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Abstract

The use of mortars and plasters has been widespread in many cultures for thousands of years and these materials are found 
in the vast majority of built cultural heritage. They play a crucial role in the preservation of immovable heritage and must be 
taken into great consideration when conserving historical buildings. Plasters and mortars have been extensively studied from a 
chemical and mineralogical point of view. The main causes and mechanisms of damage and deterioration are understood and 
various methods and materials have been developed for their preservation. Treatment development, testing and evaluation in 
the laboratory, under controlled conditions, has produced a high level of knowledge. However, there is a divergence between 
the results of academic-scientific studies and practice in the field. Laboratory studies typically tackle only a few variables at 
the time and the results cannot always be directly applied to address the complex problems that restorers face in their daily 
work practice. In addition, in situ conservation-restoration is extremely challenging because many of large number of vari-
ables involved cannot be controlled or modified. Following a description of the ideal “value-based” conservation process, 
this compilation work discusses aspects related to understanding deterioration mechanisms and planning of preventive and 
remedial interventions in a way that may be useful to update conservators-restorers on the status of scientific research in this 
field, and to guide conservation-scientists to identify unresolved issues, which require future research efforts.

Keywords Mortar · Plaster · Conservation · Interventions · Salts removal · Consolidation · Restoration · Preventive 
conservation · Maintenance

Premise

This Topical Collection (TC) covers several topics in the field 
of study, in which ancient architecture, art history, archaeol-
ogy, and material analyses intersect. The chosen perspective 

is that of a multidisciplinary scenario, capable of combin-
ing, integrating, and solving the research issues raised by the 
study of mortars, plasters, and pigments (Gliozzo et al. 2021). 
The first group of contributions explains how mortars have 
been made and used through the ages (Arizzi and Cultrone 
2021, Ergenç et al. 2021, Lancaster 2021, Vitti 2021). An 
insight into their production, transport and on-site organiz-
sation is further provided by DeLaine (2021). Furthermore, 
several issues concerning the degradation and conservation 
of mortars and plasters are addressed from practical and tech-
nical standpoints (this paper, La Russa and Ruffolo 2021).
The second group of contributions is focused on pigments, 
starting from a philological essay on terminology (Becker 
2021). Three archaeological reviews on prehistoric (Domingo 
Sanz and Chieli 2021), Roman (Salvadori and Sbrolli 2021), 
and Medieval (Murat 2021) wall paintings clarify the archae-
ological framework. A series of archaeometric reviews illus-
trate the state of the art of the studies carried out on Fe-based 
red, yellow, and brown ochres (Mastrotheodoros et al. forth-
coming);, Cu-based greens and blues (Švarcová et al. 2021);, 
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As-based yellows and reds (Gliozzo and Burgio 2021);, 
lead-based whites, reds, yellows, and oranges (Gliozzo and 
Ionescu 2021);, Hg-based red and white (Gliozzo 2021); and 
organic pigments (Aceto 2021). An overview of the use of 
inks, pigments, and dyes in manuscripts (Burgio 2021) and 
on glass-based pigments (Cavallo and Riccardi forthcom-
ing) is also presented. Furthermore, two papers on cosmetic 
(Pérez Arantegui 2021) and medicinal pigments (Knapp et al. 
2021) provide insights into the variety and different uses of 
these materials

Introduction

The conservation of ancient material is one of the founding 
activities of a modern society because cultural heritage is 
the irreplaceable and precious testimony of our past (Mason 
and Avrami, 2002). The task of those involved in conserva-
tion is to identify and preserve the cultural significance of 
an object for present and future generations, recognizing an 
esthetic, historical, scientific, spiritual, or social value, of 
which works of art are the expression (Avrami et al. 2019). 
The Burra Charter describes the conservation process and 
its achievement through a methodological process that starts 
by identifying and describing the cultural significance and 
continues through an evaluation of the constraints and the 
opportunities provided by its preservation (The Burra Char-
ter, 2013).

The purpose of this work is to analyze the state of the art 
concerning the conservation of a specific class of material: 
mortars and plasters. Often the term mortar is used to refer 
to both plasters and mortars; however, mortars are used in 
masonry for joining stones, bricks, blocks etc. while plasters 
are used for rendering on the outside and inside of walls. By 
using the terms “mortars and plasters,” we are here refer-
ring to a generic artificial stone material, made of binder 
and aggregates, used in masonries as a bedding mortar or 
for protection (e.g., render and plaster) but including also 
decorative mortars (for specific definition see: UNI 1092, 
2001; EN 16572, 2015). Instead, this paper does not cover 

wall paintings, i.e., plasters with paint layers. However, sev-
eral of the research results and concepts discussed in this 
article can be applied to wall paintings and painted plas-
ters. Mortars and plasters have been used for thousands of 
years and are an integral part of the cultural heritage built in 
masonry (Hughes et al. 2012). They tell the story of artisan 
production, workforces, culture, and technology develop-
ment. Preserving this class of material does not only mean 
preserving their visual appearance, but also conserving the 
textural characteristics and the material components (binder 
and aggregates).

