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Abstract:

Aim:

The research proposes the reuse of volcanic wastes in the production of lightened and insulating bio-plasters.

Introduction:
The goal is the production of a novel sustainable construction material that reduces the environmental impact.

Methods:
Four mixtures were designed. The recycled Volcanic Ash was used in combination with two bio-compatible binders; basically Natural Hydraulic
Lime (NHL) or calcium hydroxide blended with a commercial Portland cement (CH-CEM). To improve thermal properties, CH-CEM mixtures
were treated with an Air Entraining Agent (AEA) in two different percentages and a breathable resin (R). The main physical, mechanical and
thermal properties were experimentally determined.

Results:
The results of such analysis indicate that the mixture NHL, realized using hydraulic lime as a binder, do not satisfy the threshold of the water
absorption coefficient, exceeding the limit established by UNI EN 998-1 standard.

Conclusion:
On the contrary, one of the mixtures CH-CEM, containing both AEA and R, is suitable for use as lightweight plastering mortar and also satisfies
the requirements for insulating mortars.
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1. INTRODUCTION
Eco-design and energy-efficiency are current concepts of

fundamental  importance  that  highlight  the  need  to  find  new
building materials that are environmentally friendly and lead to
save non-renewable  resources  of  energy consumption [1].  In
recent years, the idea of "sustainability" applied to the building
design  has  encouraged  many  researchers  to  propose  novel
sustainable construction materials characterized by a reduced
environmental  impact,  especially  in  terms  of  the  amount  of
greenhouse gas emissions [2]. In particular, the development of
new thermal and acoustic insulating products by  using  natural
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or  recycled  waste  materials  reduced  the  energy  demand  for
space heating, the installed power of air-conditioning systems
and  consequently,  the  total  energy  cost  [3].  The  current
European legislation pertaining to waste materials, which is the
Directive 2008/98/EC on waste (Waste Framework Directive),
obliges  the  member  states  to  recycle  at  least  70%  of  their
nonhazardous  construction  and  demolition  wastes  as  raw
materials  by  2020.  Waste  legislation  and  policy  of  the  EU
member  states  shall  apply  following  the  waste  management
hierarchy [4] shown in (Fig. 1).

Taking  into  account  that  the  quantity  of  the  waste  being
derived from construction and demolition is the highest in EU,
estimated to be 25-30% of all produced wastes [4], and that the
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current  recycling  rate  is  approximately  46%  [6,  7],  it  is
imperative to identify new ways to use demolitions wastes as
recycled  products  [8].  Petri  Sormunen  proposed  a  literature
review  concerning  the  opportunities  of  using  recycled
construction and demolition waste in composite manufacturing.
Recycled wood, paper, cardboard, metal, glass, and ceramics
were investigated as raw components for composite materials
[9].  Some  studies  focus  on  thermal  and  acoustic  insulation
properties of mixtures and insulating panels with the purpose
of  limiting  the  environmental  impact  [10,  11].  Recycled
concrete aggregates and coal bottom ash aggregates have been
used  in  partial  replacement  of  natural  crushed  limestone
aggregate  on  the  pervious  concrete  [12].  The  mechanical
properties, thermal conductivity and sound absorption feature,
were  significantly  improved  compared  to  those  of  pervious
concretes containing only natural aggregates.

In recent years, the recycling policies have also prompted
the scientific community to study the recycling possibilities of
many other types of waste. Buratti et al. [13], investigated the
thermal, acoustic, and environmental performances of recycled
waste panels  consisting of  rice husk produced by gluing and
pressing  the  raw  material.  The  recycling  of  synthetic  post-
industrial  textiles  waste,  constituted  by  a  mixture  of  nylon,
spandex and polyurethane in the production of novel thermal
insulation panels, is the topic of the paper [14]. An innovative
mineral fiber panel for building insulation has been proposed
by Moretti  et  al.  [15],  with a  very low thermal  conductivity,
within  the  range  of  0.031-0.034  W/mK,  depending  on  the
density.  In  rubber  granules  from  used  tires,  high-density

