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Highlights

Formulation of a patented mortar with no soluble elements.

Compliance with the historical morphology of the buildings.

Observance of the principles of circular economy by reusing aggregates
of the building site.

Achievement of a low environmental impact thanks to the possibility of
formulating the mortar on site.

Obtaining a possible alternative to Portland cement with excellent dura-
bility.

Abstract

The present research study concerns the formulation of natural mortars
with hydraulic behaviour, used for the restoration of the walls of histor-
ical buildings. The research aim — based on a patented procedure — is to
provide an answer to the conservation of these buildings, often having
archaeological and artistic interest. In accordance with Life Cycle Assess-
ment principles, the production process of the mortar can also be carried
out at the restoration site, involving a low environmental impact. Thanks
to its characteristics, the natural mortar object of this research study can
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1. INTRODUCTION

Several studies on historical monuments were carried out
by the authors in order to analyse their building materials
and their conservation status [1]. In most cases, investi-
gations on mortars highlighted the presence of binders
consisting of lime and cocciopesto — or pozzolanic ma-
terials. The understanding of how some buildings have
been preserved in excellent condition for millennia,
while others have deteriorated due to disintegration phe-
nomena, has been an object of study by many research
groups. The present research starts from the same ques-

67

tion and the desire — and the duty — to apply natural mor-
tars in the restoration works.

One of the main research aims is to avoid the use of
Portland cement or other building materials that may
not be compatible with the existing ones and often in-
volve pathologies (e.g., the ettringite). In accordance
with the needs of a restoration site, the mortars to be
used should, in fact, be durable and should ensure aes-
thetic performances. Moreover, new mixes from the re-
use of recycled aggregates of the same restoration site
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Fig. 1. The Nelson’s Castle, which involves the reuse of recycled aggregates from the same
restoration site.

should be used to respect the principles of the so-called
circular economy. The circular economy, as opposed
to the “linear” one, is defined as an “economy capable
of self-creating” [2], because the waste (which should
be disposed of in the usual evolution of the work) is
“zero”, i.e. the waste material is totally reused increas-
ing, although ideologically, the value of the work [3].
In order to be “circular”, a process should be based on
the principle of sustainability [4] and on the use of ma-
terials having specific quality and maintenance require-
ments over time [5, 6].

According to the circular economy principles, the
waste can be considered as a resource [7]. This resource
can also be obtained from demolition materials of a res-
toration building site. In particular, the waste derived
from the selective demolition, as can be deduced from
the current legislation [8], is only reduced volumetrical-
ly and integrated with granules. Therefore, the chemi-
cal characterisation of the material is preserved [9]. This
procedure meets the principle of the circular economy
and defines a process of reuse that does not provide for
physical-chemical transformations, and so can be per-
formed at the same site.

By reusing building materials coming from the same
restoration site, the decrease of environmental impact
and the respect of the morphological nature of the build-
ing are both obtained [10].

2. THE MAIN COMPONENTS OF A
NATURAL MORTAR

In restoration sites, the natural binder for the formulation
of mortars is derived from the baking of calcium car-
bonate (CaCO,). The products that can be obtained from
the transformation of calcium carbonate are lime putty,
milk of lime or powdered lime [11].

According to previous studies carried out on build-
ings of monumental interest, the used mortar is often
composed of a lime-based binder [12]. A lime-based
product hardens by carbonation after laying, becoming
plaster through the evaporation of water. This compound
presents calcium carbonate which, after baking and pro-
cessing, becomes a soluble air binder. The original stone,
after being transformed into a lime putty, totally mod-
ifies its characteristics. In fact, the obtained air binder
becomes extremely soluble and is easily attachable in
contact with water [13]. There is also natural hydraulic
lime, obtainable from the baking of marlstone, having
clay or silica nature. This hydraulic binder, called NHL,
even without additions, allows formulating natural mor-
tars with hydraulic character [14].

In order to be also used in a humid environment, the
lime binder is often mixed with pozzolanic products
having a hydraulic character which included, from the

mineralogical point of view, sufficient silicon dioxide
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[15]. The most used product is the cocciopesto having
pozzolanic character, coming from grinding of cotfo tile
and obtained through the baking of blue clays. These el-
ements, according to the principles of the circular econ-
omy, could derive from recycling processes on the resto-
ration site [16, 17].

