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Abstract: Building retrofitting plays a key-role in energy saving and a growing interest is focused
on insulating materials that allow a reduction in heat loss from envelopes with low thickness,
by a process of reducing heating and cooling demand. In this context, a complete characterization of
the physical properties of Moroccan natural gypsum materials was carried out. Basic information
on the mineralogical, microstructure, thermal, mechanical, and acoustic characteristics of the rocks
sampled from two Moroccan regions is provided. It was found that mineralogy, porosity, and water
content are the main factors governing the development of the structure and the strength of the
samples. The measured values of the porosity were 8.94%, the water content varied between 2.5-3.0%
for the two studied typologies, coming from Agadir and Safi, respectively. Gypsum powder was
used for fabricating samples, which were investigated in terms of thermal and acoustic performance.
Thermal properties were measured by means of a hot disk apparatus and values of conductivity of
0.18 W/mK and 0.13 W/mK were obtained for Agadir and Safi Gypsum, respectively. The acoustic
performance was evaluated in terms of absorption coefficient and sound insulation, measured by
means of a Kundt’s Tube (ISO 10534-2). The absorption coefficients were slightly higher than the ones
of conventional plasters with similar thickness. A good sound insulation performance was confirmed,
especially for Safi Gypsum, with a transmission loss-value up to about 50 dB at high frequency.

Keywords: Moroccan gypsum; ultrasonic waves; Vickers hardness; gypsum plasters; thermal
conductivity; acoustic performance

1. Introduction

Gypsum rocks are mainly used in the manufacture of plasters, cement, sulfuric acid, and other
industrial applications, due to their low cost and aesthetics [1,2]. All modern homes in Morocco, as well
as in other developed countries, use a great deal of wallboard for interior walls, while pure gypsum
is used in glass making and other specialized industrial applications. In addition, plasterboards
are among the building materials for thermal insulation and air purification in Moroccan buildings,
but a high purity of natural gypsum products is desired in wallboard manufacturing, because the
presence of impurities affects the gypsum properties [3]. However, the chemical composition of gypsum
rock varies from one geographical site to another. Gypsum is primarily composed of CaSO;, associated
with a wide assortment of accessory minerals, mainly carbonates, silica, and metal oxides [4,5].
The complete characterization of the raw material (as rock and powder) allows us to choose the best
one to be used in the fabrication of plasters for building applications, with thermal and acoustic
insulating purposes.
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1.1. Thermal and Structural Characteristics: State of Art

Thermal behavior of Moroccan gypsum material can depend on its whole rock geochemistry, but
also on other features, such as morphology of the crystals, microstructure and mechanical properties.
Several researchers have focused on natural gypsum for building applications. Among them, Tunisian
researchers [2,6,7] studied Tunisian gypsum, discovering that it presents an interesting behavior in
terms of thermal insulation. The thermal conductivity of the Tunisian gypsum powder and plaster,
measured with an experimental apparatus based on the radial flux meter, was 0.10 + 0.04 W/mK and
0.22 + 0.03 W/mK, respectively [6]. However, the thermal performance of the plaster constituted of
water and powder was strongly influenced by the mixing ratio: a negative effect of the presence of
water was demonstrated on the plaster thermal insulation performance.

Lightweight gypsum composites containing Polymeric-5i0,_PCMs (phase change materials up to
15 wt%) were studied in [8]. As expected, the thermal insulation of the gypsum was improved (+18.4%)
by the thermoregulating effect of the PCM. Nevertheless, there was no variation in the crystal size
and structure of the gypsum, as demonstrated by SEM analysis, with constant porosity despite the
density decreasing. On the other hand, the addition of Polymeric-SiO,_PCMs produced a reduction
of mechanical properties (maximum flexural strength was reduced of about 45% with the 15 wt%):
however, they satisfied the European Regulation EN 13279-2 [9] standard.

