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THE IMPACT OF THE AMOUNT AND LENGTH OF FIBRILLATED
POLYPROPYLENE FIBRES ON THE PROPERTIES OF HPC EXPOSED
TO HIGH TEMPERATURE

I. HAGER'!, T. TRACZ?

This paper presents the results of research on high performance concretes (HPC) modified by the
addition of polypropylene fibres (PP fibres). The scope of the research was the measurement of the
residual transport properties of heated and recooled concretes: gas permeability and surface water
absorption. Seven types of concrete modified with fibrillated PP fibres were tested. Three lengths: 6,
12 and 19 mm and three amounts of fibres: 0, 0.9 and 1.8 kg/m*® were used. The research programme
was designed to determine which length of fibres, used in which minimum amount, will, after the
fibres melt, permit the development of a connected network and pathway for gases and liquids.
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1. INTRODUCTION

The behaviour of high performance concrete (HPC) exposed to high temperature can
prove a major limitation on the use of such concrete in the construction industry.
HPC exposed to high temperature can be prone to explosive spalling, which could
result in the exposure of steel reinforcement. This would create a vulnerability in the
load-bearing capacity and stability of the structural element.

According to various sources (BazanT [1], HEr1z [2], KALIFA ef al. [3]), the explosi-
ve behaviour of concrete is a combination of two phenomena occurring simultaneously
in heated concrete: a thermo-mechanical effect and a hydro-thermal effect. The tem-
perature increases the pressure of the gas and liquid contained in the material’s pores,
accompanied by rapid moisture vaporization within the surface area of the heated
concrete (hydro-thermal effect). Additionally, the difference of thermal strains in layers
of concrete with different temperature (thermo-mechanical effect) becomes apparent in
the heated material, and the accumulated energy is released violently, resulting in the
so-called explosive spalling. These two effects together cause unfavourable stresses in
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concrete. In situations where the stress exceeds the ultimate tensile strength of concrete
and an explosive spalling can occur. As numerous tests have shown (KALIFa ef al. [4],
NisHiDA et al. [5], HoFr et al. [6]), polypropylene fibres improve the stability of high
performance concrete exposed to high temperature. At temperature close to 170°C
the fibres melt. The melted polypropylene is partly absorbed by the cement matrix
[4], creating a network of open pores, which increases permeability, and consequently
reduces the internal pressure in heated concrete. However, the exact mechanism by
which PP fibres work is still not fully explained. In the research conducted by KaLira
et al. [4], an increase was observed in the micro-cracking of heated concrete with PP
fibres compared to concretes without fibres. This suggested that the presence of fibres
in the cement matrix may be considered as a discontinuity that favours the initiation
and development of micro cracks during heating, contributing to an increase in concre-
te permeability. Moreover, it has been pointed out that while melting, polypropylene
undergoes a transition from the crystalline to the amorphous phase (polypropylene
density decreases from 910 kg/m® to 850 kg/m®), which causes its volume increase by
approximately 7% (Pasqumt [7]).

The results presented here are a continuation of the research carried out by the
authors and described in Hager and Tracz [8]. In that study, the properties of two types
of concrete were compared: concrete without fibres and concrete with an addition of
PP fibres amounting to 1.8 kg/m>. The results obtained suggested that the addition
of PP fibres was effective and had the desired impact causing a considerable increase
in concrete permeability after melting. The increase in the transport properties of the
concrete was confirmed by measurements of its surface absorption, which demonstrated
that the capillary porosity of concrete with fibres when heated to 160-+-200°C was higher
than that one of concrete without fibres.

The results presented in this article provide a summary of the results of an exten-
sive research program described partially in Hager and Tracz [9, 10]. The aim of
the research was to establish the optimum amount and length of PP fibres allowing
to obtain an effective porous network and thus the reduction of pore pressure during
heating. From the technical point of view, the use of polypropylene fibres in quantities
amounting to 0.1+0.2% of concrete volume is an effective way of limiting the occur-
rence of spalling in HPC; however, there are no reports that would clearly indicate the
optimum fibre length. According to the percolation model presented by Bentz [11],
given a fixed amount of fibre, long fibres should be more efficient.