In this article, the term “conservation” is used to indicate 
measures and actions aimed at safeguarding tangible cultural 
heritage, and includes preventive, remedial, and restoration 
interventions. Remedial interventions are the actions directly 
applied to the object, typically to strengthen it, while preven-
tive interventions are those applied to modify the surround-
ing environment and to reduce the causes and mechanisms 
of deterioration. The word “restoration” indicates actions 
aimed at improve readability and transmission of the object’s 
message (ICOM-CC, 2021 website, terminology of conser-
vation; Viñas, 2002).

Immovable heritage is characterized by heterogeneity and 
vast surfaces. In mortars and plasters, the heterogeneity can 
be due to differences in the composition, in the technical exe-
cution and/or to different exposure to environment and other 
deterioration factors (including previous interventions). The 
problems and the behavior of mortars and plasters can vary 
from one point to the other and requires accurate assessment 
(Fig. 1). Immovable heritage is typically exposed to the cli-
mate and the environmental factors, such as temperature and 
humidity, which play a fundamental role in the deterioration 
causes and/or mechanisms. Mortars and plasters, as directly 
connected to supporting structures of one building, consti-
tute the interphase between the physical heritage and the 
climate in an open physical system. This system, composed 
of the building and its surrounding climate, can rarely be 
modified to prevent deterioration. Therefore, conservation 
of immovable heritage is challenging because of its size, its 
heterogeneity, the complexity of diagnostic investigations, 

Fig. 1  Casa Zuccarelli, Ticino 
(CH). Examples of a decorated 
facade. On the left the general 
view of the deteriorated plaster; 
on the right a detail of the 
graffito, representing a loggia 
of the same façade during the 
conservation works
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and to the intrinsic limits of preventive actions. Even if com-
pletely understood, the causes and mechanisms of deteriora-
tion can rarely be resolved and therefore it is fundamental 
to establish regular controls and maintenance operations to 
provide care over time. All of these issues, common to build 
heritage, justify the need of multidisciplinary teams (conser-
vators, engineers, chemists, biologists, geologists, architects, 
art-historians, etc.) to plan and implement an effective and 
long-last conservation program.

Description of the article’s structure and content

In “The conservation process,” this article discusses the 
conservation process, i.e., the decision-making mechanism 
focusing on specific aspects of the conservation of mortars 
and plasters. As so eloquently described by Sharon Cather 
when talking about conservation, the most effective way 
to act is to address (and remove/reduce) the causes and 
mechanisms of deterioration, in addition to strengthening 
the object. Consolidation, adhesion, and fixing alone will 
not last when deterioration is still ongoing. To achieve this, 
is fundamental to understand, hopefully mitigate and slow 
down the harmful deterioration processes (Cather 2003b).

The section “The interventions” of the article describes 
the state of the art of interventions starting with some exam-
ples of preventive and passivating measures (“Preventive 
conservation”) and then discussing direct interventions 
(“Direct interventions”). These are organized in subsec-
tions: interventions aimed at removing harmful materials 
(“Removal of harmful material”), i.e., soluble salts (“Soluble 
salts”) and biodeteriogens (“Actions against biodeteriora-
tion”) and interventions which add new materials (“The 
addition of new materials”), i.e.,consolidation (“Consoli-
dation treatments”), grouting (“Injection grout”). Finally, 
interventions that aim at replacing mortars and plasters 
when they are too damaged or missing (25). Each interven-
tion is defined (Definition of the intervention) and the most 
important critical aspects (critical issues) are discussed. The 
state of the art of the single operation is presented taking in 
consideration the most common materials and methods with 
some examples (Material and methods: case studies). Fur-
thermore, requirements and criteria for the intervention are 
highlighted (Requirements and criteria) together with meth-
ods for intervention evaluation (Evaluation of treatments).

The conservation process

In the twenty-first century, conservation must be seen as 
part of an on-going process (rather than a single operation) 
to manage immovable cultural heritage over time. In this 
modern approach, the aim is to preserve the significance 

of the object which need identification and agreement by 
all stakeholders involved in management and conservation.