fiberboard  flooring  sawdust  and  fresh  high-density
polyethylene  pellets  were  blended  to  produce  perforated
composite  panels  having  sound-absorbing  properties  [16].
Lightweight tiles were developed by Cetin et al. [17], starting
from mining tailings, like the waste generated by the mining of
boron-rich minerals and basalt rock, and recycled glasses like
common  soda-lime  glass  and  pharmaceutical  boro-silicate
glass. In recycled printing circuit boards, plastic materials have
been  used  for  producing  thermo-insulating  panels  [18].  The
physical-mechanical  properties  of  a  lightweight  construction
material  composed  of  plaster,  dune  sand  and  Expanded
Polystyrene Beads (EPS) are investigated [19]. A considerable
number of studies about the possibility of incorporating waste
from  the  most  varied  sources  in  concrete  and  pavement
mixtures have been conducted in the past decade by Siddique
and  coauthors  (see  for  instance  the  latest  papers)  [20  -  24].
Volcanic  Ash  (VA)  is  another  material  frequently  used  in
concrete-like  composites.  The  use  of  VA  as  a  pozzolanic
material has caught the attention of the scientific community
because  it  allows  to  produce  green  and  economical  mortar,
reducing  environmental  pollution  and  decreasing  the  used
quantity of Ordinary Portland Cement (OPC) [25 - 28]. Many
research works on blended cements containing VA are focused
on  the  description  of  specific  properties  of  cement  paste,
mortar,  and  concrete  [29  -  32].  Bahadori  presented  an
experimental  study  where  three  types  of  natural  pozzolans
(VA), available in Iran, were used for the stabilization of marl
soil. Another study investigated the potential of using natural
and  [33],  artificial  pozzolans  for  the  stabilisation  of  Urmia
Lake peat [34].

Fig. (1). Waste management hierarchy (rearranged by the Authors) [5].
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However, the pozzolanic property varies with the origin of
the VA, the mode of formation, the geographical region and the
source [35]. In this context, studies regarding the opportunities
to  reutilize  VA  coming  from  the  Etna  volcano  are  of  great
interest.  Indeed,  a  huge  amount  of  ash  repeatedly  cover  the
surrounding area causing serious road and air traffic accidents,
difficulties in the agricultural sector as well  as human health
problems. Subsequent to the eruptions, the pyroclastic products
are  removed  by  the  local  municipalities  from  public  spaces.
Thus, they, being classified as urban waste, have to be disposed
of.  The  persistence  and  duration  of  the  eruptive  phenomena
have become a challenging problem over the years, because it
implies high costs; and from the environmental point of view,
the occupation of huge landfill spaces. So, it is very important
to  prove  that  the  waste  code  can  be  permanently  modified,
placing the material in a not-hazardous category so that it can
be  reused  like  recycled  resources.  In  fact,  the  physical  and
mechanical properties of this recycled volcanic product remain
substantially unchanged with respect to the virgin material.

Some recent studies are focused on the characterization of
the rock [36, 37] and on the reuse of Etna eruptive products in
the field of mortar and concrete production [38 - 40]. Thus an
ongoing challenge for marketers of recyclable VA is to expand
end-user  products  and  material  markets  in  different  areas  of
civil engineering [41].

This study investigates the possibility of using the eruptive
products of volcano Etna in the production of bio plasters, as
an alternative to their disposal as waste. The goal is therefore
the  realization  of  a  sustainable  product  accompanied  by  a
reduction  of  the  environmental  impact.  Indeed,  the  use  of
recycled material does not only allow to reduce the depletion of
natural resources but also diminishes the amount of the energy
necessary to extract, transform and transport the material to the
point  of  use  or  application,  that  is,  the  so-called  Embodied
Energy  (EE).  In  particular,  the  attention  is  focused  on  the
thermal  properties  of  the  final  product  obtained,  due  to  the
porous structure of the pyroclasts. The requirements in order to
classify  the  plastering  mortar  as  an  insulating,  or  simply,  a
lightened  material  was  carried  out  through  experimental
measurements  of  strength  and  thermal  conductivity.

2. MATERIALS AND METHODS

The experimental  research  studies  two different  types  of
bio-plasters,  obtained  by  combining  a  natural  binder  with
recycled  aggregates  derived  from  the  volcanic  pyroclastic
waste produced during the eruptions of volcano Etna, being the
highest and the most active volcano of Europe.