The objective of this research was to assess the impact of temperature to which
concrete is heated on concrete properties affecting its ability to allow liquid and gas
transport. The research included the determination of such properties as gas permeabi-
lity, surface water absorption and microporosity for several types of concrete before
and after heating. These properties are the most relevant to the quantitative assessment
of the effectiveness of polypropylene fibres as an additional limiting of the occurrence
of spalling in HPC. Moreover, the impact of heating temperature on changes in the
compressive strength of samples heated to temperature of 600°C was also assessed.
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2. MATERIALS AND PREPARATION OF SPECIMENS

The study was carried out using concretes made from basalt aggregate and CEM 1
52.5R cement. The quantitative and qualitative composition of all high-performance
examined concretes was the same, with the exception of the amounts and lengths of
the polypropylene fibres used. Fibrillated polypropylene fibres with lengths of 6, 12
and 19 mm, and in amounts of 0, 0.9 and 1.8 kg/m® were used for the the research.
According to the figures quoted by the manufacturer, the melting temperature for the
fibres was 163°C, and their flash point was 360°C. Moreover, the density of fibrillated
fibers used in this study was 910 kg/m>.

Cylindrical specimens of 150 mm in diameter and 50 mm high were used for gas
permeability and surface water absorption measurements. These specimens were cut
out from 150/300 mm standard cylinders. Compressive strength was determined by
using 100 mm cubic specimens. All specimens were formed and cured in compliance
with the PN-EN 12390-2 standard, and the tests were conducted after 90 days of
curing. Detailed compositions of the concretes that were prepared, together with their
designations, are shown in Table 1.

Table 1
Mix designs of HPC with and without PP fibres.
Skiady betonéw BWW bez widkien z witéknami PP
(@] (gl [e)} [@)}
Concrete labels § 2 S I I N
wie |_|g /5|2 (5|8 s
Sle|s|s|S |2 |
Type of component A M M M A M
Cement CEM I 52,5 kg/m® 490
Water kg/m’ 145
Sand 0/2 mm kg/m® 611
Basalt aggregates 2/8 mm kg/m® 712
Basalt aggregates 8/16 mm kg/m® 712
Fibrilated PP fibres: keg/m® | — |09 | 18| - B _ _
length 6 mm ke/m® | = | — “looli18!] - _
length 12 mm g 3
length 19 mm kg/m™ | = | - B B - |09 18
Plasticizer % mc 0.9
Superplasticizer % mc 1.0 = 2.0
Complementary data
Water-cement ratio - 0.30
Cement paste content dm?/m? ~ 310
Mortar content dm?/m? 514
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3. MEASUREMENT RESULTS AND ANALYSIS

Concrete samples were heated in a Nabertherm LH30/13 furnace at a constant rate of
1°C/min. The heating rate was selected in accordance with the RILEM recommenda-
tions [14] aimed at limiting thermal stresses due to the thermal gradient in concrete
specimen. After the target temperature was reached, the specimens were heated for fur-
ther two hours in order to stabilise the temperature over their entire cross-section. The
next stage was the free cooling of specimens in the furnace to the room temperature.
Therefore, all the properties established were residual. This procedure was applied to
all the samples examined.

3.1. PERMEABILITY

Gas (nitrogen) permeability was determined by using the RILEM-Cembureau method
using the device shown in Fig. 1 and Fig. 2.
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Fig. 1. Scheme of the set up for testing the permeability (RILEM-Cembureau method).
Rys. 1. Schemat budowy urzadzenia do pomiaru przepuszczalnosci (metodag RILEM-Cembureau)

The permeability (k) was determined using following equation Eq. (3.1):
20P,nL
3.1 k= —7F——
G-D AP P2

where: Q = V/t — the measured gas flow intensity [m®/s], P — pressure (absolute)
[Pa], Pa — atmospheric pressure [1 bar = IOSPa], n — viscosity of the gas [Pa-s], A —
cross-section area of the specimen [mz], L — thickness of the specimen [m].
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Fig. 2. Detailed scheme of the sample testing chamber
Rys. 2. Szczegétowy schemat budowy komory do badania prébek