This is the so called “value-based approach” (The Burra 
Charter, 2013), that guides the decisions making process by 
identifying urgencies and priorities. The direct intervention 
on the object is only one phase of this process and not the 
end-point (Fig. 2). The evaluation of the object provides 
information on its significance, how it is made, what are the 
problems and the climatic context. These are key data to 
guide choices for safeguard. In practice, when we focus on 
mortars and plasters, identifying the values and the charac-
teristics of the ancient material is as important as organizing 
these values attributing priority in the event of a conflict. 
An artistic and esthetic value can be easily associated if a 
plaster surface is decorated, but mortars and plasters embody 
also the material witnesses of a past environment, of a his-
tory of technology and use, i.e., a scientific value with high 
potential for research (as described in other chapters of the 
book). Above all, mortars and plasters have to fulfill funda-
mental functional roles through properties, such as poros-
ity, mechanical resistance, adhesion, elastic module, water, 
and vapor transmission. This functional aspect is often a 
key element in the decision process: keep and preserve or 
replace an existing mortar or plaster. The delicate balance to 
be pursued is between the conservation of the material as it 
is, without substantially altering its nature, and the possibil-
ity of guaranteeing adequate physical–mechanical properties 
compatible with the long-term survival of the object. There-
fore, the condition of each mortar and plaster element must 

Fig. 2  Summary scheme of the conservation process, modifying the 
one proposed by Piqué et al 2010
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be determined case by case to choose whether it is possible 
to keep it or it is necessary to replace it. The willingness to 
maintain a compromised material at the price of completely 
changing its nature (and therefore losing part of its signifi-
cance) makes little sense and often requires a large amount 
of resources.

If the replacement decision is taken, i.e., the functional 
and protection role of the plaster overtakes the scientific and 
historical one, it is important to ensure the maintenance of 
good size testimonial portions, ideally on site, perhaps in a 
protected area. If this is not possible, large fragments should 
be saved and archived for future references. If instead the 
decision is to keep the material, it is necessary to understand 
the information needed for its preliminary characterization 
(Ergenç et al. 2021). For these composite materials, it is nec-
essary to characterize the main components, such as binder 
and aggregate, additives and texture (information gathering, 
in Fig. 2). This needs sampling and petrographic analysis on 
small representative sound samples. This analysis requires 
minimal time and resources and allows to identify with good 
approximation also the presence of potentially problematic 
elements (clay, low binder content, secondary products, 
micro-cracks, etc.), providing information for the subse-
quent diagnostic phase (Hughes and Válek, 2003; Elsen, 
2006; Lugli et al. 2016; Hughes, 2017). Petrographic analy-
sis is non-destructive since the thin sections remain for other 
types of investigations such as micro-FT-IR, micro-Raman, 
and SEM–EDS. Similarly, chemical–mineralogical analyzes 
often performed on powdered mortars (i.e., XRD, FT-IR, 
XRF) are non-destructive and samples should be saved and 
archived for further study. Physical and mechanical proper-
ties are of great importance, but their standard measurement 
requires large sample size and this is not often feasible on 
cultural heritage (Valek and Veiga, 2005). Fortunately, pet-
rographic analysis permits a rough estimation of some of the 
mortar’s physical and mechanical properties, such as nature 
and distribution of porosity.

Following characterization of the material, the conserva-
tion process (assessment, in Fig. 2) tackles condition and 
environmental assessment. This moment is the fundamental 
prerequisite for understanding the causes and mechanisms of 
deterioration (Demas, 2002; La Russa and Ruffolo, 2021). 
It is important to distinguish damage from deterioration and 
to describe their distribution. There are European standards 
that specify the requirements for a condition survey stating 
how an immovable cultural heritage object should be regis-
tered, examined, documented and reported on (EN 16,096 
_ Conservation of cultural property – Condition survey of 
immovable cultural heritage 2012).

The planning phase (testing and development, in Fig. 2) 
follows the assessment and is the most challenging. In fact, 
in a very schematic way, Arnold’s hierarchy (Arnold, 1996) 
is organized on the basis of the effectiveness of action 

against harmful changes (i.e., deterioration). It is much more 
effective to act on the causes and mechanisms of deteriora-
tion than to deal only with the symptoms by strengthen-
ing the object, i.e., remedial intervention (Cather 2003b). 
However, it is often difficult to completely understand the 
mechanisms of deterioration through a diagnostic process 
because of complex phenomena and multiple causes. Their 
effects can be entangled in such a way that the data available 
to scientists are generally insufficient (Torraca, 1999). In 
addition, for immovable heritage, such as buildings and their 
mortars and plasters, both the removal of the causes of dete-
rioration and/or reduction of the deterioration mechanisms 
through environmental conditioning are rarely possible. For 
example, in Fig. 3, it is clear that the cause of water damp 
cannot be removed, because the building is located on the 
banks of the Po River and thus it suffers periodic flooding.