Bicer and Kar [10] investigated the thermal and mechanical properties of gypsum plaster (calcium
sulfate dehydrate) mixed with expanded polystyrene (EPS) (20%, 40%, 60%, and 80% percentages
in weight) and tragacanth resin with adhesive characteristics (0.5%, 1%, and 1.5% by weight of the
mixture). The thermal conductivity decreased up to 78.85% (with 80% of EPS) depending on the EPS
ratio. The lowest thermal conductivity (0.047 W/mK) was measured for 80% EPS and 1.5% resin content,
which decreased in density due to the artificial pores that occurred later.

1.2. Acoustical and Mechanical Characteristics: State of Art

Noise insulation in building is also an important issue to be taken into account, in order to
achieve optimal comfort conditions. The acoustic properties of plasters and concrete have been widely
investigated in the literature [11-14]. Buratti et al. [11] studied the effect on the acoustic properties
of innovative insulating coatings made of natural calk and granular silica aerogel, with a final coat
of 2 mm. They showed a better acoustic absorption coefficient when compared to the same plaster
without granules. However, the x-value strongly depends on the final coat; normal incidence values
are not very high at all (about 0.13, increased to 0.18 when removing the final coat). The acoustic
absorption performance of clay-based plasters and natural earth of the north-western Sicily were
investigated in [12]; they are mainly used for interior wall coatings in green buildings, as an alternative
to the more common gypsum or lime plaster. Natural earth plasters are characterized by open
porosity, higher than that of commercial materials, with a consequent increase in sound absorption,
while premixed clay-based plasters do not show a marked difference in the absorption behavior.
Moreover, for medium-high frequencies, the effectiveness of the noise mitigation seems to depend on
the size of the sandy aggregate. However, the absorption performance of green-plasters is comparable
to the one of traditional lime-based or gypsum-based binders and fired clay bricks.

In a recent study in 2018, Bozkurt and Demirkale [13] investigated the influence of mixtures
produced with river sand aggregate and hydraulic lime binder on the absorption properties, considering
the effects of volumetric ratio, aggregate particle sizes, and different types of additives. Results showed
that by increasing the binder volume ratio, the sound absorption tends to decrease, but a positive effect
on compressive and flexural strengths is highlighted. The size of the aggregate particles is also very
important: the use of fine sand (particles in the 0—2 mm range) reduces the x-values. Furthermore,
it was found that polypropylene fiber, flax fiber, and crumb rubber additives in the mixture allow us
to increase the sound absorption coefficient at low frequencies (up to 750 Hz, 900 Hz, and 800 Hz,
respectively), with a reduction in compressive and flexural strengths (about 40-45%).
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The acoustic properties of hemp concretes were investigated in [14] in terms of the absorption
coefficient and sound insulation. The hemp-clay and hemp-lime mixtures are characterized by a similar
acoustic behavior, in which binder fluidity and clay type have no effect. Considering densities below
375 kg/m3, a peak of absorption equal to 0.6-1 was measured in the 500-1200 Hz; when the density
increases above 500 kg/m?, the sound absorption curve flattens, while the transmission loss increases.
However, the width of the absorption peak and the air resistivity for a given density are lower for
hemp-lime than for hemp-clay.

1.3. Aim and Contents of the Paper

The present investigation was carried out in order to identify the main physic-chemical
characteristics of Moroccan gypsum rocks sampled from Agadir (AG) and Safi (SG) regions, located in
southwestern Morocco, on the Atlantic Ocean. In order to study the structural and physical properties,
the sampled gypsum minerals were dried and heated at different temperatures.

The powder obtained from the minerals was used for manufacturing plaster samples, which were
characterized at Ibn Zohr University in Agadir-Morocco and at University of Perugia-Italy in terms of
thermal and acoustic performance.

The following measurements were carried out: thermal conductivity by means of a hot disk
apparatus, and absorption and insulation acoustic performance, by means of a Kundt’s tube.

The thermal conductivity measurements were carried out with thermal flux meter methodologies.
However, in many studies [15-17] the hot disk apparatus is used in order to evaluate the thermal
properties of the materials, because of the small dimensions required for the samples and the quick
tests, even if it is a more approximate approach with respect to the thermal flux meter method.

