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ABSTRACT: The addition of inorganic expanded aggregates, such as perlite or vermiculite is well known in gypsum plasters.
However, the reuse of organic wastes in coatings like plasters and renders has been poorly studied. This paper shows the effect of
tire rubber wastes on the mechanical properties and fire performance of gypsum plasters. The rubber waste was added to the mixture
in mass percentages of 14.50% (C1) and 46.60% (C2). Flexural and compressive strength of plasters made with rubber wastes was
visibly reduced as well as their surface hardness (Shore C). In addition, fire tests produced major damages through the entire 2 cm
thickness of samples containing rubber wastes, as it was corroborated by X ray diffraction (XRD) and Thermogravimetric (TG)
analysis. The heat transfer due to fire exposure modified considerably the chemical composition of plasters, since, on the non-
exposed face to fire, the amount of gypsum (CaSO,-2H,0) equivalent to mass loss obtained by TG due to water released by these
plasters made with rubber wastes, was 5.4-7.2 lower than that of conventional plasters. The results suggest that certain wastes may
reduce the efficiency of gypsum plasters in protecting underneath construction and structural elements against fire.
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RESUMEN: Influencia de los residuos de caucho de neumaticos en el comportamiento al fuego de revestimientos de yeso de
elementos constructivos y estructurales. La adicion de agregados inorganicos expandidos, como la perlita o la vermiculita, se
conoce bien en los enlucidos de yeso. Sin embargo, la reutilizacion de residuos organicos en este tipo de revestimientos ha sido
poco estudiada. Este trabajo muestra el efecto de los residuos de caucho de neumaticos fuera de uso sobre las propiedades mecanicas
y el comportamiento frente al fuego de los revestimientos de yeso. El residuo de caucho se afiadi6 a la mezcla en porcentajes en
masa del 14.50% (C1) y 46.60% (C2). La resistencia a flexion y a compresion de los yesos adicionados con residuos de caucho
se redujo visiblemente, asi como su dureza superficial (Shore C). Ademas, los ensayos de fuego produjeron daflos importantes en
todo el espesor de 2 cm de las muestras que contenian caucho, como se corrobord mediante difraccion de rayos X (DRX) y analisis
termogravimétrico (TG). La transferencia de calor debida a la exposicion al fuego modificé considerablemente la composicion
quimica de los revestimientos que contenian caucho, ya que, en la cara no expuesta al fuego, la cantidad de yeso (CaSO,-2H,0)
equivalente a la pérdida de masa obtenida por TG debida al agua liberada por estos revestimientos, fue entre 5.4 y 7.2 veces inferior
a la de los revestimientos de yeso convencionales. Los resultados sugieren que ciertos residuos pueden reducir la eficacia de los
revestimientos de yeso en la proteccion de elementos constructivos y estructurales contra el fuego.

PALABRAS CLAVE: Yeso; Residuos de caucho de neumatico; Fuego; Temperatura; Proteccion pasiva.
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1. INTRODUCTION

Gypsum (CaSO,-2H,0) is a non-combustible ma-
terial and has been widely used to provide structural
and building elements with passive protection. The
material has low thermal conductivity and contains
crystallisation water that partially consumes the heat
energy of fire by transformation into, CaSO,-2H,0
also referred to as bassanite and, finally, its lowest
hydrated form known as anhydrite, CaSO,. Even af-
ter this dehydration, gypsum continues to act as a
passive protection coating, preserving its fireproof
features without emitting harmful gases or smoke.

In Spain, a considerable amount of End-of-Life Tires
(ELT) are generated each year. A possible way to re-use
tire wastes is to obtain granulated rubber particles that
can be incorporated to a wide range of elements, as for
instance bituminous materials for roads, football pitch-
es, sports fields, or thermal and acoustic insulation pan-
els among other uses. Similarly, gypsum-based prod-
ucts can be improved by incorporation of lightweight
additions aimed at improving the workability of the
final product as well as providing added thermal and
acoustic insulation properties. However, the coating
behavior to fire may be worsened along with important
mechanical hardness features.