Permeability measurements started with the determination of initial permeability
for specimens dried to constant mass at temperature of 105°C, according to the gu-
idelines for the method applied described in RILEM Technical Recommendation [12].
Subsequently, the samples were heated to temperature ranging from 140 to 200°C, and
their permeability was measured following cooling.
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Fig. 3. Influence of the heating temperature of concrete on its residual permeability. Each value is the
average results of three measurements.
Rys. 3. Wplyw temperatury wygrzewania na resztkowe wartosci przepuszczalnosci. Kazda wartos¢ to
$rednia z trzech pomiaréw
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In Fig. 3 results of permeability measurements for seven concretes are shown.
Each measurement series comprised three samples.
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Fig. 4. Relative change in average HPC permeability with and without polypropylene fibres added
depending on heating temperature.
Rys. 4. Wzgledna zmiana $rednich warto$ci przepuszczalnosci betonéw BWW bez i z dodatkiem
widkien polipropylenowych, w zaleznosci od temperatury wygrzewania

The results of measurements presented in Fig. 4 show the ratio of permeability of
concrete after heating to its permeability before heating (initial permeability).

An increase in heating temperature caused residual permeability increase. For
concrete without fibres (B100) and concrete with a small addition of short fibres
(B100/0.9/6), this increase was relatively small. At 160°C, a significant increase in
residual permeability started, and at the same time considerable differences with respect
to its value started to emerge.

An addition of 12 mm and 19 mm long fibres had a very large impact on the
increase of concrete permeability after heating. An addition of 0.9 kg/m® of 12 mm
long fibres (B100/0.9/12) caused a 12-fold increase in permeability after heating to
200°C compared to the initial value. When the amount of these fibres was doubled to
1.8 kg/m?, a 45-fold increase in permeability was recorded. While analysing the results
of measurement, the immense impact of 12 mm fibre dosage was observed. For 19
mm long fibres, even higher permeability was recorded, but the impact of dosage was
not as significant as for 12 mm long ones.

3.2. SURFACE WATER ABSORPTION

Changes in surface water absorption in g/cm? over time were measured for cylindrical
specimens heated to 140, 160, 180 and 200°C following permeability measurements.
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The increase in specimen mass was recorded at intervals of 60 seconds and with an
accuracy of £0.01 g. During the measurements, one specimen surface was in permanent
contact with water. Irrespective of the amount of water absorbed by the specimens
tested, the water level remained constant during the measurement, i.e. for 72 hours.
The measurement set-up is shown in Fig. 5.

weight Ll computer

sling

sample I

————— i waIerI———-—-

Fig. 5. System for measuring surface water absorbability.
Rys. 5. Stanowisko do pomiaru nasigkliwo$ci powierzchniowe;j

The selected measurement results are presented in two sections. In section one,
the test results depend on quantity of fibres used, and in section two, the test results
depend on their length. In Fig. 6, changes in surface water absorbability in kg/m?
following heating for concrete specimena without addition of fibres and for concrete
specimen with 0.9 and 1.8 kg/m> of 12 mm long fibres added are shown.

The curves in Fig. 6 demonstrate significant variation in the magnitude of the
increase in surface water absorption of the concretes tested, as a result of heating.
Concrete without fibres (B100) exhibits an increase in the value measured during the
initial heating phase for a heating temperature of 200°C. A similar trend can be obse-
rved for concretes that contain 0.9 kg/m® of 12 mm long fibres. For a larger amount of
fibres (1.8 kg/m?), surface water absorption is begin to increase already in temperature
exceeding 140°C. This is reflected in the results of the residual permeability measure-
ments presented above. Heating of the B100/1.8/12 concrete to 160°C causes residual
permeability increase of more than 25-fold, while for the B100/0.9/12 concrete, only
a six-fold increase in the value measured was observed.
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Fig. 6. Changes in the surface water absorbability of HPC without fibres (B100) and with fibres
(B100/0.9/12 and B100/1.8/12) caused by heating to 140, 160, 180 and 200°C.
Rys. 6. Przebieg zmian nasigkliwosci powierzchniowej BWW bez wiékien (B100) i z widknami
(B100/0.9/12 i B100/1.8/12) wywotany wygrzewaniem do temperatur 140, 160, 180 i 200°C
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Fig. 7. Changes in the surface water absorbability of HPC with 1.8 kg/m® of 6, 12 and 19 mm long
fibres caused by heating to 140, 160, 180 and 200°C.
Rys. 7. Przebieg zmian nasiakliwosci powierzchniowej BWW z wiéknami w ilosci 1.8 kg/m®
o dtugosciach 6, 12 lub 19 mm wywotany wygrzewaniem do temperatur 140, 160, 180 i 200°C

