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a b s t r a c t

The aim of this paper is primarily experimental and is intended to analyse the behaviour of two ce-
mentitious materials, before and after heat treatment: one unreinforced (i.e. without fibres) and the
other reinforced (with polypropylene fibres).

At room temperature and after heating up to 500 °C, the bending strength is improved by the pre-
sences of fibres. The residual young modulus is slightly higher for the fibres reinforced samples.

As the temperature increases, the strength gain due to fibres inclusion is reduced. Beyond 500 °C, the
bending strength is lower for the fibre reinforced cementitious material compared to those without
fibres. Fracture energy is also improved for the fibre mortars at room temperature. At 400 °C this im-
provement decreases gradually with the introduction of polypropylene fibres. Beyond this temperature
and due to the introduction of polypropylene fibres, the fracture energy is reduced.

Another test is developed: rapid heating due to exposure to a flame. The temperature in the front side
reaches in few seconds 1000 °C. At this temperature and after one hour of exposure, the opposite side
reached 140 °C. After cooling, the punching shear strength of the fibre mortar is definitely weaker than of
the mortar without fibre.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The polypropylene fibres are used in the mortars and concrete
to decrease the plastic shrinkage, cracking and micro-cracking of
surface [1]. They increase cohesion and reduce slump [2]. While
inclusion of metal fibres improves the fire resistance [3], the pre-
sence of polypropylene fibres in the material does not [4]. Only the
effect limiting spalling at high temperatures is about to be unan-
imously recognised. This action is primarily studied in high per-
formance concrete i.e. with low water/cement ratio [4–6].

However, during a fire, very strong thermal gradients take
place in first centimetres of concrete and the thermal damage
rapidly decreases from a maximum to nil [7,8]. So, in these first
centimetres, where temperatures are less than a critical tem-
perature, polypropylene fibres should still have an effect on me-
chanical behaviour. The objective of this work is then to examine

the effect of the temperature on the residual behaviour of the
polypropylene fibre mortars. In addition to the classical flexural
strength, we focus to the cracking behaviour and more particularly
to the fracture energy and to the stress intensity factor. These
characteristics are important in connection with the crack re-
sistance and in particular with the resistance to spalling.

In this paper two type of heating were studied: low rate
heating (2 °C/min) and high rate heating (rate similar to ISO 834
standard fire). These two studies allow to separate physicochem-
ical effects and temperature gradient effect.

2. Materials

To ensure an effective bridging of the cracks (to limit the crack
opening), the dimension of the selected fibres must be greater
than those of the aggregates [4]. At room temperature, the aim of
the polypropylene fibres in the composite matrix is to ensure a
macro cracking bridging and to maintain high post peak strength
at a very large crack [9]. In this study cementitious mortars were
studied, and then, 12 mm monofilament polypropylene fibres
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were chosen. Characteristics of the fibres (given supplier: SIKA) are
detailed in Table 1.

A Portland cement is used: CEM1 52.5 N CE CP2 NF. This ce-
ment is made up mainly of clinker 95%, whose details of the
chemical and mineralogical compositions are reported in Table 2.

The mortars are made with standardized sand according to CEN
196-1 standard with the ISO 679. The mass proportions of cement,
sand and water are 1:3:0.5. The volume proportion of added fibres in
the fibre mortars is 0.58% (i.e. 5.2 kg/m3). Water was added to ce-
ment and mixed to obtain a homogeneous paste; sand then gradu-
ally added to the paste and mixed until homogeneous. Fibres were
added at the final stage and dispersed manually. The constituents
were mixed for two minutes after the introduction of the fibres.

The specimens were then stored in a wet room (20 °C, 95% RH)
for 7 days and then stored in dry room (20 °C, 50% RH) up to an
age of 28 days. Under these conditions, a significant portion of free
water in the cement matrix had evaporated [10].

3. Slow heating

3.1. Heat exposure in an oven

Samples, 4�4�16 cm3, were heated in an electric furnace to
the desired temperature at a rate of 2 °C/min. The exposure tem-
perature was maintained during one hour (1 h) and cooling to
room temperature was carried out in the closed and disconnected
furnace (approximately �0.3 °C/min). The controlled temperature
is measured in oven chamber (i.e. not in samples). This process
conducts to low thermal gradients. The damages in mortar are
mainly of physicochemical origin [11].

3.2. Flexural strength

After cooling, samples were then tested in a four-point bending
configuration. Six specimens were tested for each condition
(mortar type and heating temperature). The load is measure with a
50 kN load cell. A template is attached to the specimen to measure
deflection using two LVDTs (þ/�1 mm) (Fig. 1).

The bending test results carried out on unreinforced mortar
(MN) and fibre reinforced mortar (MNP) are presented in Fig. 2.
The post peak residual load clearly highlights the role of fibres
when samples are not heated. The stress transfer between the
faces of the cracks is significant and result is an increased ductility.
As already observed by other authors [12–14], this phenomenon
attenuates very quickly between 400 and 500 °C and disappear
beyond 500 °C. Fig. 3 represents the evolution of the bending
strength with respect to the exposure temperature. The poly-
propylene fibres have a positive role until 400 °C as it was stated
previously. The experimental values are reported in Table 3.

3.3. Young modulus

Young modulus is defined as the elastic (and linear) stage of the
load-deflection curve. The evolution of the residual Young mod-
ulus with respect to the exposure temperature is shown in Fig. 4
and Table 4.

According to the test results, we notice that the modulus of the
sample with fibre is greater than that of the non-fibre samples.
The variation is accentuated until 400 °C. At 500 °C; they are
identical and beyond this temperature; the young modulus of the
fibred samples becomes almost zero.

3.4. Fracture energy

The fracture energy is defined as the area under the stress–
strain curve of the four-point bending test [15]. Fig. 5 and Table 5
show the test results of the fracture energy with respect to the
exposure temperature. When the samples are not heated, the
fracture energy of the fibre specimen is about three times the
energy of the non-fibre sample. This difference in fracture energy
tends to converge and nullify at about 500 °C. Above 500 °C, gain
increase in fracture energy decreases for samples with fibres.

3.5. Stress intensity factor

The stress intensity factor KI characterizes the resistance of
material to the propagation of the crack and to the damage [16–
18]. This parameter can be deducted from the calculation of the
fracture energy Gf and of the Young modulus E. It is defined by the
following relation:

K G E( ) (1)I f
0.5=

Table 1
Characteristics of test fibres (given SIKA).

Fibre Length L (mm) Diameter Ø (mm) Ratio L/Ø Density ρ (kg/m3) Young Modulus E (GPa) Melting point (°C) Tensile strength s (GPa)

Polypropylene 12 18 667 910 6 170 0.55

Table 2
Chemical and mineralogical composition of cement CEM I 52.5.

Elements SiO2 Al2O3 Fe2O3 CaO MgO K2O NaO2 SO3 IR LOI Free CaO

% 22.40 2.96 2.33 66.60 0.95 0.15 0.10 2.13 0.20 1.59 0.50

C3S¼65.3 C2S¼18.6 C3A¼4.35 C4AF¼7.14

IR: insoluble residue; LOI: loss on ignition.

Fig. 1. Four-point sample with measuring template.
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