The first type of mixture, denoted as NHL, is characterized
by  a  natural  hydraulic  lime  I.PRO  Calix  NHL  3.5  by
Italcementi  S.p.A.;  the binder of  the second type of  mixture,
denoted as CH-CEM, is calcium hydroxide CL90-S by SACED
S.p.A.  combined  with  a  commercial  Portland-limestone
blended cement, type CEM II/B-LL 32.5 R by Colacem S.p.A.
An Air Entraining Agent (AEA) in two different volume ratio
with respect to the dry mixture (0.05% 0.1%) was added to the

mixture  CH-CEM  to  increase  the  porosity.  Moreover,  a
breathable resin (R) in the ratio of 1% of the binder was added
in the mixture containing 0.1% of AEA. Based on the content
of the additives AEA and R, the designed CH-CEM mixtures
were  labelled  as  CH-CEM-0.05-0,  CH-CEM-0.1-0,  CH-
CEM-0.1-1. In the case of the NHL mixture, no additive was
used  since  the  binder  has  intrinsically  very  low  mechanical
strength.

The aggregates,  taken from landfill  depots,  were used as
they stand, with-out any treatment or grain size reduction, to
maintain  the  virgin  porosity.  The  pyroclastic  waste  can  be
classified  as  an  insulator  of  mineral  origin,  according  to  the
UNI EN ISO 10456. The density was between 0.57 kg/m3 and
1.81  kg/m3,  for  the  material  passing  the  sieve  4.76  mm  and
0.001 mm, respectively.

2.1. Mix Design

In  order  to  obtain  a  composite  with  good  mechanical
strength,  the  pro-portion  of  the  constituents  and  an  adequate
particle size distribution are of fundamental  importance.  The
Fuller-Thompson  ideal  gradation  curve  is  usually  used  to
achieve high-density composites. However, the main purpose
of  this  study  is  the  design  of  a  porous  medium,  showing
thermal  insulating  properties.  Therefore,  the  mix  design  was
made by choosing a grain size assortment which increases the
intergranular  voids,  and  then  the  porosity,  due  to  a  higher
percentage of coarse aggregates with respect to the theoretical
fuller value (Fig. 2).

Fig.  (3)  shows  the  grain  assortment  of  the  raw  material
after the particle size analysis.

the left to the right, the fractions passing the sieve are 0.25,
0.5, 1.0, and 2.0 mm, respectively.

All  the  blends  have  the  same  volume  ratio  among  the
aggregates,  so  that  all  are  characterised  by  the  same
granulometric  composition  given  in  Fig.  (2)

Consequently, all the mixtures contain:

• Coarse volcanic pyroclastic aggregates, with a diameter 2
≤ d < 9.5 mm

•  Fine  volcanic  pyroclastic  aggregates,  with  a  diameter
0.25 ≤ d < 2 mm;

•  Very  fine  aggregates,  consisting  of  aggregates  such  as
carbonate and pozzolan with a diameter d < 0.25 mm.

The finer fraction was added to facilitate the sliding at the
interface  between  the  larger  grains  and,  therefore,  to  confer
greater  workability.  From  preliminary  tests,  in  fact,  in  the
absence of the very fine fraction, the workability of the mixture
was not acceptable. The aggregates were used in the dry state.
The  water  content  also  includes  the  part  needed  to  wet  the
aggregates.

Table 1 reports the composition of NHL mixture per liter
of  the  mixture.  The  binders,  fine  aggregates  and  the  coarse
aggregate are in the ratio of 1:1.97:1.8.
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Fig. (2). Grain size assortment for the NHL and CH-CEM mixtures.

Table 1. Composition of a unit volume of mixture NHL.

Mixture NHL -
constituent (g)

I.PRO Calix NHL 3.5 232.9
coarse aggregate 450.7
fine aggregate 525.8

very fine aggregates 225.3
water 375.6

Fig. (3). Raw pyroclastic material.

Mixture  CH-CEM contains  binders,  fine  aggregates,  and

coarse aggregates in the ratio 1:2.25:2.05. Table 2  shows the
composition per liter of mixture CH-CEM .