If the assessment phase has highlighted an imminent risk 
of loss of material, it will be necessary to intervene with a 
conservative stabilization treatment. Only after having sta-
bilized the cause of the deterioration and the object itself, 
it could be possible to restore it, to improve its readability 
(Implementation in Fig. 2). The idea here is to search for the 
right compromise choosing the lesser of two evils, aware of 
all the issues we were not able to clarify. Knowing the limits 
of the intervention is important as it highlights the dangerous 
unresolved deterioration processes and the most fragile areas 
to control and to maintain over time.

After setting the objectives of the intervention (what do 
we want to do?), it is possible to choose among the possible 
options available, defining a strategy (how do we want to 
act?) regarding the methods and the materials of the techni-
cal operations. For each intervention, based on the objectives 

Fig. 3  The “Rocca Possente” situated in Bondeno, province of Fer-
rara (IT). Due to its location on the banks of the Po river, this build-
ing suffers periodic flooding and problems related to liquid water and 
capillary rise

188   Page 4 of 20 Archaeol Anthropol Sci (2021) 13: 188



1 3

set for conservation, long-term performance criteria and 
working properties of the materials must be established.

While the interventions of the implementation phase 
will be discussed in “The interventions,” it is important to 
highlight the need for planning maintenance. In fact, main-
tenance is the on-going process of preventive actions spe-
cifically developed to slow down the deterioration rate and 
sustain an object in an appropriate condition (to retain its 
significance). Control and monitoring is essential to check 
the evolution of a place and to verify that the measures taken 
are correct (long-term management, in Fig. 2). We must be 
aware that the perfect project does not exist and that periodic 
reviews are therefore necessary (Demas, 2002). Finally, the 
management of the site has to be implemented consistently 
with the choices made (Mackay, 2019).

The continuously evolving results of the conservation 
process are an archive which contains the information 
deriving from preliminary studies, direct observations, treat-
ments, and on-going monitoring and maintenance. Evolving 
information technology offers new possibilities for record-
ing and managing information but, at the same time, they 
require specific resources and expertise such as graphic 
designers, video makers, and computer specialists (AA.VV. 
1999; Russo et al. 2020). The collected data should be made 
available for everyone. The Internet and Open data publica-
tion increases the possibility for sharing experiences, results 
and best practices.

The interventions

This part of the paper will review both direct and indirect 
interventions on mortars and plasters. As the name sug-
gests, direct interventions are actions on the material (such 
as cleaning, consolidation, reestablishment of adhesion) 
while indirect interventions are those aimed at improving 
the condition surrounding the object to remove or reduce 
the causes and/or the mechanisms of deterioration and are 
often associated with preventive conservation. These actions 
are usually not directed to mortars and plasters, but at the 
building as a whole.

Preventive conservation

Good site and conservation management includes indirect 
measures such as regular controls and maintenance opera-
tions, and basic action such as avoiding spreading de-icing 
salts in the surrounding of the building (Fig. 4). In the 
case of mortars and plasters, the most common processes 
of deterioration are connected with the presence of water, 
in solid, liquid, and gas physical state. Calcareous mor-
tars can be particularly susceptible to damage, especially 
if the water is acid (e.g., due to pollutants). Furthermore, 

important mechanical stresses can be induced through 
freeze-and-thaw cycles and expansion of clay-contain-
ing materials. In addition, water is an excellent transport 
medium for soluble salts and therefore it is the activating 
agent for basically all deterioration linked to the presence 
of salts, particularly in case of crystallization and disso-
lution cycles (Torraca 2009; Arnold and Zehnder, 1991; 
Matteini 1991). Moreover, the presence of water supports 
biodeterioration as it provides the necessary moisture for 
biocolonization (Caneva et al. 2009; Charola and Wend-
ler 2015). For these reasons, understanding the ways water 
reaches and moves within the porous structure of a given 
material (Fig. 5) is essential to clarify the deterioration 
mechanisms (Petković et al. 2007).

To act on the deterioration mechanism created by salts 
means to prevent the further entry of salts and/or humidity, 
identifying their respective sources and determining whether 
they are active (Lubelli et al. 2004; Blaeuer and Rousset, 
2014). If the source is still active, it is necessary to correctly 
address the cause, and only afterwards, it will be possible 
to decide whether to remove the salts already present. Con-
sequently, preventive measures are often aimed at reducing 
the introduction of water. Methods for rising damp removal 
are reviewed in Franzoni (2014).

When hygroscopic salts are present, preventive meas-
ures, such as environmental control, are fundamental. For 
example, in the case of the desert site of Mogao in China, 
preventive measures include closing the cave during periods 
of high external humidity to avoid the intrusion of humid 
air into the cave. This measure maintains stable relative 
humidity conditions (Agnew and Wong, 2014). In other 
cases, the best option may be to keep the relative humidity 
high to prevent crystallization of the hygroscopic salts, see 
for example the case of Crypt in Valletta, Malta (Tringham 
et al. 2013). Indirect actions aimed at environmental modi-
fication for immovable heritage are extremely challenging 
and require careful planning, implementation in steps and 
regular control.

