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PREFACE

On behalf of the Organising and Scientific committees, as well as the CIB W-14 Commission on
Fire Safety it is our pleasure to welcome you to the International Fire Safety Symposium -
IFireSS 2015, which is organised by the CIB’s Commission W14-Fire Safety, ALBRASCI and
University of Coimbra. The Symposium aims to contribute to the exchange of ideas and
knowledge in the area of Fire Safety and assist in planning future research activities in this area.

CIB W14-Fire Safety is a Working Commission of CIB (International Council for Research and
Innovation in Building & Construction) and its main objectives are:

« To create an ongoing research and innovation focus for the development of a
comprehensive, coherent, rational and empirical basis for a safe and sustainable built
environment, which includes fire science and engineering practices and design methodologies;

+ To promote the acceptance of Fire Science and Engineering Practices, Procedures and
Design Methodologies worldwide, and to encourage their use in Building and Fire Safety
Legislation, Codes, Regulations and Standards;

+ To provide technical input, from a Fire Science and Engineering Perspective, to other
relevant CIB Working Commissions and Task Groups;

+ To facilitate the transfer of state-of-the-art Fire Science and Engineering Technology at
international level;

* To encourage capacity building for Fire Science and Engineering worldwide.

The Luso-Brazilian Association for Fire Safety (ALBRASCI) was established recently by
Portuguese and Brazilian specialists in the area of Fire Safety to create a platform for the
development of Fire Safety in Portugal and Brazil.

The University of Coimbra (UC) is a reference in higher education and research in Portugal, due
to the quality of the courses taught and to the advances achieved in pure and applied research
in various areas of knowledge. UC is also well-known around the World due to the research and
training in Fire Safety with an MSc and PhD in the area.

The Symposium has participants from researchers around the world and covers a wide variety
of research areas including: Structural Fire Safety; Mechanical and Thermal Properties of
Materials; Fire Chemistry, Physics and Combustion; Fire Reaction; Fire Safety in Vehicles and
Tunnels; Fire Risk Assessment; Smoke Control Systems; Firefighting and Evacuation; and Fire
Regulations, Standardization and Construction Trends.

Joao Paulo C Rodrigues George Hadjisophocleous
President of the Organizing Committee President of the Scientific Committee
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IFireSS — International Fire Safety Symposium
Coimbra, Portugal, 20"-22 April 2015

FIRE REACTION OF CONCRETE WITH AND WITHOUT PP FIBRES:
EXPERIMENTAL ANALYSIS AND NUMERICAL SIMULATION

Paulo Piloto” Luis M.R. Mesquita Carlos Balsa
Professor Professor Professor
Poly. Inst. Braganca Poly. Inst. Braganca Poly. Inst. Braganca
Portugal Portugal Portugal
ABSTRACT

This work investigates the thermal behaviour of concrete samples under controlled test
conditions for heat flux (35 kw/m? and 75 kw/m?) and the validation of a numerical simulation
model, by comparison of the temperature measurements in different positions. It also aims to
assess the reaction to fire of different concrete samples with their natural components and with
the addition of polypropylene fibres using two densities (600 and 1200 g/kg), measuring the
mass loss (m/m0), mass loss rate (MLR), heat release rate (HRR) and total heat release (THR)
using a cone calorimeter operating with EN ISO 13927 specifications [1]. The results
demonstrate that the thermal behaviour is independent of the amount of the fibre density, for
both incident heat fluxes. The validation of the numerical model was determined using two
different solution methods (finite element and finite difference).

Keywords: Fire reaction; Concrete; PP fibres; Thermal performance; heat release rate.

* Corresponding author — Department of Applied Mechanics, Polytechnic Institute of Braganga. Campus Santa Apoldnia, ap. 1134, 5301-857
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1. INTRODUCTION

Structural elements of reinforced concrete, in general, present good performance in case of fire.
However, more recent structures have adapted new types of concrete (high strength, self-
compacting, etc.) presenting different thermomechanical behaviour, acquiring special
importance the study of spalling. One of the most common procedure to minimize this event is
the addition of polypropylene fibres (PP) to natural components (AN), reducing the internal void
pressure of the material through the channels created by fusion of the fibres.

The experimental study of concrete under fire conditions and the development of numerical
models has allowed the assessment of more or less complex phenomena to determine
temperature evolution and other state variables, enabling different levels of approaches, using
coupled or uncoupled field interaction (thermal, mechanical, hydrodynamic, chemical). This
investigation studies the thermal performance of a numerical model, using nonlinear and
transient thermal analysis.

The experimental methodology is based on the test of fire reaction using a cone calorimeter and
a thermopile on small scale samples using the recommended test method EN I1ISO 13927 [1] .
Apart from the standardized test, thermocouples were used in different positions of the samples
to evaluate the thermal performance. This procedure was used for the validation of the
numerical model, assessing the effect of polypropylene fibre density and the effect of incident
heat flux.

