affect the global thermal behaviour of the concretes.
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However, fibres appeared to be prevented from spalling at

dosages as low as 0.9 kg/m3, which is far from the percola-

tion threshold. Also, the distribution of fibres in the concrete

may not be very homogeneous, so that the effective percola-

tion threshold is probably reached at a fibre dosage higher

than the theoretical value. Therefore, the connected network

that enables to significantly increase concrete permeability is

obtained at dosages higher than the percolation threshold,

which means that this network is not constituted with the

fibres. This question is addressed in the following.

Fig. 7. Overview of the pressure fields for all tests. The striking effect of fibres on the span of the pressure peaks is brought to light.

P. Kalifa et al. / Cement and Concrete Research 31 (2001) 1487–14991492



4.1. Microstructure and fibre–concrete interactions

In order to understand the role of fibres, the evolution of

concrete porosity is studied as well as the interactions

between melted PP and cement matrix.

4.1.1. Water porosity

Water porosity measurements were performed on con-

crete containing 0, 0.9, 1.75, and 3 kg/m3. The specimens

are halves of ; 11-cm�H 5-cm slices cured for 3 months in

sealed bags. Before measurement, the specimens were

submitted to the following heat treatment: they were heated

at 1�C/min up to a target temperature of 200�C, 300�C, and
400�C, respectively. This temperature was maintained for

6 h, then it was decreased to 23�C at a rate of 1�C/min. The

duration of the plateau was meant to ensure that steady mass

state was reached. The porosity measurements provide

residual values. Besides, a series of specimens was main-

tained firstly at 80�C in a ventilated chamber until steady

mass state, which was defined as a mass variation @(dm/m)/@t

lower than 0.02%/24 h. Porosity measurement was per-

formed at that stage, then these specimens were dried at

105�C and a new porosity measurement was performed.

In most cases, three specimens were tested for each

condition. Porosity (") was measured according to a

procedure described in Ref. [28], which is very close to

that of the ISO 5017:1988 standard. " is calculated using

the relationship:

" ¼ msat�mT

msat�mimm
sat

�100

where msat and m sat
imm are the mass of the saturated specimen

measured in air and in water, respectively. Specimen

saturation was obtained by leaving the specimen under

vacuum for 24 h before immersing it into water. mT is the

mass of the specimen after heat treatment.

Porosity results are displayed on Fig. 11 as a function of

heat treatment and fibre dosage. A rapid increase in the

accessible pore volume is observed between 80�C and

105�C. This is mainly due to the withdrawal of free or

physically bound water that could not be withdrawn at

80�C. It does not correspond to a significant alteration of

the matrix itself. Between 105�C and 400�C, the increase in
porosity is lower, although it increases with fibre dosage:

this increase ranges from 0.7% in plain concrete (consistent

with Ref. [28]) to 2% for af = 3 kg/m3.

In any case, the increase in the porous volume due to

heat treatment is rather low, contrary to permeability (see

Section 4.2).

4.1.2. Microcracking

Observations of the microcrack population were carried

out with an optical microscope on concrete surfaces impreg-

nated with a fluorescent resin and polished. These surfaces

were taken from the ; 11-cm�H 22-cm specimens that

were used for the permeability measurements (see Section

4.2). The surfaces were lit with ultraviolet light and

observed through a polarising filter so that the fluorescent

Fig. 8. Pressure peaks versus fibre dosage.

Fig. 9. Temperature at pressure peak versus fibre dosage.

Fig. 10. Maximum pressure gradients versus fibre dosage.
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resin that penetrated into the defaults was easily distin-

guished from the rest of the concrete. This procedure was

described in Ref. [29]. The concretes that were studied are

without fibres at 400�C and with af = 3 kg/m3 at 200�C,
300�C, and 400�C. The procedure for heat treatment was

that described in Section 4.1.1.