As the tests carried out show, it is not only the quantity of PP fibres added that has
an influence on the surface water absorption of heated concretes, but also their length.
In general, as the length of the fibres used increases, changes in concrete surface water
absorption become more pronounced. It is probable that 19 mm long fibres added
to concretes heated to 160°C or higher create a continuous network of interconnected
capillary pores, which affects the magnitude of surface water absorption increase during
the first few hours of soaking.
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3.3. Porosity

In order to explain the changes observed in properties affecting the ability of heated
concrete to transport gas and water, tests were carried out to determine the microporo-
sity distribution in mortars extracted from the HPCs tested. Concretes with additions
of 0.9 kg/m® of 6 mm long fibres and 1.8 kg/m® of 19 mm long fibres were selected
for testing. Measurements concerned the microporosity of concretes before heating and
after heating to 180°C.

Measurement results are presented in Fig. 8.
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Fig. 8. Distributions of concrete mortar sample porosities determined using the mercury porosimetry
method.
Rys. 8. Rozklady porowatosci prébek zaprawy z betonéw wyznaczone metoda porozymetrii rteciowej

Before heating, very similar porosity distributions were observed for the HPC
mortars with differing additions of PP fibres. After heating to 180°C, the overall po-
rosity of B100/0.9/6 concrete mortar rose from 0.058 to 0.068 cm’/cm?, while for
the B100/1.8/19 concrete, the increase was from 0.061 to 0.101 cm?/cm?®. The change
observed did not result from the additional porosity caused by the melting of polypro-
pylene fibres. The result of the increase in the micro-cracking of heated concretes with
fibres, described by KaLIirA ef al. [4] was most probable here.

3.4. RESIDUAL COMPRESSIVE STRENGTH

Compressive strength and its change as a function of temperature was determined by
using 100 mm cubic specimens. Two specimens of each concrete type were heated up
to 120, 160, 200, 250, 400 and 600°C, and their compressive strengths were tested
after cooling.
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Residual compressive strength and strength results for unheated specimens are
presented in Fig. 9.a. In Fig. 9.b, relative changes in residual compressive strength are
shown.
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Fig. 9. Heating temperature impact on absolute and relative changes in residual compressive strength.
Rys. 9. Wplyw temperatury wygrzewania na bezwzgledna i wzgledng zmiane resztkowej wytrzymatosci
na Sciskanie

It can be noted that as a result of heating up to 120°C, the relative compressive
strength decreases by about 25%, most probably due to the presence of humidity
gradient in concrete specimens. As heating continued, the evaporation of free water
from the material progress was observed and a partial restoration of strength (160,
200, 250°C), which was related to the reduction of humidity gradients in a specimen.
The influence of water movement during heating, and thus the presence of humidity
gradient, on compressive strength was clearly shown by testing dried concrete specimen
where absence of strength reduction in 120°C was observed. (Hager [13]. Further
heating led to steady decrease in strength caused, inter alia, by the dehydration of the
CSH gel, portlandite decomposition and the destruction of the contact zone due to the
different thermal expansion coefficients of cement paste and aggregate.

On the basis of the compressive strength test results shown above, it may be
concluded that this property does not vary considerably for the seven compositions
of concretes tested. The results obtained for unheated and heated concrete specimen
without fibres do not differ significantly from the results obtained for concretes with
0.9 kg/m* and 1.8 kg/m® of PP fibres added.

4. CONCLUSIONS

The following conclusions may be proposed on the basis of the measurements presented
above:
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Both the amount and length of polypropylene fibres added has an influence on the
magnitude of changes in residual permeability caused by HPC heating.