3. MECHANICAL CHARACTERIZATION

3.1. Laboratory Setup and Measurements

In  order  to  determine  the  main  physical  and  mechanical
characteristics  of  the  above  mentioned  mixtures,  different
experimental  tests  have  been  carried  out  at  the  Official
Materials  Testing  Laboratory  of  the  Department  of  Civil
Engineering and Architecture of the University of Catania. The
tests  were  carried  out  both  on  fresh  mortar  and  on  hardened
mortar  after  28  days  of  curing.  For  each  type  of  mixture,  6
prismatic  samples  of  160  mm  x  40  mm  x  40  mm  size  were
packaged.

Table  2.  Composition  of  a  unit  volume  of  mixture  CH-
CEM.

Mixture CH-CEM -
constituent (g)

Calcium Hydroxide CL90-S 131.5
CEM II/B-LL 32.5 R 124.2

coarse aggregate 438.5
fine aggregate 511.6

very fine aggregate 219.3
water 365.4

The average flexural strength was obtained by three points
bending  test  on  3  prismatic  specimens.  From  the  bending
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breakage,  6  half  prismatic  bars  were  obtained,  subsequently
used  to  measure  the  compressive  strength.  Finally,  3  half
prisms were used to measure the water absorption coefficient,
while  the  remaining  3  half  prisms  were  used  to  measure  the
open porosity. The curing method and the time for removing
the specimens from the molds were specified by the standard
UNI EN 1015-11.

3.1.1. Consistency of Fresh Mortar

Consistency  tests  on  fresh  mortar  were  conducted
according to the standard UNI EN 1015-3 through the use of a
flow  table.  The  mortar  was  mixed  after  the  addition  of  the
required  amount  of  water  to  the  dry  mixture  and  introduced
into  a  truncated  cone  mold,  positioned  in  the  middle  of  the
table,  in  two  layers  compacted  with  10  short  strokes  of  the
pestle. The excess mortar was removed with a spatula and the
mold was slowly removed. The flow table was then lifted up 40
mm and then dropped 15 times, resulting in the spread of the
mortar  on  the  table.  The  expansion  diameter  measured  the
consistency of the mix. The test results are reported in Table 3.

Table 3. Consistency of fresh mortar.

Sample Water Content
(g)

Spread
(mm)

CH-CEM 500 100
NHL 500 120

3.1.2. Flexural Strength

The test  aims to  assess  the flexural  strength of  prismatic
specimens, compliant to the requirements of UNI EN 1015-11
standard, by means of three points bending. The machine used
to carry out the test was a frame containing a plate with two
support rollers spaced 10 cm apart, on which the sample was
positioned and centred (Fig. 4a). At the centerline, a third roller
transferred the loading pressure, manually controlled by means
of a hydraulic system, through a 20 kN load cell connected to
an  HBM  data  acquisition  unit.  The  load  was  applied  to  the
specimen at a constant speed of 10 N/s and respecting the test
duration time required by the standard, ranging from 30 s to 90
s. From the maximum value at break Ff, the maximum strength
Rf  was  obtained  according  to  the  simply  supported  beam
scheme:

Fig. (4). (a) Three points bending test. (b) Uniaxial compression test.

(1)

Where d is the dimension of the cross-section side and l the
distance between the supports.

3.1.3. Compressive Strength

The  uniaxial  compressive  strength  Rc  was  obtained,  as
prescribed by the standard UNI EN 1015-11, by applying the
load  at  a  constant  rate  on  the  half  prism  obtained  by  the
bending failure. The instrumental test apparatus was identical
to  that  of  the  flexural  test,  as  it  is  shown  in  Fig.  (4b).  The
compressive strength value was obtained from the maximum
applied load Fc as:

(2)

Where  A  is  the  area  of  the  rigid  plate  of  side  d  used  to
distribute the load.

3.1.4. Volumetric Mass Density

The volumetric mass density ρ indicates the weight per unit
volume  in  dry  conditions.  It  is  given  by  the  ratio  of  the  dry
weight  mdry  of  the  porous  solid  and  the  total  volume  V,
including  the  voids:

(3)

The  test  procedure  was  conducted  according  to  the
standard UNI EN 1015-10. The prismatic bars were inserted in
an  oven  at  a  temperature  of  100C◦.  The  bars  were  weighed
every  2  hours  until  the  difference  between  two  successive
weightings  was  less  than  0.2%.