Fig. 4  Example of snow accumulation around a building, as a  source 
of water and soluble salts. Splugen, CH
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Preventive actions are the most effective and economical 
and can virtuously involve employees and users, but for the 
same reasons, they can hardly be guaranteed in the long 
term. Among the preventive treatments, periodic mainte-
nance operations are also considered, such as roof control, 
water drainage, structural repairs, and downspouts. The dete-
rioration speed of mortars and plasters depends on the effi-
ciency of the systems that protect the building from water: 
roofs, sheaths, sloping ceilings, cornices, frames, drains, etc. 
(Camuffo, 2019). Building lack of maintenance is very often 
the main problem and causes severe deterioration mecha-
nisms (Caroselli et al. 2019). Therefore, careful and regular 
maintenance is the best method for conservation.

Direct interventions

The development of a direct intervention includes the defini-
tion of the objectives and of the most appropriate materials 
and methods to carry it out. Naturally, as discussed above, 
the planning begins with a good analysis of the problem 
that needs to be stabilized, but also, in the case of on-going 
deterioration, from the level of reduction of the causes and 
mechanisms of deterioration responsible for the problem. 
On the basis of these factors, the objectives and criteria for 
intervention are defined (Tringham and Rickerby, 2020; 
Cather 2006).

Before starting any direct intervention that involves 
“touching” the surface, it is necessary to evaluate the need 
for pre-consolidation to stabilize the surface sufficiently 
enough so that operations can be carried out without the 
risk of losing original material. Pre-consolidation involved 
preliminary repair of the damage created over time, e.g., dis-
aggregation or detachment. The materials that could be used 
for this purpose are discussed in the sub-chapter adhesion 
and consolidation, but they must be selected to be compat-
ible with the treatments that will follow.

Removal of harmful material

Removal of harmful material could be seen as a specific 
operation within the more general term “Cleaning” and it 
is aimed at removing unwanted non-original materials. The 
process of removing something from a work of art is irre-
versible by definition and therefore needs an extremely clear 
motivation. The idea behind this operation is to selectively 
eliminate the foreign materials causing and/or deriving 
from deterioration, without altering the original substrate 
but leaving uncontaminated what is part of the history of 
the artwork. This paper will focus only on the presence of 
soluble salts and biological colonization, because they are 
the two most dangerous and widespread categories of con-
taminants for mortars and plasters.

Soluble salts

Definition of the intervention Salt removal directly seeks 
to eliminate or reduce the amount of soluble salts present 
in a substrate. The options available for the removal of salts 
essentially fall into one of three categories: (i) mechanical 
removal of salts in crystalline form, e.g., brushing off efflo-
rescence; (ii) dissolution and extraction of ions in solution 
with poultices; and (ii) electrochemical method with anode 
and cathode. For the second and third category, the trans-
port mechanism of saline solutions plays a fundamental role 
(Zezza, 2010).

Critical issues The intrinsic difficulties related to the 
attempts at removing soluble salts in solution from porous 
materials are well known (Cather, 2003a), and it is there-
fore more correct to talk about reduction of salts rather than 
“salt-removal.” The success of salt reduction treatments 
depends on several factors, such as salt distribution, the 
transport processes involved, and the climatic context of 

Fig. 5  Processes responsible 
for water in porous building 
materials
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the object (Sawdy et al. 2008; Pel et al. 2010). These are all 
complex aspects and their understanding requires significant 
resources (time and money) as well as expertise. The evalu-
ation of the presence of salts before and after the reduction 
intervention involves invasive investigations (micro-core 
sampling) and is often not possible. As a consequence, salt 
reduction attempts are carried out without proper evaluation, 
“hoping for the best,” and the real effects may be evident 
only over time. Therefore, the effectiveness of these treat-
ments requires long-term monitoring (Sawdy et al. 2010).

Materials and methods: case studies Conservation treat-
ments aim at reducing salt content from the substrate 
(mechanically, physico-chemically or electrochemically) 
and, given the difficulties in planning, implementing, and 
maintaining preventive measures related to environmental 
control, the reduction methods are by far the most used. 
The mechanical removal of efflorescence (if applicable) is 
undoubtedly the simplest and most effective method, which 
only requires great care to avoid further surface damage.