A precise measurement of the acoustic properties is normally performed in reverberating rooms,
under sound diffuse field conditions, but it is very expensive and time-consuming, due to the amount
of material needed for fabricating large samples. As an alternative, the acoustic tests can be carried out
at normal incidence, in a traditional impedance tube. The two (absorption coefficient ) and the four
(transmission loss) microphones configuration were followed for the measurements on the Moroccan
plasters, ranging from 100 Hz to 1600 Hz (large tube) and from 400 Hz to 5000 Hz (small tube) and the
results were compared with traditional plasters.

2. Materials and Methods

The gypsum samples (Figure 1) investigated in this study come from Agadir (AG) and Safi (SG)
ores, in southwestern Morocco, on the Atlantic Ocean. The gypsum natural rocks and grinded powders
were firstly characterized in terms of thermo-gravimetric analysis and chemical composition, density
and porosity, thermal conductivity, and mechanical properties.

Figure 1. Samples of gypsum from Agadir (AG) and Safi (SG) (South-Western Morocco).

The acoustic performance of the material is also a very important aspect. A preliminary acoustic
analysis was carried out, in order to identify the best site of the raw material, also in terms of acoustic
behavior. Due to the difficulty in conducting acoustic tests on powder and natural rocks, samples were
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manufactured by mixing AG and SG-powders with water (mass ratio water/gypsum of 0.8) and dried,
according to the thermal stability of the samples.
The main features of the samples investigated and the related tests are summarized in Table 1.

Table 1. Characteristics of the examined samples and the related tests.

AG and SG

Test Investigated Data Sample Material Amount/Dimension
thermo-grav.lmemc thermal stability powder about 2 gr
analysis
. i crystallographic structure and
chemical composition Electron Microscopy Scanning (SEM) powder about 2 gr
physical properties density and porosity natural rock 60 gr
powder 5gr
thermal performance thermal conductivity natural rock 59 x 30 x 8 mm?®
powder 300 gr
. . transversal and longitudinal speeds, .
mechanical properties - small pieces and
. Young and shear modules, coefficient natural rock 3
(ultrasonic waves) . . 59 x 30 X 8 mm
of Poisson, Vickers hardness
Acoustic performance Absorption coefficient and gypsum powder mixed cylindrical 29-mm and
p Transmission Loss with water and dried 100-mm samples

2.1. Thermo-Gravimetric Analysis and Chemical Composition

Thermo-gravimetric and differential thermal analyses were carried out in airflow, using Thermal
Analysis Instruments Netzsch STA-409EP equipment. They were performed under atmospheric air,
from 30 °C to 1000 °C, with a heating rate of 10 °C/min. The resulting solids were characterized using
X-ray powder diffraction (Bruker D8 Advanced diffractometer). Infrared spectra were recorded at
a 2 cm™! resolution, from 500 cm™ to 4000 cm™ on a Shimadzu FT-IR 8400 spectrometer. Electron
microscopy scanning (SEM) was performed on carbon-coated samples, using a Cambridge Stereoscan
120 instrument at an accelerating voltage of 10 kV.

2.2. Density and Porosity

The value of the total porosity was calculated from the density of rock (named pg) and of powder
(pp); density is in general given by:
p=m/(v'-v) 1

where m is the mass of the sample and v and v’ are the volumes of the water before and after the
introduction of the sample in a graduated cylinder, respectively. Density was measured for both rock
and powder and the porosity was calculated by using the following equation:

P (%) =100 (1-pr/pp) 2

The water content (W) was measured by heating the sample to 150 °C (drying) for 24 h, in order
to evaporate the water; W, was obtained according to the following equation:

We (%) =100 (m; — mg)/mgq ®)
considering as m; and my the initial wet sample and the final dry sample mass, respectively.