3.1.5. Water Absorption Coefficient

The determination of  the water  absorption coefficient  by
capillarity of hardened mortars (C) provides information on the
open porosity of the composite. Procedure and methods were
set out in the standard UNI EN 1015-18. The standard provides
the packaging of three prismatic specimens. Once the prepared
specimens reached the proper curing stage, they were removed
from the molds, broken in half and dried in a ventilated oven.
Three  half  prisms  were  immersed  in  a  tub  containing  water
with the part of the broken surface in contact with water. The
four longitudinal  faces of  the half  prisms were sealed with a
water-repellent material in order to ensure the rise of the water
only along the vertical direction during the test. The height of
the immersed portion varied from 5 to 10 mm. The water level
was  kept  constant  throughout  the  test,  also  preventing
evaporation  from  the  wet  specimens.  After  10  minutes,  the
specimens  were  removed  and  dried  quickly  with  a  cloth,
weighed, registering the weight M1, and placed back in the tub.
The same procedure was repeated after 90 min, recording the
M2 value.  The  coefficient  of  water  absorption  by  capillarity
was obtained from the relation:

(4)

3.1.6. Porosity

The open porosity is the ratio of the volume of open voids
that communicates with the outside, and the apparent volume
of the sample. To carry out this test, the remaining half prisms

(a) (b) 

Rf = (1.5 · Ff · l)/d3 

Rc = Fc/A 

ρ = mdry/V 

C = 0.1 · (M2 − M1) 
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of  the  previous  test  were  used,  whose  dry  weight  mdry  was
known.  The  next  stage  of  the  test  consisted  of  totally
immersing the three specimens in the tub for a time to make
them  completely  saturated.  At  the  end  of  the  test,  the
specimens  were  patted  with  a  cloth  to  eliminate  the  excess
water and weighed for measuring the saturated mass msat. The
saturation of the specimens involves a complete filling of the
open  voids  with  water,  with  a  consequent  increase  in  mass.
From  the  difference  between  the  mass  of  the  saturated
specimen and the mass of  the dry specimen,  it  is  possible  to
derive the mass of water that fills the volume of the voids of
the  specimen.  Therefore,  with  the  density  of  water,  we  can
derive the volume of water which is, as previously stated, equal
to the volume of open voids. From the relationship between the
volume  of  the  voids  Vv  and  the  apparent  volume  Va,  the
porosity  of  the  sample  was  obtained:

(5)

4.  RESULTS  OF  THE  MECHANICAL  CHARACTE-
RIZATION

Following  the  test  procedures  described  in  the  previous
sections,  the  mechanical  and  physical  properties  of  the
individual  mixtures  were  evaluated.

4.1. Mechanical Characterization of the Mortar Specimens

Table  4  shows  the  average  values  of  density,  flexural
strength, compressive strength, capillary absorption coefficient,
open porosity of the mixtures under examination. For the CH-
CEM  mixtures,  (Figs.  5  and  6)  depict  the  variation  in  the
mechanical strength, density, porosity and water absorption as
a function of the percentage of AEA, from 0 to 0.1%.

In case of CH-CEM mixtures, it is possible to observe that
the compressive and flexural strength diminish, increasing the
percentage  of  AEA with  a  linear  gradient.  Both  the  types  of
mechanical  strength  show  a  decrease  in  the  gradient  in
correspondence  with  the  percentage  of  AEA  being  0.05%.

The compressive strength Rc shows a decrease from 2.82 to
about 0.57 MPa, for AEA ranging from 0 to 0.05%, so with a
reduction of about 80% and a gradient of 45%. Rc is about 0.33
MPa for AEA of 0.1% with a reduction of 42% with respect to
the  case  of  AEA equal  to  0.05% and  a  gradient  of  4.4% for
AEA  higher  than  0.05%.  The  flexural  strength  Rf  shows  a
decrease from 0.81 to about 0.4 MPa, for AEA ranging from 0
to 0.05%, so with a reduction of about 50% and a gradient of
8%. Rf is about 0.16 MPa for AEA of 0.1% with a reduction of
60%  with  respect  to  the  case  of  AEA  equal  to  0.05%  and  a
gradient of 5% for AEA higher than 0.05.

Table 4. Flexural strength, compressive strength, capillary water absorption coefficient, open porosity, density.