The electrochemical method with anode and cathode is 
also very effective in theory in the extraction of soluble salts, 
despite being a complicated process that requires very spe-
cialized personnel. However, there is the risk, if the system 
stops for some reason, that it can produce much worse con-
sequences. Furthermore, the material acidifies around the 
anode and around the cathode it becomes alkaline, leading 
to extreme changes in pH due to water hydrolysis. These 
extreme pH values can lead to chemical alteration of the 
materials (Ottosen et al. 2007; Feijoo et al. 2018).

Extractive poultices are the most studied treatment in this 
context, because they have shown efficacy in reducing salts 
and are relatively easy to carry out. However, their success is 
variable because the new salt system created is unpredictable 
and the most critical problem is the further diffusion of salts 
as ions in solution into the non-contaminated portions of the 
masonry. To achieve a significant salt reduction, multiple 
application of extractive poultices may be required and will 
bring negative consequences related to the use of a lot of 
water, favoring the growth of microorganisms. Depending on 
the desired transport mechanism, the pore size distribution in 
the poultice must be correctly designed as a function of the 
pore size distribution of the plaster. For desalination based 
on the fast advection transport mechanism (drying poultice), 
the mean pore size of the poultice must be smaller than that 
of the substrate, and the poultice should dry quickly (Sawdy 
et al. 2008). On the other hand, for diffusion desalination 
(wet poultice), the salt concentration gradient determines 
the process, and therefore, it will work regardless of the pore 
size distribution. However, this method is very slow and 
typically it is applied only to small objects that can tolerate 
prolonged exposure to water. The mix design of the poultices 

therefore requires a careful choice of the components and 
their proportions (clayey, cellulosic and inert component).

In the study by Randazzo et al. (2020), the desalination 
tests were carried out on mock-ups of stratified plaster sys-
tems, soaked with  Na2SO4 solution. In detail, poultices with 
different proportions of clay/cellulose pulp/sand were com-
pared with the commercial product based on cellulose pulp 
and diatomaceous earth, which showed the best performance 
in terms of soluble salts extraction. The substantial differ-
ence seems to be the porosity distribution, characterized 
also by macropores mainly of large dimensions (20–30 µm), 
which guarantee extraordinary efficiency in the first phase, 
during the wetting/dissolution process. On the contrary, pre-
vious results have shown that the most efficient extraction 
occurs with poultices with pores smaller than that of the 
substrate. However, whether it will be the chosen poultice, 
the main problem lies in the uncontrolled distribution of 
residual salt and the potential reiteration of salt-related prob-
lems (Sawdy et al. 2010).

Sacrificial plasters applied on the surface work on similar 
principle, but over a long-time range with a passive desali-
nation effect. Their success is likewise variable (because 
changing of the salt system can worsen the situation), but, 
in addition to that, the new plaster will cover the original 
surface that can remain whitened once it will be removed 
(Dai and Zhong, 2019).

Requirements and criteria The most important requirement 
of this intervention is that the desalination effect is maxi-
mized, while keeping the induced change to the original 
surface and substrate to the minimum. Maximizing effec-
tiveness means removing as much salt as possible, even in 
the depth of the masonry. It is very important to evaluate the 
long-term effectiveness, verifying if the deterioration pro-
cesses will be interrupted or, at least, slowed down. There-
fore, extraction measures should be followed with periodic 
monitoring and controls. In fact, there is a high risk that the 
treatment can induce further deterioration or aggravate the 
existing situation. Another important requirement in the case 
of Cultural Heritage is also to follow the principle of mini-
mum intervention, to which some of treatments mentioned, 
although in some cases very effective, are in contrast, such 
as waterproofing by cutting the masonry and the application 
of sacrificial plasters (Franzoni, 2014).

Evaluation of treatments The evaluation of salt reduction 
treatments should verify the efficacy in eliminating salts. 
However, it would be important to determine the equilibrium 
RH of the new salt ion system remaining in the masonry. The 
MC and HMC (moisture content and hygroscopic moisture 
content) determination before and after treatment are very 
effective in the field of historical masonry investigations, 
as they can provide a reliable semi-quantitative distribution 
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of hygroscopic salts (Nasraoui et al. 2009). However, this 
system is very invasive and requires multiple samplings. A 
non-invasive method based on a microwave system to detect 
moisture has been proposed by Olmi et al. (2006).

It is important to state that most of the studies to evalu-
ate the effectiveness of extraction treatments are carried out 
either on stone monuments or on non-plastered brick walls 
(Vergès-Belmin and Siedel, 2005; Bourgès and Vergès-
Belmin 2008; Egartner et al. 2020). In this field, concerning 
mortars and plasters (especially if painted) invasive meth-
ods of evaluation cannot be used and more research efforts 
are needed to identify non-invasive salt evaluation methods 
(Ruiz-Agudo et al. 2011).