The most interesting and surprising aspect of these

observations stems from the comparison between the two

concretes at 400�C: the fibre concrete exhibits a much

higher crack density than the plain concrete, as shown on

Fig. 12. In the fibre concrete, cracks are very thin (close to

1 mm) and form a dense network between and around the

sand and aggregate skeleton. On the other hand, in the plain

concrete, cracks are thicker (around 10 mm) and cover a

large distance by linking the bigger aggregates.

The reason why these concretes behave in such different

way regarding cracking has not been elucidated yet. Micro-

cracking in heated concrete results mainly from the thermal

dilation/shrinkage gradients between the cement and the

aggregates. In the studied temperature range, aggregates

dilate whereas the paste shrinks as a result of dehydration. It

is assumed that the fibre beds help the nucleation of cracks

locally as they have sharp angles. Thus they favour the

distribution of microcracking. Another cause of this differ-

ence may be that fibres slightly dilate at melting, thus

creating a tensile stress in the matrix, which could help

nucleating cracks. These hypotheses should be confirmed.

The second significant aspect is that crack density is

much higher at 400�C than at 200�C, even 300�C. The same

observations were made on plain HPC by Tsimbrovska [34].

Let us remember that the state of the microstructure at

200�C is of most interest for our study since pressure peaks

occurred between 180�C and 250�C.

4.1.3. Fibre–matrix interactions

In order to study the behaviour of fibres after melting,

observations with a scanning electron microscope (SEM)

were done on polished surfaces taken from the core of

5� 5� 10 cm3 concrete specimens that were exposed to a

temperature ranging between 160�C and 200�C for at least 6

h. These observations showed that as soon as temperature

exceeds the fibre melting point (171�C) the fibres are not

visible anymore in their initial bed (Fig. 13). This brings out

that the polymer was absorbed by the porous network despite

the large size of the molecules compared to pore diameter.

This statement was confirmed using the simple ‘‘water

drop’’ test according to the following procedure. A very thin

Fig. 11. Water porosity versus heat treatment and fibre dosage.

Fig. 12. (a) Fibre concrete (af = 3 kg/m3) and (b) plain concrete after 400�C
treatment. The images represent a polished surface impregnated with

fluorescent resin and observed under blue and polarised light. Cracks and

fibres filled with the resin appear in white. These pictures clearly show the

difference in damage between fibre and plain concrete.
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layer of fibre was placed on a ground surface of concrete on

an area of about 4 cm2. A 2-cm edge cube was then placed

on the fibres in order to keep them in contact with the

concrete surface (Fig. 14). This set-up was heated up to a

temperature ranging between 170�C and 200�C with a

heating and cooling rate of 1�C/min. After cooling, the

concrete cube was removed, a water drop was placed on

fibre site, and the behaviour of the droplet was observed.

The results are as follows: after 170�C exposure, the drop

stayed in place, which means that the melted fibres had

made an impermeable layer on the concrete surface. At

180�C and above, the drop was absorbed by the concrete,

however much slower than on virgin concrete. This means

that the polymer had actually penetrated the porous network,

and decreased the rate of water absorption. This very simple

experiment shows qualitatively that the cement matrix is

able to absorb the melted PP, thus creating a new pathway

for liquid water, vapour, and gas.

4.2. Intrinsic permeability of fibre concrete

4.2.1. Experimental

The experimental conditions for permeability measure-

ments (fibre dosages, curing conditions, heat treatments)

were the same as those for porosity measurements (except

for the 105�C heat treatment that was not considered). The

measurements were also performed after cooling, therefore

they provide residual values. The specimens were taken

from ; 11 cm�H 22 cm.

For permeability measurements on plain concrete and on

fibre concrete heated at 80�C, the standard Cembureau

permeameter was used [31], and specimens were 50 mm

thick. This apparatus could not reasonably be used on fibre

concrete for T� 200�C: due to the length of the fibres

(19 mm), the specimens were smaller than the representative

volume. For this reason, the tests were performed using a

Hassler permeameter [32] on ; 11-cm�H 20-cm specimens.

This apparatus is also a constant-charge permeameter with a

maximum input pressure of 5 MPa. The maximum pressure

applied was around 1 MPa. For sake of comparison, tests

were done on both permeameters for fibre concrete at 80�C
and plain concrete at all other temperatures.