Among these additions are phase change materials
(1), expanded clay, perlite, vermiculite and expanded
polystyrene (2, 3). These materials can be incorpo-
rated into binding mixtures like mortars, renders and
plasters. To counteract the deterioration of mechan-
ical properties, some studies have used lightweight
additions (EPS) and reinforcement materials, such as
glass fibres (2) or polypropylene fibres, reducing den-
sity and increasing the flexural strength (4). The rais-
ing interest in reusing wastes from industrial sectors
(e.g. construction and industry sector) has led to nov-
el ideas for the incorporation of lightweight materials
in rendering and plastering products. For example,
recycled newspaper, printing paper and pine wood
particles may improve the flexural strength of some
materials (5). Another example is the incorporation
of expanded polystyrene wastes in gypsum panels
and boards (6-8), mixtures of expanded and extruded
polystyrene wastes (9) or polyamide dust wastes into
gypsum matrices (10). Likewise, the inclusion of lam-
inated plasterboards residues (11) and the creation of
composite materials made of rubber waste from pipe
foam insulation (12) have been recently investigated.

Recycled crumb rubber was used as lightweight ag-
gregate by N. Eldin et al. in 1993 in concrete (13). The
material produces substantial reduction in the compres-
sive strength, flexural strength and modulus of elastic-
ity, but the tenacity of the material can be improved.
In addition, numerous authors have studied the com-
patibility and adhesion of rubber grains to cementitious
matrices (14-21), thermal behavior properties (22-26)
and acoustic absorption features (26-28). However,
little is known on the incorporation of recycled rubber

particles into gypsum materials like plasters. Mayor, P.
et al. (29) studied the use as addition of recycled crumb
rubber in plaster slabs. They used a single particle size
in quantities of 20%, 30%, 40% and 50% by volume of
the final product. As the amount of rubber increased,
the mechanical strength and Young’s modulus de-
creased, while thermal and acoustic characteristics of
the slabs were improved. Serna, A. et al. (30) added
small proportions of recycled crumb rubber to gypsum
(between 1% and 5%) and used three different grain
sizes (0-1 mm, 1-2 mm, 2-4 mm). They found that the
flexural and compressive strength were decreased by
16% and 19.3%, respectively. Finally, Herrero del Cura,
S. (31) analysed the influence of the dose and granu-
lometry of recycled crumb rubber on thermal, acoustic
and mechanical properties of gypsum-rubber plasters.
In this case, the plaster became less homogenous and
workable by increasing the rubber dose and the size
of the grains. Also, the porosity increased and the ma-
terial density was reduced (up to 47%), especially for
the finest granulometries. Similarly, Shore C hardness,
flexural and compressive strength were reduced when
the dose of rubber was increased in the plasters. The re-
duced adhesion between the rubber grains and the gyp-
sum matrix and the fact that rubber may interfere in the
formation of crystalline structures commonly formed in
gypsum materials may explain these results. In addition
to better elastic behavior or deformability, the use of
rubber in gypsum plasters leads to higher water absorp-
tion (capillary and immersion), and open porosity. Her-
rero del Cura, S. (31) also concluded that the inclusion
of recycled crumb rubber improves acoustic insulation
properties of plasters, although airborne noise reduction
depends largely on the size of the rubber particles. The
material may also improve the thermal insulation ca-
pacity of gypsum boards, obtaining the best results for
the finest grain size (32, 33).

Gypsum plasters provide excellent passive pro-
tection of nearby materials, but little is known on
the fire performance of gypsum plasters made with
tire rubber wastes.

The aim of this work is to investigate the effect
of tire rubber wastes in the fire behavior of gypsum
plasters, with a major focus on textural and chemical
modifications. For this purpose, SEM examination
as well as XRD and TG measurements are used to
assess the extent to which plasters containing rubber
wastes are affected by fire.

2. EXPERIMENTAL PROCEDURE

2.1. Materials
2.1.1. Binder

The gypsum binder (CaSO,-2H,0) was supplied
by a local manufacturer; the material is classified as
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B1 according to the EN 13279-1 standard, which
establishes the technical requirements that construc-
tion plasters must meet (34).

2.1.2. Additions

Worn-out tire wastes from mechanical crushing of
used tires having a range size 0-0.5 mm were used
as addition. The aggregates were supplied by a local
producer and the physical-chemical features of the
waste are summarized in Table 1.