Mixture Rf Rc C p ρ
- (MPa) (MPa) (kg/(m2min.5)) % (g/l)

NHL 0.41 0.99 1.27 20.93 1361.98
CH-CEM 0.81 2.82 1.13 21.04 1351.56

CH-CEM-0.05-0 0.40 0.57 0.80 21.89 1221.35
CH-CEM-0.1-0 0.16 0.33 0.40 22.18 1085.94
CH-CEM-0.1-1 0.41 0.56 0.20 20.05 1171.88

Fig (5). Compressive strength (a) and flexural strength (b) of mixtures CH-CEM to varying the AEA content.

p = (Vv/Va) · 100 

  

             (a)                                                (b) 
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Fig (6). Density (a), porosity (b) and water absorption coefficient (c) of mixtures CH- CEM to varying the AEA content.

With  regard  to  the  density,  a  continuous  linear  decrease
was observed as the AEA increases. A similar behavior shows
the water  absorption,  which shows a  smooth variation in  the
gradient in correspondence with the percentage of AEA being
0.05%. Otherwise, as expected, the porosity increases with the
increase of the AEA; once again a variation in the gradient is
observed for AEA of 0.05%.

The  presence  of  R  in  mixture  CH-CEM-0.1-1  brings  the
value  of  Rc  and Rf  back to  the  values  of  the  mixture  without
resin and with 0.05% of AEA (comparing CH-CEM-0.1-1 and
CH-CEM-0.05-0).  The  mixture  CH-CEM-0.1-1  presents  the
lowest  value of  the capillary water  absorption coefficient,  of
open porosity and density.

These results can be compared with the research by Laoubi
et  al.  [19],  who  determined  the  compressive  and  flexural
strengths of a lightweight construction material  composed of

plaster  as a binder and dune sand and Expanded Polystyrene
Beads  (EPS)  as  aggregates.  According  to  the  proportion  and
sizes  of  particles  of  EPS,  the  authors  found  a  mean
compressive  and  flexural  strength  of  about  2.8  and  1.5  MPa
respectively,  in  correspondence  with  the  percentage  of  EPS
content of 50%. Moreover, the overall results show a trend of
the physical mechanical quantities in line with the framework
of  this  research.  Similar  results  are  also  reported  in  other
studies  [42,  43].

5. THERMO-PHYSICAL CHARACTERIZATION

5.1. Laboratory Setup

Different methods to measure the thermal conductivity of
materials exist. Their accuracy is essential to determine which
applications  are  suitable  for,  in  addition  to  more  practical
considerations such as the measurement length and ease of test

  

 

(a) (b) 

(c)
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set up. In this study, the thermal conductivity of the different
mixtures was determined through the measurements carried out
using  two  different  types  of  equipment:  the  heat  flow  meter
NETZSCH HFM 436 Lambda and the Thermal Conductivity
Meter  Sensor  TLS-100  produced  by  THERMTEST  instru-
ments.  The  two  types  of  equipment  were  placed  in  a
conditioned laboratory at a temperature of ±23 2◦C and relative
humidity of 50.5%, according to the test conditions required by
the standard EN 12664:2002.

5.1.1. NETZSCH HFM 436 Lambda

The equipment consists of two plates that are heated and
cooled  through  the  thermoelectric  effect.  The  temperature
difference  generates  a  heat  flux  between  the  top  and  bottom
plate  until  a  steady-state  condition  is  observed.  Thus,  the
thermal conductivity is calculated according to Fourier’s Law.
The  overall  accuracy  of  the  instrument  is  within  3%  that
remains  stable  for  several  days,  thus  providing  excellent
repeatability. The Heat Flow Meter HFM 436 Lambda is able
to hold specimens with a maximum size of 300 x 300 mm and
a maximum thickness of 10 cm, so the samples have to comply
with this constraint. Fig. (7) shows the operation scheme and a
picture of the HFM with one of the samples studied.