In all cases, the intrinsic permeability was determined

using the Klinkenberg method [33]: permeability to nitrogen

(K) was measured for various pressure gradients and the

intrinsic permeability (k) was calculated by linearly extra-

polating to infinite pressure, the line K = f (1/P̄):

K ¼ k 1þ b

�P�

� �

where P̄ is the average pressure and b is a coefficient

determined experimentally.

Fig. 13. Cross-section of a fibre observed through an SEM. The fibre is visible at initial state (left) but the polymer disappeared after a 200�C treatment (right)

and only the fibre bed is visible.

Fig. 14. Schematic of the water drop test.
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4.2.2. Results and analysis

Row values of intrinsic permeability are displayed versus

temperature and fibre dosage on Fig. 15. A low data

scattering is noted. For this reason, only averages will be

considered in the following analysis. Also, the results

obtained on plain concrete are very close to those of

Tsimbrovska et al. [29] on similar concrete. The following

trends appear in this graph.� At 80�C, the two permeameters yield very similar

results. It is not quite the case at higher heat treatments:

measurements performed with the Hassler permeameter

yield higher values than those with the Cembureau one.

The reason of this discrepancy lays probably not in the

method of measurement, but rather in the difference in

specimen size: the bigger specimens undergo larger thermal

gradients at heating and cooling, which may induce larger

cracking. However, this permeability difference is rather

small compared to permeability changes with heat treatment.� Fibre concretes have the same permeability at 80�C,
which is only two times larger than that of plain concrete.

The addition of fibres, therefore, poorly influences the initial

structure of the porous network regarding permeability.� At 200�C, fibre concretes exhibit a much larger

permeability increase than the plain concrete. For compar-

ison, at this temperature, the permeability for af = 0.9 kg/m3

is close to that of an ordinary concrete after the same heat

treatment, as measured previously [9].

The effect of fibres on permeability is better brought to

light on Fig. 16, which gives permeability k(T) normalised

to that at 80�C, k(80), as a function of fibre dosage and heat

treatment. In the log-normal diagram, the plain concrete

exhibits a quasi-linear increase with temperature. Tsim-

brovska et al. [29] and Tsimbrovska [34] showed that with

the help of mercury intrusion porosimetry measurements

this increase is associated with two main changes in the

microstructure. Between 80�C and 300�C, the main factor is

the increase in pore size: the monomodal pore size distribu-

tion shifts towards larger pores. From 300�C up, especially

at 400�C, permeability is mainly controlled by cracking, as

observed in the previous section.

Fibre concretes show a completely different behaviour:

permeability follows a logarithmic type progression with

temperature. This tendency is most marked for af = 3 kg/m3:

k is multiplied by about 600 between 80�C and 200�C,
whereas this factor is reduced to 7 between 200�C and

300�C. This means that the increase in permeability is

mainly controlled by the fibres as soon as they are melted.

Therefore, the slope of the segment would be even steeper if

we had made a measurement at just below fibre melting

(e.g., 150�C). The shape of the curve is the same for other

dosages, but the tendency is less marked.

The most spectacular way to bring to light the contribution

of fibres to permeability is shown on Fig. 17 where the ratio

b = k(fibre concrete)/k(plain concrete) is plotted versus tem-

perature and fibre dosage. This ratio reveals the relative

contribution of fibres to permeability with respect to that of

the matrix. For af = 3 kg/m3, b reaches a maximum of 85 at

200�C, decreases slightly at 300�C then decreases strongly to

20 at 400�C. In other words, the relative contribution of fibres

Fig. 15. Intrinsic permeability versus temperature and fibre dosage.

Fig. 16. Intrinsic permeability normalised to that at 80�C (averages),

k(T)/k(80�C), versus temperature and fibre dosage.

Fig. 17. Intrinsic permeability of fibre concretes normalised to that of plain

concrete (averages) versus temperature and fibre dosage.
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to permeability is much higher at 200�C (which is where the

pressure peak occurs) than at 400�C. The same tendency

stands for other dosages however with a lower span.