3. PORTLAND CEMENT

A material widely used in new constructions, after the
use of traditional binders, is Portland cement [18, 19].

The high class of resistance of Portland cement and
its very rigid elastic modulus prevent the use of this ma-
terial on historical buildings. These characteristics prove
the non-conformity of this material with the elasticity
typical of masonry in general. Another problem concern-
ing this material lies in its production method, which
provides for the addition of the additives because of the
blast furnace baking [20]. One of the main additives is
gypsum, which is used as receptor retardant. After laying
and drying, gypsum reacts with other soluble compo-
nents (e.g. tricalcium aluminates) in the compound and
degenerates into pathologies that cause the decay of ce-
ment. One of the degradation pathologies deriving from
the use of the additives (and especially from the presence
of gypsum) is the ettringite. This pathology is caused by
the combination of residual lime with sulphates and gyp-
sum [21, 22].

The formulation of Portland cement, although ini-
tially starts from the same mix of clay and lime, just for
the baking pushed up and above 1500 °C defines com-
plex compounds that degenerate into different pathol-
ogies, mainly by changing their durability. Due to its
incorrect composition, Portland cement has a short life
cycle, and therefore, its use should be avoided in the
historical buildings to be restored. Several studies give
the explanation for which it is no longer possible to use
Portland cement in historical buildings, reporting the
need to have a new formulation in place of Portland
cement, possibly also applicable in new buildings [23,
24]. It is therefore stressed that the control of the mix
should ensure, through its formulation, the absence of
soluble residual elements after laying, in order to avoid
pathologies.

e-ISSN 2421-4574

The natural hydraulic binder, obtained through the
application of this patented procedure, can be a valid
alternative to Portland cement defined by a sustainable

process with low environmental impact.

4. FORMULATION OF NATURAL MORTARS
WITH HYDRAULIC BEHAVIOUR
ACCORDING TO THE PATENTED
PROCEDURE

Until today, it was impossible to establish the optimal
quantities of clay/lime compounds, especially in relation
to the mineralogical nature of the compounds, variable
in the case of clay.

In the following paragraphs, the procedure for obtain-
ing such a natural hydraulic binder is reported.

4.1. THE EQUATION OF VICAT

The equation of Vicat defines the relationship between
lime and clay, which represents the hydraulicity index
obtainable. The ratio of the mineralogical percentages of
the single compounds is variable from 0.1 to 0.5, where
the value of 0.5 defines the maximum hydraulicity of the
compound (eminently hydraulic lime). The definition of
this value, even if it falls within a defined range, is not
enough to assure the absolute absence of residual free
lime in the formulations used, nor therefore soluble parts

in general.

4.2. AVOGADRO’S PRINCIPLE AND THE NEW
INTERPRETATION OF THE VICAT EQUATION

The proposed procedure provides that in the Vicat formu-
la, instead of an uncertain value belonging to a range of
values, an optimum clay/lime ratio result of 1 is imposed.
This assumption respects the principle of Avogadro, for
which in the same volume, apart from the mass, the same
number of atoms exists, combinable between elements of
different nature. In this study, these elements are repre-
sented by calcium oxide and silicon dioxide, that combine
to transform into calcium silicates, the only compound
that guarantees natural hydraulicity to mortars.

This study, while focusing on the raw materials used,
adopts a “new” Vicat equation that, although still valid
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in the clay-lime ratio, defines a variable in the imposed
result that must be exactly: clay/lime-ratio = 1.

The respect of the Vicat equation can be obtained by
knowing the mineralogical nature of the used materials,
always expressed in percentage ratio. According to this
principle, a new mortar formulation could be optimised

by varying the percentages of the compounds.

4.3. DENSITY

4.3.1. SEARCH FOR THE UNIQUE DENSITY FOR
EACH NATURAL HYDRAULIC BINDER

As reported above, to obtain the perfect clay/lime combi-
nation, their mass ratio must be equal to one. Density is
the principal parameter to be considered for the variation
of the ratio. As widely known, the density is determined
as the relationship between mass and volume. In partic-
ular, the compound density is given by the average value
of the densities obtainable from each element of the raw
material. So, each single density value has to be calcu-
lated.