The greatest increase in the residual permeability of heated concretes could be
observed in specimens in which 1.8 kg/m® of 12 or 19 mm long fibres were added.
Permeability measurements using the RILEM-Cembureau method are very useful
when evaluating the effectiveness of adding polypropylene fibres which, after mel-
ting, enables water vapour to be evacuated from heated concrete and its pressure
to be reduced.

The addition of polypropylene fibres to HPCs heated up to temperature ranging
from 160 to 200°C affects the capillary porosity of the cement matrix, which is
confirmed by measurements of changes in surface water absorption over time.
Microporosity measurements indicate a significant increase in the quantity of po-
res with diameters of less than 1 um in concrete with fibres (B100/1.8/19) heated
to 180°C. The change observed does not stem from the additional porosity cau-
sed by melting polypropylene fibres, but is rather the result of an increase in the
micro-cracking of heated concrete with PP fibres.

Compressive strength determined as a function of temperature indicates that, for
tested concretes, the presence of fibres and their length do not affect this property
significantly.

The presented research results confirm the need for further tests aimed at proving
the beneficial effect of PP fibres on reducing spalling in real HPC elements during
fires.
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WPLYW ILOSCI I DLUGOSCI FIBRYLOWANYCH WELOKIEN POLIPROPYLENOWYCH NA
WELASCIWOSCI HPC PODDANEGO DZIALANIU WYSOKIE] TEMPERATURY

Streszczenie

Zachowanie si¢ betonéw wysokowarto§ciowych (BWW) w warunkach dzialania wysokiej temperatury
moze stanowi¢ powazne ograniczenie ich stosowania w budownictwie. BWW poddane dzialaniu wy-
sokich temperatur, jakie wystepuja np. podczas pozaru, moga wykazywa¢ sklonno$¢ do eksplozyjnego
zachowania si¢ (ang. spalling) prowadzacego do odslonigcia stali zbrojeniowej. Eksplozyjne zachowanie
si¢ moze stanowi¢ powazne zagrozenie dla no$nosci elementu zelbetowego. Jak pokazaly liczne badania
stosowanie widkien polipropylenowych (PP) ogranicza wystapienie tego zjawiska. W temperaturze okoto
170 °C wtdkna topig si¢. Stopiony polipropylen jest czgsciowo wchlaniany przez matryce cementowa,
tworzac sie¢ poréw otwartych wplywajacych na zwickszenie przepuszczalnosci, a w konsekwencji powo-
dujac zmniejszenie ci$nienia pary wodnej w ogrzewanym betonie. Jednak doktadny mechanizm dzialania
widkien polipropylenowych nie jest jeszcze w pelni wyjasniony. Z technicznego punktu widzenia, zasto-
sowanie widkien polipropylenowych w ilosci 0,1+0,2% objetosci betonu stanowi skuteczne rozwigzanie
ograniczajgce wystapienie eksplozyjnego zachowania si¢ w betonach wysokowarto§ciowych, jednak brak
jest doniesien jednoznacznie wskazujacych jakiej dlugosci widkna sg najefektywniejsze.

Celem prowadzonych badan bylta ocena wplywu temperatury wygrzewania na cechy materiatu zwia-
zane z jego zdolnoscig transportowa dla cieczy i gazéw. Badano siedem BWW modyfikowanych dodatkiem
fibrylowanych widkien polipropylenowych o diugosciach 6, 12 i 19 mm. Stosowano dodatek widkien w
ilosci 0, 0,9 i 1,8 kg/m>. Zakres badan obejmowat oznaczenie takich cech jak: przepuszczalnosé dla gazu,
nasigkliwo$¢ powierzchniowa oraz mikroporowato$¢ wybranych betonéw przed i po wygrzewaniu. Cechy
te sg najbardziej odpowiednie do iloSciowej oceny efektywnosci stosowania widkien polipropylenowych
jako dodatku ograniczajacego wystepowanie spallingu w betonach BWW. Ponadto w badaniach dokona-
no oceny wplywu temperatury wygrzewania na przebieg zmian resztkowych warto$ci wytrzymalosci na
Sciskania probek wygrzewanych do temperatury 600°C.
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