2.3. Thermal Properties

The thermal conductivity, the specific heat, and the thermal effusivity were measured using the
Hot Disk Thermal Constants Analyzer Apparatus (Figure 2).
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Figure 2. Hot disk thermal measurement method.

The principle consists in imposing a uniform heat flux in a plane, separating two symmetrical
samples (powder in a backer) from a large extension with respect to the probe and by placing the
probe between them (in the middle of the samples). For the rocks characterization, the probe was
placed between the sample (upper side) and a polystyrene pane (lower side). The hot disk method is
based on the evaluation of the temperature trend on the sensor surface that is simultaneously a heat
generator and a temperature probe. It consists of a double 10 pm thick nickel spiral, sandwiched
between two sheets of Kapton or Mica insulation, depending on the operating temperature. The use
of nickel makes the level of accuracy very high, thanks to its well-known temperature coefficient
of resistivity. A constant electrical power is enabled into the probe; the heat is generated and the
temperature variation is measured by the spiral sensor; the temperature raises on the sensor surface,
and the generated heat and the thermal properties (thermal diffusivity and specific heat) of the material
surrounding the probe are calculated [18]. When temperature of the sample increases, the electrical
resistance increases too, and the thermal conductivity can be obtained by multiplying the thermal
diffusivity a (mm?/s) and the specific heat yp (MJ/m>K) measured by the hot disk.

In this study, the thermal conductivity tests were limited to room temperature (20 °C).

2.4. Ultrasonic Waves and Mechanical Properties

The ultrasonic technique allows us to measure the acoustic impedance and the speed of sound into
a materials and therefore the actual mechanical characteristics, which are strongly related to the textural
characteristics and chemical composition of crystals [19,20]. In order to measure the dispersion of the
Lamb modes, a transmission technique was used by varying incidence angles for the ultrasonic waves.
The ultrasound signals were created with a generator of short intensive pulses (Sofranel 5052 PR),
which excited a broad band ultrasound emitter (Panametrics V 309), with a central frequency of 5 MHz
and they were sent through the samples.

Samples of AG and SG-natural rocks (59 x 30 x 8 mm?) were fabricated in order to evaluate the
Poisson coefficient v and Young modulus E. Waves transmitted at a constant pulse repetition frequency
as a function of time were collected.

The Poisson coefficient v and the Young’s modulus E are related to the propagation of ultrasonic
waves in contact with the gypsum sample, in particular to the longitudinal and transverse velocities
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of the ultrasonic waves Cy, and Cr, respectively [19]. The Poisson coefficient is linked to the ratio of
longitudinal and transverse velocities as [21]:

[
Yo 2[(Cu/cr)? = 1] @

From the Poisson’s coefficient of each gypsum sample, its Young’s modulus is expressed by [21]:

(T+v)(1-2v))

S "

p.C2 (5)

where p is the density of the sample. The shear coefficient is determined as a function of the density
and the transverse velocity according to:
G= pC3 (6)

Some pieces of Agadir and Safi natural rocks were characterized by Vickers hardness tests.
The Vickers indenter is a 136° square-based diamond pyramid and the Vickers hardness (HV) is
calculated as the relation between the applied load F and the impression surface and it is defined by
the following equation [20,22,23]:

HV = 1.85440152 @)

where d is the average length of the impression diagonal (mm) measured by means of an integral
microscope of the Vickers tester.

2.5. Acoustic Performance

The acoustic properties of samples manufactured by mixing each gypsum (Agadir and Safi)
powders and water were measured by means of an impedance tube (Kundt’s tube, Briiel & Kjeer, model
4206; 1/4 inch microphones Briiel & Kjeer, model 4187) available at the University of Perugia, according
to ISO 10534-2 standard [24]. Cylindrical samples of AG and SG gypsums with diameters of 29 mm and
100 mm (Figure 3) were characterized in terms of sound absorption and sound insulation properties.
For each kind of gypsum, two samples of the smaller-diameter were available for testing, while only
one 100-mm-diameter sample was available, due to the difficulty in fabrication and transportation of
the material without cracks and inhomogeneity.