TaBLE 1. Physical-chemical characteristics of tire rubber waste.

Aspect Granular material
Particle geometry Irregular
Composition Rubber 55 + 5%

Carbon black 32 + 3%
Acetone extract 7 + 3%
Ashes 4 +£2 %

Apparent density (g/cm®)  0.45 +0.05
Color Black
Granulometry Sieve % Retained
0.7 mm <1.5
0.5 mm 5-25
0.3 mm 35-55
<0.3 mm 25-50

The gypsum plasters made with waste were coded
as C1 and C2 and prepared with 14.50% and 46.60%
by weight respectively of tire rubber (Table 2). The
used percentages were chosen to achieve powdered
densities around 0.800 g/cm’® and 0.600 g/cm?® to
simulate low or very low density plasters. The sam-
ples were compared with control plasters (M0 sam-
ples), in which powdered density was 0.942 g/cm?.

TaBLE 2. Composition and code of the studied plaster samples;
tire rubber doses are given as mass percentage (w/w).

Powder product w/s ratio  Code

100% binder (control) 1.0 MO

85.50% binder + 14.50% rubber waste 1.0 Cl

53.40% binder + 46.60% rubber waste 1.0 C2
2.2. Methods

2.2.1. Preparation of specimens

The mixing and curing process was carried out
according to the standard EN 13279-2 (35). The
samples were mixed with regular water using con-
stant water solid ratio (w/s) of 1.0. The ratio was
adjusted to achieve suitable workability of plasters
(especially when rubber aggregates were used). All

specimens were prepared with the same ratio for
comparative purposes. As to the specimens’ format,
two types of samples were prepared; type 1, con-
sisted of the usual prismatic specimens (40 x 40 x
160 mm) for testing mechanical properties and type
2, specimens necessary to conduct fire tests, with di-
mensions of 200 x 200 x 20 mm.

The specimens were cured for 90 days under lab-
oratory conditions (23+3 °C and 55+10% HR). Af-
ter this period, the samples were kept in an oven at
40 °C to achieve constant mass before conducting
mechanical and characterization tests.

2.2.2. Density tests

The powder material was gently poured into a
container having a known volume and previously
weighed with an accuracy of 0.01 g. The density was
obtained by dividing the net weight of the powdered
material by the volume of the container. The same
procedure was used for determining the density of
the paste.

Similarly, the apparent density of the hardened
gypsum was obtained from the type 1 specimens at
90 days of curing. In this case, the specimens were
measured along each side with a caliper (£0.01 mm).
The mass of the samples was obtained with weight-
scale (+0.01g) and divided by the apparent volume,
which was calculated from the average size.

2.2.3. Physical properties: Shore C hardness, flexur-
al and compressive strength

Shore C hardness was measured taking into ac-
count the EN 13729-2 recommendations (35). To
this aim, a Baxlo Shore C hardness device equipped
with a reference material (60 Shore C units) was
used. Three determinations were made on the lateral
sides of the specimens to prevent possible errors as-
sociated to segregation and water flotation from the
bottom to the top side of the specimens.

The flexural strength (Fs) was conducted by fol-
lowing the EN 13729-2 standard (35) in which the
testing machine provides the load necessary to split
the prismatic specimen into two sub-samples. The
flexural strength Fs was obtained by the following
formula; Fs=0.00234xL, where L is the average
breaking load for three repetitions (n=3).

The samples resulting from flexural tests were
used for evaluating the compressive strength (Cs)
according to the EN 13729-2 (35). As usual in com-
pressive tests, the specimens were placed on 40 x 40
mm plates and the Cs was obtained from the expres-
sion: Cs=Lc / 1600, where Lc is the load to achieve
failure and acting on a surface of 1600 mm? (n=6).

For both flexural and compressive strength tests,
a Microtest EM2 electromechanical testing machine
was used (£0.01 kN).
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2.2.4. Fire tests

The specimens were exposed to fire using a blow
torch fed by propane gas, anchored to a mobile support
with a graduated path, which was gradually moved from
position 0 to position 5; the device remained in each
position for 2, 3, 4, 5, 6 and 10 minutes, respectively
(36). Through this procedure it was possible to vary the
maximum temperature reached in the exposed face (EF)
from room temperature to 830+50 °C. This maximum
temperature was affected by convective processes of the
flame and the nature of the additions tested.