4.3. Discussion

The permeability measurements brought to light the

major role of fibres as soon as they are melted, in the

creation of a connected network for the transfer of fluids.

This role decreases with decreasing fibre dosage. However,

it is still significant at dosages lower than the percolation

threshold estimated by Garboczi et al. [30].

It was demonstrated that flow uses the largest and

straightest path (which is the better connected and less

tortuous one) [35–37]. Permeability is controlled by the

smallest link of this connected path. Many representations

were elaborated using the electrical analogy to model heat

and mass transport in porous media [38–43]. The porous

network is then identified to a complex combination of

elements in series and/or in parallel. For a correct repre-

sentation of the medium taking into account its topography,

these models often use fitting parameters determined experi-

mentally. However, they are of great help for a semiquanti-

tative analysis.

In order to understand qualitatively the relative contribu-

tions to mass transport of the concrete phases and fibres, let

us consider the transport network as a three-phase system.� The fibres: They melt at 171�C and are partially or

totally absorbed by the porous network of the cement

matrix. They leave a channel with a length of 19 mm

and an equivalent diameter lower than 98 mm. These

dimensions are much larger than those of the other defaults

of the composite. The fibre beds therefore constitute a

preferential pathway.� The porous network of the cement matrix and the

interfacial transition zones (ITZ): The global volume of

pores poorly increases with temperature (from 0.7% to 2%

between 105�C and 400�C, depending on fibre dosage). The
pore size distribution is characterised by a peak that broad-

ens towards larger size as temperature increases [29].

Although ITZs are very thin in HPCs, they constitute the

weakest link of the matrix regarding permeability, whether

they are cracked or not.� The crack population: Significant cracking was

detected from 300�C up, but not at 200�C. Fibres sig-

nificantly influence the characteristics of the crack popula-

tion: in particular, crack density is much higher at higher

fibre dosage.

The relative contribution of each phase described above

is a function of fibre dosage on the one hand, temperature on

the other hand. Two main cases should be considered:� Fibre dosage is high, so that fibres alone constitute a

connected network. This is probably the case for af�
1.75 kg/m3. The transport network may be identified to a

combination of two elements in parallel (Fig. 18a): (i) fibres

and (ii) the system (pores + ITZs + cracks). The latter is also

a serial/parallel combination of its components. At 200�C,
the preferential pathway for gases and liquids is the con-

nected network left by the fibres that were melted and

partially or totally absorbed by the matrix. According to

our observations, the matrix was barely altered and its

contribution is low. On the contrary, the latter increases at

higher temperature as a result of changes in the microstruc-

ture: increase in porosity, average pore size, and above all,

strong increase in crack density. As a result, the ratio b
decreases from 80 to 20.� Fibre dosage is lower, so that fibres alone do not

constitute a connected network. This is certainly the case for

af < 1.75 kg/m3. Fibres are linked to each other through the

matrix. Then the parallel system of the previous case

becomes more complex (Fig. 18b): fibres do not intervene

alone but in series with the matrix. The efficiency of the

fibres then depends on the state of the microstructure. At

200�C, very few cracks were spotted in the matrix or at the

ITZ. The changes in microstructure lay mainly in an increase

in porous volume and in average pore size. This is the reason

why for af = 0.9 kg/m3, b is only 11. However, to identify

the efficient transport network, one should consider that

fibre length (19 mm) is very close to that of the bigger

aggregate size (20 mm). As a result, the probability for fibres

to touch two aggregates is very high, thus their ITZs are

connected. Therefore, the combined ITZ/fibre percolation

may be the primary mechanism at that temperature.

At higher temperatures, the porous network becomes

more permeable and crack density increases. As a result,

the efficiency of the fibres increases and also that of the

matrix too. At 400�C, when the crack population forms a

connected network by itself, the relative contribution of

fibres and b decreases (Fig. 17).