Figure 3. The investigated gypsum of Agadir and Safi cylindrical samples for the large and small tube.

The main features of the considered samples are reported in Table 2. The density of the samples
was calculated weighing them with an electronic precision balance and assuming perfect cylinders
of the specified diameter. The thicknesses of the 100 mm samples was higher than the ones of the
29 mm samples (about 25 mm compared to 21 mm); the larger samples were characterized by a lower
density (1630 and 1520 kg/m? for Agadir and Safi gypsum, respectively) with respect to the smaller
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ones, which have a density in the 1830-1870 kg/m? range. No significant difference was found between
densities of the Agadir and Safi gypsums.

Table 2. Characteristics of the examined samples for acoustic measurements.

Sample  Thickness [mm] Diameter[mm] Density [kg/m?]

AG-11 25.1 100 1630
SG-1_1 25.6 100 1520
AG-s_1 21.3 29 1860
AG-s_2 21.6 29 1860
SG-s_1 204 29 1830
5G-s_2 20.9 29 1870

The normal incidence absorption coefficient was measured in the 100-1600 Hz (large tube) and
400-5000 Hz (small tube) frequency range, using the transfer function method with a two microphone
configuration, according to [24].

The sound pressure was measured at the same time in the two fixed microphone positions and
the calculation of the transfer function between them (Hj;) was carried out. The normal incidence
absorption coefficient is given by Equation (8):

a=1-r? (8)

where 7 is the reflection factor depending on the transfer function for the incidence (Hj) and the reflected
Hp wave, the wavenumbers (Kj), and the distance between the top of the sample surface and the
microphone position x1, as shown in (9):

_ [le_HI

=&, ] exp(2iKox1) )

A four microphone transfer function method is used in order to evaluate the acoustic insulation
properties of the material (TL, transmission loss); TL is measured in the 400-5000 Hz frequency range
by the two-load method, with two consecutive acquisitions for each sample at different conditions of
the tube extremity (a reflective and an absorbing material are installed on the terminal part of the tube
in each acquisition) [25,26]. TL is related to the sound transmission coefficient 7 as:

TL = 10-log(1/x) (10)

The experimental apparatus in the large and small tube configurations during the acoustic
absorption and transmission loss measurements is shown in Figure 4; several measurements for each
sample were carried out for the same disk, by modifying their position inside the tube, and a mean
value of o and TL were considered.

~

Figure 4. Normal incidence absorption coefficient (a) and transmission loss (b) measurements: large
(left) and small (right) tube configurations.
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3. Results and Discussion

3.1. Thermal Analysis and Chemical Composition

Thermal analysis techniques were firstly used to obtain information about thermal stability of
natural Moroccan gypsum materials. A two-step dehydration process was suggested by a significant
change in the slope of the weight loss curve (Figure 5). For the SG sample, the main thermal effect
was observed at 140 °C, with a total weight loss of 20.5 wt %. The AG material presented two thermal
effects: the first mass loss of 19 wt % was observed before 160 °C, assigned to water evaporation,
whereas the second one was observed at 712 °C, with a small weight loss of 3 wt % related to the
combustion of little carbonates or organic matter, such as confirmed by chemical analyses.

B — 400
100 T oo
_',.-P"“ - 300
95 L
- L - 200
. SG - 100 %
~ 90 TG SG =
S " TG AG =
) et 1 -0 -
= smnnm DTAAG [
. =]
85 mmmmm DTA SG ~ -100
- -200
° H - -300
o 660°C
140 -
Al A .:‘712°C
75 T T T T T T -400
200 400 600 800 1000

Temperature [°C]

Figure 5. Thermal Gravimetric TG and Differential Thermal Analysis DTA curves for gypsum materials.

For both the natural gypsum samples, the main thermal effect corresponded to the conversion of
dehydrated calcium sulphate CaSO4 2H,O to the plaster CaSO4 1/2H,0O, but the presence of oxide or
carbonate impurities can affect this conversion.