At the same time, images of the non-exposed face
(NEF) of the specimen were obtained using a ther-
mographic camera (FLIR T400) in order to analyze
both the temperature and heat distribution created by
fire. For this, the specimens were placed on a stain-
less steel support and the fire protocol described
above was applied, performing 30 minutes tests
through which thermal images were recorded every
minute with the thermographic camera attached to a
tripod in a fixed position (Figure 1).

In addition, the temperature of the fire was mea-
sured on the exposed face (EF) by means of a chro-
mel-alumel K type thermocouple located in the ac-
tion center of the flame. In this case, thermographic
measurements could not be used because the heat
from the flame saturates the camera detector. An
Omron ZR-RX 25 Data Logger was used to record
the temperature measurements made by the thermo-
couple. Three tests per composition were carried out.

2.2.5. Scanning electron microscopy analysis (SEM)

SEM images were captured from both unfired
samples and those exposed to fire. For the latter sam-
ples, the two sides of the specimens i.e. the exposed
face (EF) and non-exposed face (NEF) were also ex-
amined by SEM. The analyses were carried out with
a Hitachi S-3500N scanning electron microscope
working at a voltage of 15 kV and 2000 magnifica-
tion in Backscattered Electrons mode (BSE).

Support
20 mm gypsum
280m

p— 22¢cm

N0cm

— 18 am

16 cm

25¢n

2.2.6. X-ray fluorescence analysis (XRF)

Gypsum powder samples were analysed by XRF.
This test is used to obtain the percentage concen-
tration of the elements that make up a material. A
wavelength dispersive X-ray fluorescence spectrom-
eter Bruker S4 Pioneer with an X-ray generation
range of 20-60 kV and 5-150 mA was used.

2.2.7. X-ray diffraction analysis (XRD)

Gypsum powder samples, unfired samples and
samples taken from the exposed (EF) and non-ex-
posed face (NEF) of the specimens subjected to fire
were analysed by XRD. Since gypsum is sensitive
to temperature, the aim of the study was to find out
gypsum-related minerals that were stable at certain
temperatures or fire conditions. To do this, the sam-
ples were gently ground in a mortar and the mineral
phases were identified using the Cu K-alpha line us-
ing a Bruker D8 Advance powder diffractometer for
powder analysis. A scan angle range (2-theta) of 10°
to 70° with a resolution of 0.05° was used.

2.2.8. Thermogravimetry analysis (TG)

Equally, gypsum powdered samples, samples of the
unfired specimens and those obtained from the EF and
NEF of the specimens subjected to fire were studied
by thermogravimetric analysis TG, which measures
the sample mass variation as a function of tempera-
ture or time. For this, a Mettler-Toledo TGA / DSC
HT thermogravimetric analyzer was used and the
temperature was progressively increased from room
temperature to 1600 °C with an accuracy of £0.5 °C
and a heating rate of 20 °C / min. The measurements
were made using O, at a flow rate of 50 ml / min in
the oven atmosphere. Taking advantage of the high
sensitivity of TG analysis, the sampling was carefully
made by eroding a few mg from the most superficial
layer of the samples using a spatula.

Blow torch Prapane gas

Theimocouple

Data Logger

Sern

)

FIGURE 1. Diagram of the direct fire test components.
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3. RESULTS AND DISCUSSION

3.1. Binder and tire rubber waste
characterization: XRD, XRF and TG

Preliminary XRD study carried out on powdered
gypsum samples confirmed the existence of bassan-
ite (CaSO,-2H,0) as the main mineral of the binder
with a much lower presence of anhydrite or anhy-
drous calcium sulfate (CaSO,), calcite (CaCO,) and
dolomite (CaMg(CO,),) as can be seen in Figure 2.
The small peaks of gypsum may be explained by
natural hydration of the binder due to atmospheric
factors (moisture).

20000

Gypsum
Bassanite
Anhidrite
15000
Dolomite
Calcite
Quartz

10000

Counts

5000

2-theta

FiGure 2. XRD of Binder B1.