The current technique to calculate the density in the
laboratory is highly inaccurate because of measurement
errors and the influence of relative humidity rate of each
material. The solution for obtaining a specific value lies
in the possibility of using the correlations between den-

sity, mass and volume.

4.3.2. DENSITY OF THE LIME

The density of the lime can be assumed as a single value.
In fact, considering a lime CL 90 deriving from a pure
rock with a concentration of Ca up to 98 %, the density
is detectable from the periodic table and can be assumed
as the first fixed value to be inserted in the denominator
of the “new” formula of Vicat. In addition, its apparent

density can be identified as unique.

4.3.3. AVERAGE DENSITY OF COCCIOPESTO

The above-optimised procedure for lime cannot be ap-
plied for clay, which is always composed by several vari-

able elements having different mineralogical character-
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istics (and, in the case of ground terracotta, also having
different grain assortment).

The qualitative variation, obtainable for each new
natural hydraulic binder, is therefore given by the char-
acterisation of the used clay, which is composed of
different elements expressed in percentages. The fun-
damental ones are the silica, the alumina and the iron,
always contained but measurable in different percentag-
es. These define specific densities for each clay, such to
guarantee, through their average sums, a unique density
and a unique apparent density.

The use of density as the main reference parameter
for the evaluation of the apparent density, before in the
lime and then in the clay, allows obtaining the values
necessary to define the final data for the mixing of the
new product.

The natural hydraulic binder is obtained from the per-

centages given by the calculated density ratio. So:

%%lime-density/%clay-density = average density of the

new hydraulic compound

Being the mass equal to density over volume, and de-
fining the volume equal to 1 m?, the mass can be defined
as density over 1. Then, the new hydraulic binder can be
obtained as follows:
density-clay =

%apparent  density-lime/%apparent

apparent density of the new hydraulic compound

It is perfectly balanced according to the principle of
Avogadro. The absence of residual free lime is guaran-
teed by the complete combination of the calcium oxide
and the elements in the cocciopesto.

In Matrix 1 (Fig. 2), are reported firstly the density
values of Ca and the components of the cocciopesto,
whose values can be taken from their datasheets. The
ratio between the density given by Ca in the hydrated
lime and the average density of the main elements of the
cocciopesto CatSi+Al+Fe (there is indeed a 5-6% lime
intake and other minor products negligible) provides the
percentage to be used to formulate the new natural hy-
draulic binder, obtained by baking with a temperature
that never exceeds 1000 °C.
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The obtained lime and the ground terracotta can be
preliminary even cold mixed. This method allows pro-
ducing, in a sustainable way, the new natural hydraulic
binder. The binder thus obtained and used in the formu-
lation of new mortars leads, by combining with water, to
the formation of calcium silicates.

By considering a volume equal to 1 m?, and by com-

e-ISSN 2421-4574

ionisation energy by baking with a temperature below
1000 °C.

In the case study that involves the densities reported
in Matrix 1, the percentages obtained to formulate the
new natural hydraulic binder are:

- hydrated lime powdered: 36.73%
- cocciopesto: 63.27%

NATURAL BINDER DEPENDING ON THE COCCIOPESTO TESTED  |DATA TO BE ENTERED cocciopesto
COCCIOPESTO |DENSITY mineralogical characteristics  [% C.PESTO |% DENSITY | DENSITY

metal Alcalino Ter.  Ca 1,54 842 842 914 014 | AVERAGE
non metal si 23| 61,81 6181 67,11 1% | cPesTo
other metal Al 27 16,38 16,38 17,79 048 2,65
trans. metal Fe 7,86 549 5,49 59 047

clay coefficient 14,43 92,1 921 2,65

loss of fre 0.85% 0,921

other negligible elem.  7,05%

PERCENTAGE VERIFICATION BETWEEN LIME AND COCCIOPEST AS AFUNCTION OF THE COCCIOPEST USED

DENSITY |Percentage needed fo saturate the combination of Calcium and Cocciopesto
CALCIUM ca | 1,54 fixed index % variable | 36,73%|
metal Alcalino Ter Ca
non metal S VOLUMERATIO
other metal Al 2,65 variable index % variable 63,27% kg/me
ransition metal Fe NEW DESIGN NATURAL HYDRAULIC BINDER MVA DATA [NEW BINDING MIX
MVA TOBEUSEL KG. NEWMVA  BINDER
419 [UMEUSED 530 | HYDRATED LIME 3673% | 19465 | 998,23  natuRAL
00419 |CPESTO USED 1270 | coccioresTo 63,27% | 80358 Kg/me.  HYDRAULIC