The crystallographic structure of AG and SG samples was examined by XRD patterns, at different
temperatures of calcination, in order to study the structural change during the dehydration phenomenon
(Figure 6). The high intensity of the XRD peaks indicates that the AG and SG powders have a high
crystallinity. Results show that the crystalline structure of these solids changed with the temperature of
calcination. A pure CaSO,4 2H,0 phase was detected for the two raw gypsum products, while the heat
treatment between 150-360 °C favored the formation of a hemihydrates CaSO,4 1/2H;O monoclinic
system. Beyond 360 °C, an orthorhombic phase of anhydride CaSO, was identified, such as that
reported in [27,28]. The vaporization of the H,O molecule leads to the change of the crystalline structure
and the formation of the anhydrous CaSOj.

Using FT-IR spectroscopy, the associated absorption bands of sulfate of gypsum were detected
around 1120-1150 cm™! and 669-604 cm™!, in addition to those of the stretching vibrations of the
H,0 molecules, between 355-3410 cm™! (Figure 7). During dehydration, the intensities of the OH
gypsum bands decreased strongly, until there was a total disappearance of the OH-stretching vibrations.
In increasing the dehydration temperature, the absorption bands of the OH (H,O) shifted towards
the high frequencies, with a maximum shift of 50 cm~! when the temperature changed from 20 °C to
150 °C, traducing a strong structural transformation related to the dehydration process.
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Figure 6. XRD diagrams of AG (a) and SG (b) minerals at different temperatures.
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Figure 7. Infrared curves for Agadir (a) and Safi (b) gypsum at different temperatures.

SEM images of both gypsum samples at different temperatures of calcination show the needle shape
structure related to the calcium sulphate crystals (Figure 8). For the uncalcined and calcined powder
at 150 °C and 360 °C, there were less dense porous agglomerates. On the other hand, at a calcining
temperature of 1100 °C, the two samples AG and SG showed denser agglomerates than the ones at
lower temperatures. The shape of the agglomerates depends on the origin of the gypsum: the Safi
sample showed round agglomerates, while the Agadir one presented needle agglomerates.

SG 1100°C

AG 360°C

Figure 8. SEM images of SG and AG samples treated at various temperature of calcination.

The chemical composition of the SG and AG powders was measured via X-ray fluorescence
spectroscopy (XRF) (Table 3). Results revealed that the weight percentages of the constituent elements
varied between the two gypsum samples, confirming that the CaO and SO; oxides are the major
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components of gypsum powder, but their content in the SG crystal is slightly higher. As listed in
Table 3, the concentration of oxide impurities was more evident in the AG case, demonstrating that the
Moroccan gypsum SG from the Safi region, consists mostly of calcium sulphate hydrate highly pure
(often 98%) and does not require any purification. Despite this little change in mineralogy between the
two gypsum materials, they can be considered as pure gypsum materials that could be used in plaster
making and other specialized industrial applications.

Table 3. Chemical composition of gypsum powders.

% SOz CaO SiO, MgO ALO3 SrO Fe K,O Na,O I C
AG 466 288 1.69 0.83 0.77 0250 0175 0.187 0.10 0.024 559
SG 489 298 0446 0446 0.086 0.128 - - - 0.0215 5.58

3.2. Density and Porosity

In order to evaluate the porosity and the density, and to study their influence on the mechanical
properties of gypsum, measurements were carried out on both hydrated SG and AG samples. Porosity
is one of the most important physical characteristics, governing the mechanical strength and density;
it is influenced by the grain size, particle shape, and grain distribution. The values of rock density
PR, powder density pp, porosity P, and water content W, of the studied gypsums are summarized in
Table 4. It can be observed that the porosity of the SG sample was slightly higher than that of the AG
sample, which also had higher water content; it is confirmed by SEM images (Figure 8), where it has
a higher percentage of dark area (pores).

As expected, due to the higher porosity, the SG samples had a lower density.