Moreover, for binder B1, TG tests showed a first
mass loss of 4.88% due to transformation of calcium
sulfate hemihydrate (CaSO,-/2H,O) into anhydrite
(CaSO0,) at around 130 °C. Then, at around 670 °C
a second mass loss (2.49%) is explained by decar-
bonation of calcite (CaCO,) due to CO, evaporation
(CaO + CO,) (Figure 3).

100
90

80

60

50 Binder B1

Mass loss [%]

= Tire rubber waste

0 100 200 300 400 500 600 700 800 900 1000
Temperature [2C]

FiGure 3. TG of binder B1 and tire rubber waste.

Finally, the binder was also studied by XRF anal-
ysis, from which the concentration of elements ex-
pressed as oxides was obtained and shown Table 3.
As expected, the two major oxides were those asso-
ciated with major elements of the binder i.e. Ca and

TaBLE 3. XRF of binder B1.

Concentration (%)

Oxide Binder B1
H,0* 4.8772
CO,* 2.4943
MgO 0.80
ALO, 0.38
SiO, 1.19
SO, 49.10
K,0 0.16
CaO 40.47
TiO, 0.02
Fe,O, 0.19
SrO 0.23
Other 0.90

*: H,0 and CO, were determined by TG.

S. The amount of SiO, is explained by common min-
erals like quartz often present in sedimentary rocks
and also reported by XRD. In addition, the small
concentration of MgO suggests that minerals associ-
ated to Mg (e.g. dolomite) have very little influence
on the total amount of carbonates, which are mainly
present as calcite. The H,O and CO, concentration
was not determined by XRF, but obtained from TG
since this technique has greater sensitivity and re-
liability for detecting low atomic number elements
due to their low X-ray absorption.

XRD analysis carried out on tire rubber waste
confirmed the existence of zincite (ZnO) as the main
mineral phase with a rather minor presence of quartz
(Si0,) and calcite (CaCO,) (Figure 4). The diffracto-
gram also indicates, on the left part, the amorphous
nature of some components like carbon black add-
ed to tires. Besides, Zn-based compounds are most
likely related to de-molding agents added to tires in
their manufacturing and processing (21).

7000

6000

5000 Zincite

® Calcite
4000 > ® Quartz
3000 ‘j/f

" ‘F|
U

N N Y 1]

Counts

1000

10 20 30 40 50 60 70
2-theta

FiGUre 4. XRD of tire rubber waste.
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Rubber waste particles were also studied by TG
analysis. In this case, rubber oxidation along with
carbon black combustion (C+O, = CO,) were clear-
ly observed in the thermogram. Although both pro-
cesses are partially overlapped in the TG curve, the
first mass loss found at around 250 °C (9.66%) is
probably due to organic matter decomposition from
rubber constituents followed by a major step of
80.30% at around 400 °C, in which rubber oxidation
is completed (CO, and H,O) together with carbon
combustion (CO,). Lastly, S from vulcanization may
also contribute to oxidation and mass loss due to SO,
release (Figure 3).

SEM examination carried out on the surface of
tire rubber grains revealed the heterogeneous as-
pect of the waste (Figure 5a). At low magnification
(100x) the particle size of most grains matches well
the range specified by the manufacturer (0.5 mm). At
higher magnifications (1000x) an irregular relief and
dissimilar chemical phases with punctual brightness
from elements of higher atomic number than carbon
can be seen (Figure 5b).

MAG: 100 x HV: 15.0 kV. WD: 15.0 mm

3.2. Physical properties: density, hardness and
mechanical strength

One of the advantages of adding tire rubber waste
to plasters is to obtain a lighter materials due to the
low density of the waste in comparison with conven-
tional aggregates used in plasters. Table 4 shows in-
deed a substantial reduction of density in powdered,
fresh and hardened state and the mechanical features
of plasters made with tire rubber waste.

The values obtained for the physical properties
are in accordance with the trends shown in the exist-
ing literature (29-31). Basically, the plasters became
lighter and mechanically weaker.

3.3. Fire tests

Recycled crumb rubber is a material of organic
nature with moderate thermal conductivity, but com-
bustible and hence, it contributes to fire spread and
generates gases too. For this reason, the use of tire
rubber wastes in plasters may cause substantial dam-

MAG: 1000 x HV: 15.0 kV WD: 15.0 mm

FiGure 5. SEM images of tire rubber waste.