Fig. 2. Matrix 1, to be used for the formulation of the new hydraulic binder. The values reported for the densities of the components are exem-

plified.

paring the apparent densities of the elements, it is pos-
sible to establish — once calculated the density and the
apparent density of the clay — the apparent density of the
new compound.

Based on the procedure mentioned above, the use of
the Matrix 1, which is part of the patented procedure,
allows — by starting from the densities of the single el-
ements — to obtain a new hydraulic binder given by the
use of hydrated lime (always with 98% of CaO) and coc-
ciopesto perfectly balanced.

Although the density values of the elements are in-
variable, it is not possible to say the same of their per-
centage in the mix. Indeed, by varying the percentage of
the elements, the density of the clay also varies.

The ratio between the density given by Ca present in
the hydrated lime and the average density of the main
elements of the cocciopesto Ca+Si+Al+Fe provides
the percentage to be used to formulate the new natural
hydraulic binder. The binder is obtained with primary

The new apparent density of the natural hydraulic
binder thus obtained is 998.23 kg.

Since the calcium oxide in the used lime and the ele-
ments in the cocciopesto are completely combined, there

1s not residual free lime.

5. THE MIX COMPOSITION AFTER
OBTAINING THE NEW NATURAL
HYDRAULIC BINDER

The current patent defines a procedure for the formulation
of natural mortars with the use of a new natural hydraulic
binder obtained by baking with a temperature below 1000
°C and preventive cold mixing. The core of the process lies
in the possibility to create a “universal mortar”, as it can be
used independently from the context and it is free from the
pathologies induced by the use of Portland cement.

The definition of “universal mortar” refers to the pos-

sibility to use the mortar both at altitude zero above sea
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|mmm1mnmnmmmwis [BASEFORCHARACTERZATION OF MATURAL RAWMATERRLS I

IDENTATY materials used
1015.18:3004
VOLME MASS AP, wsn 1570 n
CHARACTERISATION (5) Cacoy Cal0)
AROY j
Fei03
Ca0
minor compounds
B
SeeeTho wadtace b
chromatic chanacteristics
type of sggmgate AZLO AZOLD | CPESTO CPESTOD TOMACHINA B. Y NORI GRANULATE
L 40 03 0500 1 0500 013 (] 0500 500400
PARTICLE SZE DISTRBUTION 10154 % pass. total |
Seve dameter 315 em 108
20mm 5 % pass. iotal
16mm 9 100
10mmm 519 3285 189 100
00 . nr Q12 i 1Pi] " 443
150 mm b} 7ig4 1295 428
125t 10 a7 4545 588
Simm 3 46 s 549
VERFICATION OF FREE LIME H%{N0 %P

Fig. 3. Matrix 3, containing the data collection of raw materials used for the realisation of natural mortars.

MIX finiture 1 project A A OCCIOPESTO  COCGIOPESTO ARBONATO B ARBONATO GRA A BINDER
GRADING CURVE MM ) 0500 0500 | ) 04 05038 0

input data VOLUNES 1 0 0 i 1 05 1 0 04 AGGREGATE | 204
a4 fwm | 1082 | 000 000 4 1082 34 1082 000 108 %vohmes | BT

Fig. 4. Matrix 4, containing the volumes of the compounds to be inserted for the designed natural mortar. The project data expressed in volume
and the percentages of aggregates and natural binder used are inserted.