2. MATERIALS AND METHODS

Natural samples of concrete (AN) were prepared with siliceous-based aggregates. The ratio of
water cement was 45%, and for 1 m® of concrete, a mass of sand 1322.7 [kg] was used. The
mass of aggregate was 451.1 [kg], with a water volume of 198 [I] and a cement content of 466.7
[kg]. The aggregates were characterized according NP EN 933-1 [2], wherein the proportion of
aggregates with a diameter between 4 and 6 mm was 90%, while the percentage of sand with a
diameter between 0.063 and 0.5 mm was 80%. Polypropylene fibres (PP) fibril BIU 12mm were
used with two densities: 600 and 1200 g/m® of concrete. The fibres have an average length of
12 mm, received special hydrophilic treatment in order to achieve optimum dispersion in the
concrete, causing a three-dimensional material structure [3]. This feature reduces the formation
of cracks by shrinkage, decreases the porosity and permeability of concrete at ambient
temperature, and increases the abrasion resistance, durability and ductility [3]. The behaviour at
elevated temperatures could significantly increase the porosity, avoiding spalling. Figure 1
represents the moment of addition of the fibres and filling of the moulds.
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Figure 1: Preparation of concrete samples with PP fibres.

The dimension of each sample was 100x100x40 mm and all samples were conditioned for 28
days in a wet chamber, with 95% humidity at 20 °C. All samples were weighed and drilled for
insertion of four K-type thermocouples (T1, T2, T3 and T4). The hot junction of thermocouples
were located at the central position, according to Figure 2.

The exposed surface of the samples was maintained at a distance of 25 [mm] from cone
calorimeter base. The calibration was performed to the each specified radiant heat flux, using
the heat flux meter, resulting in a temperature of the electrical resistance cone of 713 and 923
[°C], for heat the flux of 35 and 75 [kW/m2], respectively. The thermopile was calibrated by
burning methane (purity> 99.5%) with different flow mass.

[eofr® -] e 1 2 |eodr-1d)|

hIT -Ta) T4

b) Control points for temperature
a) Thermal model and thermocouple position. measurements (T1,72,73,T4)
(SP1,SP2,SP3,SP4).
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c) Sample during tests.

d) Setup procedure and data acquisition
system.
Figure 2: Test model and instrumentation.

Table 1 identifies and characterizes all tested samples. Small changes to standard test
procedure was made, in order to validate the numerical model.

Table 1: Tested samples.

Samples Materials Heat flux [kW/m?]
01 AN 35
02 AN 35
03 AN 75
BF1 600 AN + PP [600 g/m3] 35
BF2 600 AN + PP [600 g/m3] 75
BF1_1200 AN + PP [1200 g/m3] 35
BF2_1200 AN + PP [1200 g/m3] 75

Experimental tests were performed with multiple data acquisition systems. The cone calorimeter
has the ability to measure weight loss, heat release and their time derivatives. The HBM
MGCplus system was used to acquire temperature in central points (T1, T2, T3 and T4) and the
infrared thermography was used to characterize the temperature field and particularly the
evolution of temperature in lateral control points (SP1, SP2, SP3 and SP4). This thermography
system (FLIR T365) has a multi scale measuring range (-20 to +120 ° C), (0 to +350 ° C) and
(+200 to +1200 °C).

The thermal performance of the samples depends on the thermal balance in the boundaries.
Eq. 1 should be solved in the two dimensional domain of the sample (Q2), taking into account
the exchange of heat with the surroundings (2Q2;). On the top exposed surface of the sample
(621), the heat flow balance (input and output) should verify Eq. 2. The net incident heat flux at
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the top surface of the sample is composed by the heat flux coming from the cone heater,
radiation reflected from the surface, convective and radiative heat losses. On the lateral
surfaces of the sample (6Q2) the convective and radiative heat losses must be considered by
Eq. 3 and at the bottom surface of the domain (6Q3) the adiabatic condition may be assumed,
Eqg. 4. In these equations T represents the main state variable (temperature). The nonlinear
thermal properties of concrete are represented by the specific mass of normal concrete p(1), by
the specific heat Cp(r) for a moisture content of 3% of concrete weight and by the upper limit of
thermal conductivity ), all in accordance to EN1992-1-2 [4]. The emissivity of concrete ¢
was considered equal to 0.7. The Stefan-Boltzmann coefficient is denoted by o and h
represents the convection coefficient that was approximated by an experimental correlation for a
hot horizontal plate in air, with the hot surface uppermost [5]. T, represents the ambient
temperature.

V-(X1)-VT)=pr)-Cp(ry-0T/0t  (Q)

1

() -VT)-ii=Go ~h(T ~Ta)-ao (T4 ~Td)-(1-£)6  (o21) )
(Ar)-VT)-fi=—h(T ~Ta)-as(T* ~T#) (6022) (3)
(r)-VT)-n=0  (6Q3) @)

The numerical simulation model was performed with ANSYS and with OCTAVE.