Table 4. Density and porosity of Moroccan Agadir (AG) and Safi (SG) samples of rock and powder.

Gypsum  pg [kg/m®] pp[kg/m®] P[%]  Wp [%]

AG 2384 2617 8.90 2.52
SG 2219 2437 8.94 298

3.3. Thermal Properties

The thermal properties of natural rocks and powders showed a significant difference between
the materials sampled from the two Moroccan sites (Table 5). The difference in thermal conductivity
of powders (about 30%) is probably due to their mineralogy; they exhibit a smaller difference in
thermal conductivity when compared to rocks (about 20%). The porous nature of the materials
and the water content affect specific heat, density, and thermal conductivity [29]. Lower values of
thermal conductivity were obtained for the powder when compared to the rock, due to the porous
structure of gypsums. In addition, there is a substantial relationship between thermal conductivity
and density [30,31]: thermal conductivity decreases when also density and water content decrease,
with the lowest value obtained for the SG powder being (0.1254 W/mK). The thermal conductivities of
the Moroccan gypsum samples were lower when compared to the ones from Tunisia-Meknassi gypsum
plaster (0.22-0.27 W/mK) [6], especially for SG, which could be used as insulation material [32].

Table 5. Thermal characteristics of AG and SG rock and powder samples.

AG SG
Rock Powder Rock Powder

Thermal conductivity [W/mK] 1.835 0.177 1.477 0.125
Thermal diffusivity [mm?/s] 0.882 0.147 0.628 0.123
Specific heat [M]J/m3K] 2.081 1.203 2.035 1.020
Thermal effusivity [Ws"2/(m?K)] 1954 460.8 1863 357.6
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A difference between the two samples was also noticed in terms of thermal diffusivity (0.147 mm?/s
and 0.123 mm?/s for AG and SG, respectively). This is an important result in terms of thermal insulation,
since a good insulating material must not only have a low thermal conductivity, but also be able to
delay the heat transfer.

Thermal effusivity is also an interesting performance, describing the ability of a material to quickly
dissipate heat from its surface as soon as ambient temperature decreases. AG gypsum has a higher
thermal effusivity (460.8 Ws'/2/m?k) than SG gypsum (357.6 Ws!/2/m?k), so it is more suitable to retain
heat for a longer time.

3.4. Ultrasonic Waves and Mechanical Properties

The ultrasonic technique was applied to the natural rock samples in order to evaluate their
mechanical properties. The mechanical coefficients are useful in finite element simulations, to investigate
the structural behavior of gypsum, in varying the temperature and the aging time, particularly to
predict the formation of cracks.

Figure 9 shows the ultrasonic signals backscattered by SG and AG samples. It is clear that the
reflected signal is composed of several echoes.

The speed of ultrasound, the mechanical properties of Moroccan gypsum rocks, and Vickers
hardness are reported in Table 6.

The results showed a small mechanical change between the studied gypsum samples when
considering the difference in mineralogy, density, water content, and porosity of the crystals.
The strength characteristics are mainly related to physical properties of hardened gypsum, as total
open porosity and arrangement of gypsum crystals [33]. The observed change is not directly related to
the thermodynamic parameters, but connected to the existence of some impurities in the AG samples
that improve the Young Modulus, Shear Module, and Vickers hardness coefficients.
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Figure 9. Transmission pulse echoes of AG (a) and SG (b) gypsum samples.

Table 6. Mechanical properties of the two Moroccan gypsum materials.

Transversal Longitudinal Young Module Shear Module Coefficient  Vickers

Sample Speed [m/s]  Speed [m/s] [MPa] [MPal of Poisson  Hardness
AG 27245 5066 45.8 17.7 0.29 16.6
SG 2722.1 5057 42.4 16.4 0.29 12.1

3.5. Acoustic Performance

The average normal incidence absorption coefficient vs. frequency of the two samples is shown
in Figure 10; due to the different thickness of the 100 mm and 29 mm samples (about 25 mm and
21 mm, respectively), the large and small tube measurements cannot be combined. In the 100-1600 Hz
frequency range (large tube, Figure 10a), the gypsum of Safi was characterized by a peak of absorption
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of 0.1 at about 600 Hz; for the AG sample, the x-peak decreased to 0.08 at the same frequency.
The absorption performance of the samples was a little bit better than the ones of a conventional cement
plaster 30 mm thick (dotted line in Figure 10a, a-peak = 0.05, measured with the same apparatus);
as expected, the first peak of the absorption curve moved to lower frequencies (about 400 Hz) due to
the higher thickness, according to [34].