TaBLE 4. Density, Shore C hardness and mechanical strength of plasters.

Mix code. Powder density, g/cm? Fresh density, g/cm? Hardened density, g/cm?

MO 0.942 1.415 0.843

Cl 0.800 1.276 0.759

C2 0.600 1.002 0.669

Mix code. Shore C, units Flexural strength, MPa Compressive strength, MPa
(n=18) (n=3) (n=06)

MO 57.7+0.7 1.83+£0.16 4.80+0.17

Cl 349+0.5 0.83 £0.08 2.20+0.22

C2 11.9+1.0 0.28 £0.04 0.66 £ 0.05
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FIGURE 6. Temperatures recorded on the NEF.

(a) B Flne 30 min

(b)

Specimen MO

Specimen C1

o
E!W Time 30 min

Specimen C2

FiGure 7. (a) Temperatures recorded on the NEF; (b) Cracking of specimens on the EF.

age of nearby materials like concrete due to chem-
ical and microstructural alterations induced by fire.
This section aims to evaluate to what extent plasters
made with tire rubber wastes are suitable materials
when exposed to intense fire.

Figure 6 shows the maximum and average tem-
perature variation recorded in the non-exposed face
(NEF) of specimens using thermographic camera.
As can be seen in the graph, at the beginning of the
test, the maximum temperature of the specimens
containing rubber (C1 and C2) is slightly higher than
that recorded for the reference sample MO. After 8
minutes, the maximum temperature recorded in the
NEF of C1 and C2 specimens increases significant-

ly in comparison to MO samples. Indeed, for both
doses there is a much faster increase of maximum
temperature in the final part of the test. For C1 sam-
ples, the maximum temperature rises drastically at
around 22 minutes for two of the specimens and the
third one presents some delay (25 minutes). In al-
most 3 minutes, the temperature rise is of the order
of 200 °C. For C2 samples, this occurs earlier at ap-
proximately 15-17 minutes depending on the tested
specimen. In both doses, the temperature increases
rapidly and exceeds the maximum temperature de-
tectable by the thermographic camera (360 °C) in a
few minutes. This sudden increase is explained by
rubber combustion. In addition, for C2 dose, ig-
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nition in some of specimens occurs, producing an
added heat transfer due to fire. Therefore, although
rubber wastes may reduce the thermal conductivity
of building materials (31), its contribution to fire is
actually an important drawback. The same trend was
found by recording the average temperature on the
NEF with C2 sample being again the most affected.

Figure 7a shows thermographic images for the
NEF of M0, C1 and C2 samples after 30 minutes
of fire exposure. Each image provides in the upper
right corner the composition of the specimen. These
images show a temperature map of the fire NEF of
several gypsum specimens (with or without tire rub-
ber waste) of 2 cm thickness that could be assimilat-
ed to equivalent commonly used gypsum coatings
of similar thickness. The images provide clarifying
information on what takes place 2 cm behind the
plaster, where other building materials like brick
or concrete are usually located in real situations. At
30 min, the black color indicates zones of C1 and
C2 samples where the maximum temperature detect-
able by the camera IR sensor (360 °C) was reached.

x_HV: 15kV_WD: 10mm

MAG: 2000x_HV: 15kV_WD: 10mm

g. MO0: 30 min exposure to fire (EF)

h. C1: 30 min exposure to fire (EF)

Clearly, the combustion and exothermic oxidation of
crumb rubber plays a major role in transferring the
heat to the NEF.

Moreover, the EF of the specimens was examined
after completing the tests. All samples MO, C1 and
C2 showed crack patterns due to microstructural
and mineral alterations caused by fire. The pattern
differs considerably as M0 showed less cracks, but
wider cracks spacing than C1 and C2 (Figure 7b).
The pattern is consistent with a more rigid behavior
of MO in comparison to plasters made with elasto-
meric wastes as C1 and C2 samples (31).