WX finture WA COCCIOPESTO _ COCCIOPESTO u
0400 M3 1] 0500 530
WA sggregalettincers 1391, 000 )y A 032 w2 | | 6% micth 2%
MX finibure 4 COCCIOPESTO mva aggregate K]
mvaaggregate | mvabnders Ke. L= |
WX fnture 1 hardness  LLAVIC COCCIOPESTO | CARBONATOB. u
MX hardness kK| 000 0%
WXfdwe!  WATERABS.% LLAVICO COCCIOPESTO  CARBONATOB. u
Xvater absorpion 4 (WA 250 o 09
kg MaerilsE. LLAVICO COCCIOPESTO  COCCIOPESTO  CARBONATOB. u
YORKED 1 4]
§ kg kg Iy kg kg ddb Iy
KG TOT. 3 W [ o 00 037 03 (] K] w [ 3 06

Fig. 5. Matrix 5, containing “immediate” check of the natural mortar obtained from Matrix 4.
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level and over than 1000 m. Indeed, the mix does not
need physical-chemical differentiations depending on
the altitude above sea level. Moreover, additives to with-
stand frost or brackish water are not required by the mix-
ture. Furthermore, each mixture, respecting the morpho-
logical characteristic of the building, involves a primary
aggregate characterising the others.

Following, the steps necessary to obtain a formula-
tion type — extracted from the patented calculation pro-
gram — are reported.

In the Matrix 3 (Fig. 3) all the mineralogical charac-
teristics and the technical data of the used raw materials
are reported. In the Matrix 4 (Fig. 4) the data of the for-
mulated mix, expressed in volumes and percentage, are
reported. Matrix 5 (Fig. 5) shows the data generated by
the project mix in order to obtain immediate feedback
of the physical-chemical characteristics of the formula-
tion. In particular, apparent density, water absorption and

hardness are shown.
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6. OBTAINING THE CHROMIA OF THE
NATURAL MIX

The range of natural aggregates, unique for each project
mix, allows obtaining different natural colours, possible
without dye pigments. The tonality of the final plaster is
given by the sum of the chromatic qualities, unique for
each aggregate used.

In the mix used in the project, obtained with a cold
procedure, colours of primary subtractive (cyan, yellow
and magenta) were chosen. Their proper use (i.e.in the ap-
propriate quantities of volume), allows having wide chro-
matic ranges. From a close distance, it is possible to see
the colours of the aggregates used, and from an adequate
distance, it is possible to see the predominant colour (Fig.
6). The reuse of aggregates from the same building site
allows respecting the morphology of the places.

Below is reported an example of mortar obtained
through the illustrated procedure and applied to the
Church of Purity of Catania (Fig. 7).

PROCESSING IN PERCENTAGE 100% BASE WORKED ‘
WX COCOOPESTO CPEST  |5.SLICEA YELLOWMOR  [TWHTE GRANULOSA LLAVICO | LLAWCO
INPUT DATA 050 043 -3 0500 01 S00-800 05 03 4] 5 (2 YOLUMES
voumes | oo | 3,00 | 040 | 050 | 1,00 [ 1,00 /0,00 1,00 0,00 @ow| om 0 |RNCTOw
SAMPLE PERCENTAGE 0.00% 45455 1515 1506 15,152 15152 Q000 | 15152 0000 0000 [ 00N 0
DETECTED 250 5 OBTAINED |  zsaem
173 068 [0439| red 9545 | 341 | 1689 | 3818 | 3742 | 000 | 2030 | 0,00 054% | 173939 | 0682
128 050 [ 0325 | green 5091 | 265 | 1636 | 3848 | 3788 | 000 [ 2136 [ 0,00 1,38% | 129773 | 0509
93 036 |02% | ble 1409 | 223 | 1492 | 3864 | 3818 | 000 | 2364 | 0,00 055% | 93515 0,367
12 0,30 ToNATY 818 | 029 | 220 | 2045 | 1985 | 0,00 | 2227 | 0,00 72939 0,304
147 0,61 SATURATIN 8091 | 133 523 | 3636 | 1955 | 000 | 364 [ 000 147015 | 0613
146 0,61 BRGHINESS 5136 | 252 | 000 | 3821 | 3545 | 000 | 2061 | 0,00 146,152 | 0609

Fig. 6. Matrix 2, to be used to identify the volumes in the project and to detect the final colour.

2 N
Ik.‘;'f-‘.\q" 4
ARSI I

-
§ NN
.
Ch
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!