Actions against biodeterioration

Definition of the intervention The intervention aims at 
eliminating and slowing down biological growth. Different 
approaches have been adopted to isolate, identify, and quan-
tify the types of microorganisms, and several methodologies 
and products have been used for their suppression. Indeed, 
to define the strategy against biodeterioration of mortars and 
plasters and to reduce the chances of recolonization, it is 
necessary to understand the causes leading to the uncon-
trolled growth of organisms. Normally, outdoor monuments, 
exposed to water, are colonized. In order to control biologi-
cal colonization, indirect and direct methods can be applied 
(Pinna, 2017; Guillitte, 1995; Caneva et al. 2009). Indirect 
methods are related to control of environmental factors, such 
as acidity, humidity, temperature, and light, which directly 
affect the materials and contribute to the microorganism’s 
growth. Direct methods involve an intervention, typically 
with a biocide on the biodegraded surface.

Critical issues Indirect methods can be adopted in indoor 
interventions, while they are hardly applicable outdoors. In 
most cases, the use of direct methods is the only solution. It 
is essential to be aware of the advantages and disadvantages 
of the different methods (Lo Schiavo et al. 2020), and to fit 
the best one for the case study, taking also into account the 
risks of recolonization.

Materials and methods: case studies Direct methods can 
be classified as physical and chemical systems. Physical 
methods involve the use of light irradiation and/or thermal 
treatments, while chemical methods include the use of con-
ventional biocides as well as of innovative chemicals.

The use of monochromatic visible light (Bruno et al. 
2017) is a physical method aimed to prevent or reduce the 
growth of photosynthetic microflora by blocking the pho-
tosynthesis. Unfortunately, it is ineffective against other 
non-photosynthetic microorganisms, while UV-C light (λ 

254 nm) is able to inactivate most colonizing microorgan-
isms (Baquedano Estévez et al, 2019; Pfendler et al, 2017). 
Thermal treatments, such as heat irradiation, microwave, and 
heat shock treatment are effective against lichens and green 
algae (Riminesi et al. 2016; Bertuzzi et al, 2013), but bac-
teria and some black fungi are insensitive to such methods 
(Pinna, 2017).

Chemical methods are mainly related to the use of bio-
cides, which are generally a chemical able to inactivate 
biodeteriogen organisms that colonize a surface, while the 
term antifouling is referred to a surface deposited material 
or a coating, which is able to remove or prevent the growth 
of microorganisms on the surface where they are applied 
(Yebra et al 2004). There are two strategies against biodete-
riogens: the first one is the inactivation of the already exist-
ing biomass, while the second is preventing recolonization, 
which is the objective of maintenance. The inactivation of 
biomass is usually achieved with biocides. Conventional 
biocides are based on chemicals used in agriculture. They 
are the most used because they are effective against a broad 
spectrum of organisms, and have been widely tested on mor-
tars and plasters. After the suppression of microorganism 
and the removal of the biomass, a prevention plan against 
recolonization should be carried out (Delgado Rodrigues 
et al. 2011). This goal can be achieved by using antifouling 
coatings (Urzì et al. 2007), which can be made following 
two strategies: the first one involves the use of antimicrobial 
agents, while the second is based on the inhibition settlement 
of organism on the surface (La Russa et al, 2014).

Recently, natural-derived products have been tested as 
biocides (Bruno et al, 2019), such as capsaicin, extracel-
lular enzymes, and essential oils (Veneranda et al, 2018; 
Silva et al, 2017; Palla et al, 2020). However, their use is 
still in the testing phase and lacks standardized protocols 
and knowledge of long-term effects on the treated substrate 
(Fidanza et al. 2019).

Nanotechnologies have been applied to address many 
issues related to treatment of built heritage (Baglioni et al. 
2015), including those related to biodeterioration. Nanopar-
ticles such as  SiO2, ZnO,  TiO2, Mg(OH)2, Ca(OH)2,  ZrO2, 
 TiO2, and Ag have been widely tested for the treatment of 
mortars and plasters affected by biodeteriroation (Sierra-
Fernández et al. 2017; Ruffolo et al. 2019). Nanoparticles 
are able to produce surface nano-roughness, leading to a 
super-hydrophobic surface, which makes more difficult the 
adhesion and absorption of water, pollutants, and microor-
ganism (self-cleaning effect) (Manoudis et al. 2009). Some 
nanoparticles, such as  TiO2, have photocatalytic effects; 
thanks to this, they can keep the surface clean by promoting 
the oxidation of organic materials, including biological mat-
ter. However, nanomaterials have raised serious concerns in 
terms of human health and environmental risks; moreover, 
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the long-term efficiency of such material is still unclear 
(Reyes-Estebanez et al. 2018).