3.4. Scanning electron microscopy (SEM) analysis

Figure 8 shows SEM images of M0, C1 and C2
plasters before and after being subjected to fire. In
general, the addition of tire rubber grains had vis-
ible effect on microstructural features of gypsum.
In samples non-exposed to fire (MO0), the matrix is
composed of acicular crystals having different crys-

' -
et

o -4

ST, " QIR

/"\t\,”)t/./Z" -
e

MAG: 2000 x_HV: 15.0 KV WD: 10.0 mm

c. C2: not exposed to fire

1. C2: 30 min exposure to fire (EF)

Ficure 8. Images SEM.
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talline habits and morphologies as usual for gypsum
(Figure 8a). In C1 and C2 samples, the rubber parti-
cles produce minor changes decreasing the binding
capacity of gypsum (Figure 8b and 8c). The poor
adhesion between rubber and gypsum crystals may
reduce the plaster’s mechanical strength, as earlier
discussed in Table 4 and previous studies (29-31).
SEM examination also confirmed that samples ex-
posed to fire were visibly affected, and particularly
those plasters containing tire rubber wastes. Despite
the destructive nature of fire tests, the elongated
shape of gypsum is easily recognized in MO samples,
especially in the NEF, as they resisted fire better than
C1 or C2 (Figure 8 d-f). This is consistent with the
thermographic data because the average temperature
of the NEF did not exceed 100 °C in MO samples.
By contrast, in samples containing rubber (C1 and
C2), the crystals became shorter and more heteroge-
neous with a major fraction of crystals resembling
bassanite or anhydrite shapes (habits) due to the
higher temperatures reached in the NEF (>360 °C).
As regards the EF, the temperatures recorded with
the thermocouple being around 830+£50 °C and the
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samples were clearly affected, although the micro-
structural changes were again more perceptible in
C1 and C2 samples (Figure 8 g-i).

3.5. X-ray diffraction analysis (XRD)

The XRD pattern of MO unfired samples (Figure
9a) showed the material contains gypsum as main
mineral (CaSO,:2H,0) and minor proportions of
bassanite (CaSO,-/2H,0), anhydrite (CaSO,), cal-
cite (CaCO,), dolomite (CaMg(CO,),) and quartz
(Si0,). No major differences were found between
MO, C1 and C2 unfired samples (Figure 9c and 9e),
except that the magnitude of certain peaks associ-
ated to gypsum in C2 was slightly reduced due to
the diluting effect of the addition. Besides, the large
amount of rubber added to this sample increased the
background signal (baseline) because of the amor-
phous nature of the waste.

The XRD analyses were repeated after exposing
the samples to fire for comparison purposes. The
study was carried out on both sides of the specimens
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Ficure 9. XRD of specimens not tested and tested on fire during 30 minutes (NEF).
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FiGure 10. (a) TG; (b) Percentage of gypsum in unfired samples and samples exposed to fire during 30 minutes.

to check the effect of temperature on the mineral
phases. In the NEF of M0 sample, the semi-hydrated
form (bassanite) increased clearly at the expense of
gypsum (Figure 9b). In addition, the presence of an-
hydrite remains the same, which is in agreement with
temperature measurements performed in the non-ex-
posed face. No differences were observed in thermally
stable minerals like quartz or those much more stable
than gypsum, such as calcite and dolomite. However,
in C1 and C2 samples, the vast majority of gypsum
was transformed into anhydrite and only small peaks
of bassanite were observed (Figure 9d and 9f). This
corroborates the poor fire performance of tire rubber
additions when added to gypsum plasters.

The minerals found in the exposed face to fire
(EF) of MO, C1 and C2 indicate that for this fire ex-
posure time practically all the gypsum in all the sam-
ples has been converted into anhydrite.

3.6. Thermogravimetry analysis (TG)

The concentration of certain components can be eval-
uated by TG and particularly, the decrease in gypsum
concentration due to anhydrite conversion is an accurate
indicator to evaluate fire severity. In the thermogram
(Figure 10a), the first mass loss is due to water released
from gypsum according to the following reaction:

CaSO,-2H,0 — CaSO, + 2H,0

Although the reaction takes place in two steps,
they are overlapped in a single one and completed
within 100-200 °C. In addition, this temperature
range is clearly lower than the initial decompo-
sition of tire rubber wastes. Thus, the first step of
the thermogram was used to evaluate the amount of
CaSO,-2H,0 in all samples using stoichiometric cal-
culations summarized below:

Molecular mass of gypsum (CaSO,-2H,0):
172.17 g/mol

Molecular mass of water released in the reaction:
18.0148-2 = 36.0296 g/mol

Percentage of water in CaSO,-2H,0: 20.9268 (%)
Percentage of mass loss in the first step (water re-
leased): X (%)

Percentage of gypsum (CaSO,-2H,0) in the sam-
ple: X-100/20.9268 (%)

Figure 10b shows the percentage of gypsum in
unfired and fired samples. In unfired samples, the
amount of gypsum decreases because of the men-
tioned dilution effect of tire rubber wastes (C1 and
C2). It is worth noting that the binder also contains
minor proportions of dolomite (4.15%) and calcite
(0.98%) measured by semi-quantitative XRD anal-
ysis. Therefore, the reported percentage of gypsum
in C1 and C2 samples (81.94% and 48.31%) is con-
sistent with the initial concentration of binder in the
samples (85.50% and 53.4%). Equally, the amount
of gypsum (92.49%) resulting from hydration of un-
fired MO samples indicates the purity of the binder.

However, the percentage of gypsum was vis-
ibly reduced in samples subjected to fire either in
the exposed or non-exposed face of plasters. In the
non-exposed face, MO presented better behavior to
fire than samples made with rubber wastes (C1 or
C2). In fact, the percentage of gypsum in MO sam-
ples (38.72%) was between 5.4-7.2 times greater
than that of C1 and C2. Anyway, it is clear that the
heat propagation through the entire 2 cm thickness
of MO, C1 and C2 specimens provoked an import-
ant destruction of binder (gypsum). As expected, the
face exposed to fire was, by far, much more affected
since the gypsum percentage was nearly residual,
and below 1.8% in all samples.

4. CONCLUSIONS

This paper evaluates the physical performance
and fire behavior of gypsum plasters made with tire
rubber wastes (C1 and C2) and conventional plasters
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(MO0). As a result of the investigation, the following
conclusions can be drawn:

The addition of tire rubber wastes to gypsum plas-
ters (C1 and C2) presents practical advantages in terms
of density reduction producing pastes that are both
easily applied. However, the waste produces important
physical modifications and the plasters are mechanical-
ly weaker. For instance, the flexural strength of plas-
ters decreased by 55-85%, the compressive strength
decreased by 54-86% and the same is true for Shore C
hardness tests (40-80% approximately).

It is worth stressing that despite the low combus-
tibility of gypsum, the incorporation of tire rubber
worsens considerably the plasters behavior to fire. For
instance, thermographic measurements using IR cam-
era shows that the temperature of the non-exposed
face of plasters containing tire rubber (C1 and C2)
rises much more rapidly than that of control plasters
(MO). This is an important concern as gypsum plasters
play a major role in the passive protection against fire
of building and structural materials (e.g. concrete). It
is worth noting that the developed methodology uses
instrumental techniques for determining the effect of
fire in the composition of plasters. Nevertheless, the
fire resistance classification of plasters or their contri-
bution to fire as defined by international standards is
out of the scope of the present study.

As expected, the exposed face undergoes visible
microstructural changes and major chemical modifi-
cations in all samples (M0, C1 and C2). In addition
to morphological alterations observed by SEM, it was
found that gypsum is practically consumed due to the
intense action of fire as confirmed by XRD and TG.

In the non-exposed face, conventional plasters
(MO0) having usual thicknesses (2 cm) provide good
behavior to fire. Indeed, despite the extreme condi-
tions to which the samples were subjected (about
830450 °C in the exposed face), the underneath lay-
ers (2 cm below) remain relatively well preserved
after 30 min of fire. The integrity of the non-exposed
face is proven by temperature measurements, and
also XRD and TG data confirming the existence of
hydrated minerals like gypsum and bassanite.

By contrast, the concentration of gypsum drops
considerably in tire rubber plasters exposed to fire
(C1 and C2). For example, XRD tests performed
at the non-exposed face confirm that gypsum
(CaSO,-2H,0) is almost completely transformed
into anhydrite (CaSO,). Likewise, quantitative deter-
minations carried out by TG analysis in the non-ex-
posed face are consistent with the above findings as
the gypsum percentage is clearly reduced in samples
containing tire rubber wastes.
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