H3

Fig. 7. Church of Purity of Catania: close view of the mortar (on the left)
and perspective view (on the right).
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In this case study, in Matrix 4 (Fig. 4), the following
project data were applied:
-D=X=42.86% — base colour characterising aggregate
-A=14.24% — inert basalt lava structural aggregate
-G=14.24% — white crystalline carbonate structural ag-
gregate
-F=7.14% — yellow carbonate aggregate used for basic
chromatic variation X=D
-H=1.42% — aggregate used for surface’s chromatic
characterisation
Aggregate=79.90%
New binder L1=20.10%

7. THE PRODUCTION CHAIN OF NATURAL
MORTARS ON SITE

In compliance with the principles of the circular econ-
omy, the waste coming from the building to restore
becomes a resource [25]. This research study aims to
formulate natural mortars on-site, by respecting and
maintaining the initial characterisation of the materials,
even after the intervention.

Besides not being compatible with the final product,
premixed products require a chain of production and
processing characterised by high environmental impact,
because it involves physical-chemical transformations
and multiple kinds of transport. The production process

presented in this paper does not follow this chain.

v
2

m

T

Fig. 9. Restoration site where the mortar was used — “Palazzotto Bis-
cari’; Catania.
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Once the mineralogical nature of the individual raw
materials has been verified, mortar can be formulated
by mixing the cold sands, so without the use of ovens
for preventive drying. The mortar is obtained by mixing
the aggregates and the new binder in a cement mixer
with water in established volumetric doses. The inert
aggregates used for the composition of such mortars
shall be as pure as possible to minimise the ‘“uncon-
trolled” soluble parts, which could be the future cause
of deterioration pathologies for plaster, both chemical
and mechanical. The aggregates, in fact, can be inert or
hydraulically active, and in the second case, they can
contain substances that react post-work. Therefore, it

is essential also to verify that they are inert and using

Fig. 8. Restoration site where the mortar was used — “Palazzo Porto”
Catania.

Fig. 10. Restoration site where the mortar was used - “Real Collegio
Capizzi] Bronte (CT).
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them properly as mortar structure with different particle
size curves.

The volume ratio between aggregates and binders is
controllable and affects only the elastic module. This al-
lows a possible variation of stiffness that can be modu-
lated for specific purposes and requirements, conforming
to historical walls.

In the following, some examples in which the pre-

sented mortar was applied are reported (Figs. 8-12).

8. CONCLUSION

The current study is based on the process for the formu-
lation of natural mortars with the use of a new natural
hydraulic binder. The study is the result of applied re-
search, carried out also through construction laborato-
ries that sometime lasted more than 15 years. This has
allowed the authors a long observation of the behaviour
of the formulated natural mortars and progressive im-
provement of the procedures. The final product is free
from corrective additives and industrial substances.

The process, developed for the formulation of nat-
ural mortars also in situ, is covered by a twenty-year
patent that is increasingly used in restoration sites. The
patent, which started from the inherited knowledge, has
led to defining an innovative and sustainable solution.

The sustainability principles are respected thanks to
recycling of aggregates from inert and to formulating
the mixes on site. This allows to eliminate in the pro-
duction process of mortars the use of industrial products,
which are strongly impacting on the environment and do
not respect the intrinsic identity of a historical building,
that must be preserved. Due to its durability and the low
maintenance required, the new natural hydraulic binder
can be considered as an alternative to Portland cement,

even in modern buildings.

9. REFERENCES

[1] Cascone S, Longhitano G, Russo G, Tomasello N (2018) Sus-
tainable Recycling in Architectural Restoration: the Use of Nat-
ural Mortars. In: BRAU4 Proceedings

[2] Coste-Maniere I, Croizet K, Sette E, et al (2019) Circular econo-
my: A necessary (r)evolution. In: Muthu SS (ed) Circular Econ-
omy in Textiles and Apparel. Woodhead publishing, pp 123-148

e-ISSN 2421-4574

[3] Nakamura S, Kondo Y, Nakajima K, et al (2017) Quantifying
Recycling and Losses of Cr and Ni in Steel Throughout Multiple
Life Cycles Using MaTrace-Alloy. Environ Sci Technol. https://
doi.org/10.1021/acs.est.7b01683