5.1.2. TLS-100

The Transient Line Source (TLS) meter follows the ASTM
Standard  D5334-14.  The  thermal  conductivity  (k)  is
determined using a needle probe that consists of a thin heating
wire  and  temperature  sensor  sealed  in  a  100  or  50  mm steel
tube.  Thus,  it  has  a  considerable  length  to  diameter  ratio  to
simulate a condition of an infinitely long specimen, according
to  the  transient  line  source  test  method.  The  probe  is
completely inserted into the sample to be tested. The power is
delivered to the sample using a constant current source (q). As
a  consequence,  the  temperature  rises  with  time.  This  set  up

results  in  minimal  damage to  the  sample  and allows thermal
conductivity  tests  over  a  range  of  0.1  to  5  W/mK.  The
reproducibility of the measurements is of 2% and the accuracy
of 5%, with temperature within the range of -40 to 100C◦. The
thermal  conductivity  is  obtained  from  an  analysis  of  the
approximately  linear  portion  of  the  quasi-steady-state
temperature-time response. In the calculation, the slope of the
plot of the temperature versus the logarithm of time is used.

The value of k is calculated according to equation 6:

(6)

Where T1  and T2  are the temperatures of the plates and t1

and t2 two different instant times.

Fig. (8) shows the picture of the TLS 100 heat flow meter.
It  is  important  to  highlight  that  such  equipment  allows
determining  the  thermal  conductivity  in  almost  10  min.
Therefore, a very large set of measurements can be executed in
a very short time.

The requirements for obtaining right measurements are:

The probe has to be placed at the center of the sample and
in a vertical position;

The  test  must  be  started  10  min  later  that  the  probe  is
inserted  into  the  sample,  in  such  a  way  to  reach  a  thermal
equilibrium condition;

• Absence of thermal gradient into the ambient room.

Thus,  in  accordance  with  this  last  recommendation,  the
samples were placed within a cardboard box.

Fig. (7). Operation scheme and picture of the NETZSCH HFM Lambda heat flow meter.
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Fig. (8). The TLS 100 heat flow meter.

5.2. Measurements and Results

As  previously  mentioned,  the  aggregate  utilized  in  the
mortar  is  constituted  by  a  volcanic  product  that  may  be
classified  as  a  thermal  insulating  material  .  The  thermal
conductivity of a sample of this material, constituted by grain
with  diameters  ranging  between 9.5  to  2  mm,  was  measured
through the TLS 100 equipment. The low value of the thermal
conductivity  of  the  VA,  that  is  0.056  W/mK,  confirmed  the
potential thermal insulation properties of such a material.

After being prepared, the samples were dried in an oven at
100C◦ until a constant mass was attained. Before and after each
drying  cycle,  the  samples  were  weighed  on  a  laboratory
balance. Thus, the difference between the wet and dry weight,
the initial water content and the density of each sample were
determined.  The  measurements  of  thermal  conductivity
accomplished by the HFM lambda were conducted by varying
the temperatures of the two plates in the heat flow meter while
keeping a constant gradient of temperature ∆T = 20C◦ between
them. The thermal conductivity was measured for two different
values of the cold plate temperature that were 10 and 15C◦. The
dimensions  of  the  specimens  were  300 x  300 x  50  mm.  The
thermal  conductivity  of  each  specimen  was  determined  by
executing three different sets of measures through the TLS 100
equipment.  The  mean  value  of  the  three  measurements  was
calculated.

5.2.1. Thermal Characterization of the Mortar Specimens

Preliminarily,  it  has  to  be  highlighted  that  among  the
prepared  specimens,  the  specimens  NHL  were  seriously
damaged due to their very low mechanical strength, so it was
not possible to execute the measurements with the HFM. The
tiles  CH-CEM-0.1-0  and  CH-CEM-0.1-1  also  experienced
other defects that did not allow to carry out the measurements
with the TLS 100. Table 5 reports the density, the two values
of thermal conductivity measured with the HFM at 10C◦  and
15C◦,  namely  HFM.1  and  HFM.2  respectively,  the  average
value of the thermal conductivity measured with the TLS 100
(TLS.av), and the mean value of thermal conductivity derived
by the average of the three sets of measurements (mean).

It  is  worth  noting  that  the  measurements  carried  out
through  the  two  equipment  did  not  show  substantial  diff-
erences.

Table 5. Thermal conductivity measured by the heat flow
meter.