3. EXPERIMENTAL TESTS

The thermal behaviour of the samples is represented in Figure 3, for all samples submitted to 35
and 75 kW/m?. Time temperature evolution is represented for central and lateral control points.
The infrared temperature field is also represented for 10 and 60 minutes. Temperature
measurement on the top surface (thermocouple T1) requires another type of experimental
validation, taking into account that the hot junction of the thermocouple was placed in contact
with the surface but simultaneously exposed to heat flux coming from cone calorimeter. The
remaining temperature measurements are considered more accurate (T2, T3 and T4), since
they were acquired inside the material. The infrared measurement was performed at a distance
of 1.1 m, between the camera and the sample.
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b) Infrared measurements at lateral points
SP1, SP2, SP3 and SP4).

d) Infrared thermography,BF1_1200,t=3600 s.
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e) Thermocouple measurements at central
points(T1, T2, T3 and T4).

f) Infrared measurements at lateral points
(SP1, SP2, SP3 and SP4).

Figure 3: Thermal performance of samples.
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The reaction of the material to the heat flux of 35 and 75 [kW/mZ] was determined according to
the mass loss of the sample, mass loss rate, heat release rate and total heat released during
each test. The mass loss of samples submitted to 35 [kW/m?] present a bilinear characteristic
behaviour, defined in two periods (the first period with 0.03 [g/s] and the second period with
0.005 [g/s]). Samples submitted to 75 [kW/mZ] presented higher mass loss rate at the beginning
of the test, affecting the shape of the mass loss curve, as represented in Figure 4. The heat
release rate appears to be independent of the amount of PP fibres existing in the samples,
depending only on the incident heat flux, see Figure 4.

MLR [gs —01 =02 = =03 —BF1 600 — — “BF2 600 = - 2
mimy [%] ——BF2 600 w02 —BF1_600 —BF1_1200 = =03 = =BF2 600 — ~BF2 1200 MR (2] 01 -+---02 = -03 —BF1_600 —BF1_1200 - -BF2 600 — -BF2 1200
100 . 010
by : 0.09
99
o :
SN, H
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97 o 7
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96 I3 0.06 l | T
95 0.05 ™

0.04 %8
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c) Heat release rate. d) Total heat release rate.

Figure 4: Mass loss and heat release.

4. NUMERICAL SIMULATION
The convergence analysis of the solution was verified in the previous author’'s work [6]. This

section presents the results for 1D and 2D analysis, using finite element and finite difference
methods.
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4.1 Finite Element Method (2D)

The first model was defined in ANSYS. This model uses plane elements with 4 nodes
(PLANESS) and one (1) degree of freedom per node, linear interpolating functions and four (4)
integration points (2x2) to determine the conductivity matrix. Taking into account the limitation of
this element for applying simultaneous boundary conditions (heat flux and convection at the
exposed surface), an auxiliary model was created. This auxiliary model presents low heat
storage capacity and high thermal conductivity (pr)=1kg/m3, Cpr)=1J/kgK
A1)y =1000 W/t ). The interface between the principal mesh (sample) and the auxiliary mesh
was established by contact finite elements (COMBINE 39), using high thermal conductance
100000 W /m?2k . The net heat fluxes &0 =24.5 and &g =52.5 [kW/m?] were applied at the
top surface of the auxiliary mesh, while the convection and radiation boundary conditions were
applied at the top surface and lateral surface of the main mesh sample. The adiabatic condition
was applied at the bottom surface of the model and the initial temperature condition was applied
to every node (27 °C), see Figure 5. The numerical results are similar for both heat fluxes,
despite the level of temperature.

I—w — E— T —
717 6. . . . . . . . .
236.71 , 216,616 316.515 356.414 396313 3232 o ST.6TT 453435 o 5189 o Sed.S5

a) Temperature field for 3600 (s), 35 KW/m®. b) Temperature field for 3600 (s), 75 KW/m?®.
Figure 5 — Temperature field on both samples submitted to 35 and 75 KW/m?

A comparison of the numerical solution with measurements of the thermocouples (T1, T2, T3
and T4) and with measurements of infrared thermography (SP1, SP2, SP3, and SP4) is
represented in Figure 6. Good approximation was achieved for the simulation results at central
points, with exception of measurement T1. The simulation results differs considerably from
infrared thermal results in the lateral points, for both incident heat fluxes in general, but for
higher incident heat flux in particular.
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c) Temperature comparison at central points.

d) Temperature comparison at lateral points.

Figure 6 — Comparison between experimental and finite element results (2D).

4.2 Finite Difference Method (1D and 2D)

Both 1D and 2D finite difference models were defined with equal spacing grids. The time
increment used an implicit scheme with a constant time-step equal to 1 s. A regular grid finite
difference was defined with equally spaced points. The scientific computing was implemented in
OCTAVE. The convergence of the solution was also verified to 35 [kW/m?]. The 1D model does
not consider any kind of heat flux in horizontal direction, so the temperature results of the 1D
model should be higher than the results of 2D model, see Figure 7.
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Figure 7: Temperature comparison using finite difference method.

5. CONCLUSIONS

A total of seven (7) concrete samples were tested in a cone calorimeter to analyse the thermal
effect of polypropylene fibres and the effect of two incident heat fluxes. The results demonstrate
that the thermal behaviour is independent of the amount of the fibre density, for both incident
heat fluxes. The validation of the numerical model was determined using two different solution
methods (finite element and finite difference).
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