This short analysis shows that the use of an electrical

analogy for representing the transport network provides a

fairly good tool for explaining qualitatively the evolution

of permeability with temperature, as observed experimen-

tally. However, the hypotheses made should be confirmed

by numerical simulation. This is currently being done at

NIST (USA).

Fig. 18. Electrical analogy for representing mass transport through fibre

concrete: (a) when fibres constitute by themselves a connected network and

(b) when fibres do not constitute by themselves a connected network.
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5. Summary and conclusions

The experimental work presented in this paper was based

on the fact that PP fibres have been used in HPC construc-

tions at a dosage of 2 kg/m3 with the intention of reducing

the propensity of concrete to spall, but that very few studies

were carried out to understand the physical process through

which fibres act against spalling, and to optimise the fibre

dosage. Besides, fire tests carried out on columns and

reported elsewhere showed that fibres had a significant

effect at dosages as low as 0.9 kg/m3, which is far below

the theoretical percolation threshold.

The PTM tests carried out on fibre HPCs showed that

fibres have a striking effect on the pressure fields that built

up in the porous network during heating: as fibre dosage

increased from 0 to 3 kg/m3, pressure peaks were reduced

by a factor of 4 and pressure gradients were reduced by a

factor of 2. These effects were mostly pronounced between

0 and 1.75 kg/m3 and less pronounced between 1.75 and 3

kg/m3. Considering the theoretical work by Garboczi et al.

[30], this change in fibre effect around 1.75 kg/m3 may be

related to the fact that fibres have reached the percolation

threshold at that dosage.

The permeability measurements carried out after various

heat treatments and for various fibre dosages supported the

results of the PTM tests. They showed the striking effect of

fibres from 200�C up, which is very close to their melting

temperature: for a dosage of 3 kg/m3, the intrinsic perme-

ability (k) increased by a factor of 600 between 80�C and

200�C; at 200�C, k increased 85 times as fibre dosage

increases from 0 to 3 kg/m3. At that temperature, the melted

PP cannot be evacuated. The polymer is certainly absorbed

by the surrounding matrix, partially or totally, as brought

to light by the simple droplet test that was carried out, as

well as by SEM observations. The rapid increase in

permeability with temperature enables the evacuation of

vapour and gases, thus releasing the pressure. Comple-

mentary permeability measurements should be performed

between 100�C and 170�C in order to assess the role of

fibres before they melt.

The relative contribution of fibres to mass transport

decreased at 400�C, as a result of the evolution of the

microstructure: slight increase in porosity and above all

microcracking. The latter appeared to be significantly influ-

enced by the presence of fibres: at 3 kg/m3, microcracking

was characterised by a higher density and by smaller cracks

than in plain concrete. A satisfactory explanation of this

phenomenon was not found yet. It may have a significant

effect on spalling as it may change the local stress distribu-

tion. Further microstructure analysis should be done

between 100�C and 170�C.
Fibres have a significant effect on both pressure and

permeability even at dosages lower than the theoretical

percolation threshold. Using an electrical analogy to simu-

late the evolution of permeability with fibre dosage and

temperature, it was shown that fibres act in a serial/parallel

system with pores, ITZs, and cracks when they are formed.

This model should be confirmed by numerical simulation.

As a conclusion, it appears that the fibre dosage of 2 kg/

m3 with a fibre length in the order of 20 mm is an efficient

solution for preventing spalling in HPC up to 100 MPa

under ISO 834 conditions. However, this dosage could

certainly be reduced because it may not be necessary to

reach (or even exceed) the fibre percolation threshold.

Pressure measurements as well as permeability measure-

ments suggest that a dosage around 1 kg/m3 should be

sufficient for this type of concrete and this range of heat

solicitation. This may not apply to other types of concrete,

with other aggregate size distribution or with greater pore

refinement, as in UHPC, in which the percolation threshold

is probably at a minimum. This area should be studied in the

future. Also, PTM tests and microstructure analysis should

be carried out in more severe heating conditions (close to

that of standard fire curves) in order to assess the effect of

heating kinetics.
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