In the overlap frequency range (400-1600 Hz) of the tubes, the absorption coefficients of the
large samples were higher, due to their lower density, as expected according to the literature [24].
In the small tube (400-5000 Hz) the absorption curves of the two gypsum samples were very similar
(maximum difference of about 0.02 at high frequency), as shown in Figure 10b.

The transmission loss trends for AG and SG are plotted in Figure 11 for the large (100-1700 Hz,
Figure 11a) and small (400-5000 Hz, Figure 11b) tube configurations. In general, an increasing value of
the transmission loss is observed when the thickness, the surface mass, and the density of the samples
raise: the large samples, characterized by a lower density, at a fixed frequency show a TL value slightly
lower than the small samples, as expected. However, both the specimens show the same trend of
the curve: when comparing the AG and SG samples, in the entire frequency range (400-5000 Hz,
small tube), the TL-values of SG are 8-10 dB higher than the ones of AG. In general, both the samples
were characterized by good sound insulation performance; TL-values of AG were in the 32-36 dB
range, while for SG the transmission loss grew up to 48 dB at 5000 Hz.
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Figure 10. Normal incidence absorption coefficient of AG and SG samples: (a) large tube (100-1600 Hz)
and (b) small tube (400-5000 Hz) measurements.
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Figure 11. Normal incidence Transmission Loss of AG and SG samples: (a) large tube and (b) small tube.
4. Conclusions

The structural, thermal, and mechanical properties of Moroccan gypsum rocks sampled from
the Agadir and Safi regions was studied in order to suggest the use of natural gypsum materials for
sustainable building and refurbishment.

The different analytical techniques used in this characterization work show that the two gypsum
samples (from the Agadir and Safi regions, Morocco) have almost the same mineralogy, excluding
heavy metals considered as toxic elements and the formation of the various allotropic varieties at
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different temperatures. The sampled gypsum materials have very good thermal properties, able to
ensure integrity in construction, especially thermal insulation, fire protection, bulk density, high water
content and porosity, and low-cost in the market.

The acoustic properties (absorption coefficient and transmission loss at a normal incidence) were
also measured by means of a Kundt’s Tube (ISO 10534-2). The acoustic absorption coefficients were not
very high for both the samples and they were comparable to the ones of conventional cement plasters.
However, a very good sound insulation performance was achieved: the best properties were obtained
for the Safi gypsum (TL = 48 dB at about 5000 Hz), whereas for the Agadir gypsum the maximum
value was 36 dB at a lower frequency (about 2900 Hz).

Possible industrial applications for the gypsum industry indicated that gypsum from the Safi
site has the required technical specifications. The comparison with Agadir gypsum has confirmed its
interesting properties.

In that direction, it is possible to propose a new study to develop new products based on gypsum
from the Safi SG, as well as to improve current gypsum. In this perspective, several plasters were
manufactured adding different insulating materials or natural fibers into Safi gypsum matrix and their
chemical, physical, thermal, mechanical, and acoustic properties will be studied. In particular, the use
of natural materials as building components is very important, in order to reduce the environmental
impact of the construction systems. The measurements are now a work in progress and will be the
subject of future papers. This paper is the basis necessary for the raw material characterization and for
the choice of the best one. Furthermore, this is a promising area that adds value to the energy saving
sector; these materials are suitable solutions for retrofitting buildings, thanks to their good thermal
behavior with very low thicknesses, also having good mechanical and acoustic properties.
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