[4] Goodland R (2017) The concept of environmental sustainability.
In: Sustainability

[5] Gardetti MA (2019) Introduction and the concept of circular
economy. In: Muthu SS (ed) Circular Economy in Textiles and
Apparel. Woodhead publishing, pp 1-10

[6] lacovidou E, Velis CA, Purnell P, et al (2017) Metrics for op-

timising the multi-dimensional value of resources recovered
from waste in a circular economy: A critical review. J Clean
Prod 166:910-938

[7]1 Zhijun F, Nailing Y (2007) Putting a circular economy into prac-
tice in China. Sustain Sci 2:95-101

[8] D.lgs. 13 Gennaio 2003 n. 36. art. 2

[9] D.lgs. 3 Agosto 2005. art. 5

[10] Lockrey S, Verghese K, Crossin E, Nguyen H (2018) Concrete

recycling life cycle flows and performance from construc-
tion and demolition waste in Hanoi. J Clean Prod. https://doi.
org/10.1016/j.jclepro.2017.12.271

[11] Elert K, Rodriguez-Navarro C, Pardo ES, et al (2002) Lime

mortars for the conservation of historic buildings. Stud Con-
serv. https://doi.org/10.1179/sic.2002.47.1.62

[12] Arizzi A, Viles H, Cultrone G (2012) Experimental testing of

the durability of lime-based mortars used for rendering historic
buildings. Constr Build Mater. https://doi.org/10.1016/j.con-
buildmat.2011.10.059

[13] Van Balen K, Van Gemert D (1994) Modelling lime mortar car-

bonation. Mater Struct. https://doi.org/10.1007/BF02473442
[14] LanasJ, Bernal JLP, Bello MA, Galindo JIA (2004) Mechanical
properties of natural hydraulic lime-based mortars. Cem Concr
Res. https://doi.org/10.1016/j.cemconres.2004.02.005

[15] Ghrici M, Kenai S, Said-Mansour M (2007) Mechanical prop-
erties and durability of mortar and concrete containing natural
pozzolana and limestone blended cements. Cem Concr Com-
pos. https://doi.org/10.1016/j.cemconcomp.2007.04.009
[16] Kisku N, Joshi H, Ansari M, et al (2017) A critical review and
assessment for usage of recycled aggregate as sustainable con-
struction material. Constr Build Mater 131

[17] Limbachiya M, Meddah MS, Ouchagour Y (2012) Use of recy-
cled concrete aggregate in fly-ash concrete. Constr Build Ma-
ter. https://doi.org/10.1016/j.conbuildmat.2011.07.023

[18] 5th Historic Mortars Conference (2019)

[19] Varas MJ, De Buergo MA, Fort R (2005) Natural cement as the

precursor of Portland cement: Methodology for its identification.
Cem Concr Res. https://doi.org/10.1016/j.cemconres.2004.10.045

[20] Aitcin PC (2016) Portland cement. In: Science and Technology

of Concrete Admixtures. Cambridge

[21] Bakharev T, Sanjayan JG, Cheng YB (2002) Sulfate attack

on alkali-activated slag concrete. Cem Concr Res. https://doi.
org/10.1016/S0008-8846(01)00659-7

[22] Glasser FP, Marchand J, Samson E (2008) Durability of con-

crete - Degradation phenomena involving detrimental chemical




Vol. 7, No. 1 (2021)

(23]

reactions. Cem Concr Res. https://doi.org/10.1016/j.cemcon-
res.2007.09.015

Silva BA, Ferreira Pinto AP, Gomes A (2015) Natural hydrau-
lic lime versus cement for blended lime mortars for restoration
works. Constr Build Mater. https://doi.org/10.1016/j.conbuild-
mat.2015.06.058

[24]

[25]

e-ISSN 2421-4574

Juenger MCG, Winnefeld F, Provis JL, Ideker JH (2011) Ad-
vances in alternative cementitious binders. Cem Concr Res
41(12): 12321243

Silva RV, de Brito J, Dhir RK (2017) Availability and process-
ing of recycled aggregates within the construction and demoli-
tion supply chain: A review. J Clean Prod 143:598-614