Specimen Density
kg/m3

HFM.1
W/mK

HFM.2
W/mK

TLS.av
W/mK

Mean
W/mK

NHL 1361.98 - - 0.159 0.159
CH-CEM 1351.96 0.241 0.218 0.221 0.227

CH-CEM-0.05-0 1221.25 0.195 0.188 0.194 0.192
CH-CEM-0.1-0 1085.94 0.157 0.150 - 0.154
CH-CEM-0.1-1 1171.88 0.18 0.177 - 0.179

The  specimens  realized  with  NHL  achieved  a  thermal
conductivity of 0.159 W/mk; however, the mechanical strength
did  not  satisfy  the  requirements  of  standard  UNI  EN  998-1.
The group of  specimens  constituted  with  CH-CEM achieved
values of thermal conductance both higher and lower than 0.20
W/mK,  (which  is  the  threshold  value  of  standard  UNI  EN
998-1 for classifying a mortar as thermal mortar). In particular,
the specimens CH-CEM had a value of thermal conductance of
0.226, while specimens CH-CEM-0.05- 0 and CH-CEM-0.1-0
achieved  values  of  thermal  conductance  lower  than  0.20
W/mK,  with  average  values  of  0.192  and  0.174  W/mK
respectively.  These  results  reflect  the  effects  on  the  thermal
properties  of  the  addition  of  AEA  for  increasing  the  mortar
porosity.  Moreover,  further  addition  of  the  resin  R  did  not
improve the thermal insulating property of the mortar, as can
be observed from the results of specimens CH-CEM-0.

These results are in line with those reported by Laoubi et
al. [19], with

regard  to  the  thermal  conductivity  of  plaster  composite
containing  Expanded  Polystyrene  (EPS)  and  dune  sand  as
aggregates.  The  authors  found  the  values  of  thermal
conductivity ranging from 0.75 to 0.2 W/mK as the content of
EPS increased from 0 to 50% (Fig. 9).

6. DISCUSSION

The  results  reported  in  the  paper  are  part  of  a  wider
research activity carried out at the University of Catania about
the reuse of the pyroclastic products of the volcano Etna. In the
present paper, the physical, mechanical and thermal properties
of plastering mortars containing recycled volcanic aggregates
are illustrated. Although one of the objectives was to obtain a
very porous material, the maximum grain diameter used in the
design of the mixtures was 9.5 mm. Higher diameter fractions
were  not  considered  because  in  that  case,  the  aggregates  are
extremely brittle, causing a strong reduction of the mechanical
properties  of  the  composite.  Additives  were  used,  aiming  to
improve the insulating property without significantly affecting
the mechanical strength. The main results can be summarized
as follows.

Mixture  NHL,  realized  using  only  hydraulic  lime  as  a
binder, neither satisfies the requirements of lightened mortars
nor  of  the  insulating  mortar  because  the  value  of  the  water
absorption coefficient exceeds the limit established in standard
UNI EN 998-1.

 
 

(a) TLS 100 heat flow meter (b) Measure of conductivity 
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Fig. (9). Thermal conductivity and density of the mixtures.

The mixtures containing Calcium Hydroxide, commercial
Portland  cement  (CH-CEM)  and  an  Air  Entraining  Agent
(AEA)  present  a  density  lower  than  1300  kg/m3.  Then,
according  to  standard  UNI EN 998-1,  they  were  suitable  for
use as lightweight plastering mortars. The mixture containing
0.1% of AEA and 1% of breathable resin (R) also satisfies the
requirements for insulating mortars.

CONCLUSION

On  the  whole,  this  study  is  a  contribution  to  the
environmental  sustainability,  highlighting  the  possibility  to
produce  plastering  mortars  by  using  recycled  volcanic
aggregates.  In  this  way,  two  fundamental  outcomes  are
achieved: the reduction in the amount of waste disposal and the
application of the main pillar of the circular economy, which is
the idea of recycling waste. In this context, it is very important
to evaluate the Energy Embodied (EE) of the mortar containing
VA compared with the traditional ones. Indeed, EE of building
materials  is  meaningfully  influenced  by  the  kind  of  the
constituent used, manufacturing efficiency, transportation, the
durability  of  the  materials  and  construction  methods
implemented.  Future  developments  will  be  oriented  to  the
search of new mixtures to further increase both mechanical and
thermal properties, in order to recognize thermal bio/plasters as
new mixtures containing recycled volcanic ashes.
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