Ionic liquids are organic salts, which are liquid at room 
temperature; they represent an alternative organic media 
for chemical processes (Welton, 2008). They also have anti-
microbial activity (Pendleton et al. 2015), for this reason, 
recently they have been tested as biocide for the treatment 
of architectonic surfaces (Archismita et al. 2018). Table 1 
summarizes the advantages and disadvantages of the meth-
ods discussed.

Requirements and criteria The main aim of the cleaning of 
a bioderiorated surface is the “killing” and removal of the 
microorganisms responsible for the biodeterioration.

Treatments should have a low toxicity for the operators 
and for the environment. The treatments must not leave 
harmful residues on the surface. The effectiveness of the 
treatment should be as long as possible in order to assure 
also less maintenance. Lastly, a suitable treatment must not 
hinder the possibility to carry out other operations, such 
as consolidation and cleaning, this feature is identified as 
re-treatability.

Evaluation of treatments If applicable, indirect methods 
against biodeterioration generally assure minimum risks for 
the materials to be restored. Unfortunately, most of the time 
plasters and mortars are located outdoors, or indoor but in 
large uncontrolled environments.

How to choose the proper direct method to be applied, 
most of the time the use of a wide spectrum biocide assures 
good results and generally helps the preliminary disinfection 

and cleaning of the surfaces. The use of other methods is 
in evolution, testing is on-going, but currently not very dif-
fused. The lack of resources for monitoring over time is 
problematic as microbiological growth requires some time 
to represent. More research must be devoted to assess long-
term performance of direct and indirect interventions. For 
microorganism determination, significant costs are associ-
ated because in order to check the performance of the treat-
ments; besides visual inspections, different analyses with 
different complexity are necessary.

The addition of new materials When a new material is used, 
it is very important to document with a high level of detail 
what has been done, how much material was used and in 
which areas. This information will be of fundamental impor-
tance for those who will have to treat the same surface in the 
future. By implementing regular monitoring, the necessary 
knowledge on the long-term duration of treatments will be 
acquired. The ideal treatment does not exist in practice, and 
so tolerance limits derived from laboratory measurements 
and repeated observations over time can be introduced.

Performance requirements over the long term are referred 
to the solid state of the material after setting, when it has 
become part of the porous system. The working properties 
are the characteristics of the product during the intervention, 
to make it easy and feasible, and refer to the material in the 
liquid state before it takes effect (Cather, 2006).

The characterization of the original mortar, its historical 
context and their fundamental properties must be obtained in 
order to select or design the correct new material (Henriques 
et al. 2005).

Table 1  Summary of pros and cons of the main methods against biodeterioration

Purpose

Method Removal Preventing Advantages Disadvantages

Monochromatic visible light X X Easiness
Safe

Effective only against phototrophs
Possible production of residues used by 

other microorganisms

UV-C X X Easiness
Irreversible cellular and molecular 

damages

Cannot be used in the presence of 
people

Possible damages to painted surfaces

Microwave, heat treatment, shock heat 
treatment

X Portability
Safe for the cultural asset and for the 

humans

Possible production of residues used by 
other microorganisms

Possible water diffusion
To be used with other treatments

Natural-derived products X X Effectiveness
Suitable for indoor environments

Not suitable for outdoor
Lacking of standardized protocol

Conventional biocides X Effective against a broad spectrum of 
organisms

Medium-term efficacy

Innovative biocides nanomaterials—
ionic liquids

X X Tunable properties Lacking of standardized protocol
Concerns of human health and environ-

mental risks. Missing of long-term 
behavior
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Consolidation treatments

Definition of the intervention Consolidation is a corrective 
action to remedy the loss of cohesion of a building material. 
The problems of disintegration, powdering or lack of cohe-
sion manifest themself as the presence of loose material in 
the form of dust or very minute fragments due to a loss of 
adhesion between single particles or small groups of parti-
cles (see the voice “crumbling” in Ewa Glossary 2015). The 
intervention called consolidation must be distinguished from 
those aimed at re-adhering a layer of plaster (flake of mate-
rial) or a much bigger portion of plaster which are treated 
in the next section. The intervention of consolidation aims 
at linking and binding together small detached elements by 
filling the gaps between them. For this intervention, a con-
solidating liquid (a solution or a dispersion, organic or inor-
ganic) is introduced into the porous material that should pen-
etrate preferentially into the powdering part of the mortar. 
After the material has absorbed the liquid product, chemical 
and physical processes will take place, leading to the forma-
tion of a solid (new binder) through a setting mechanism. 
The final distribution of the consolidant and the efficiency 
of the intervention depend on several factors: the nature of 
the consolidant itself, the method of application, the sur-
rounding environmental conditions, and the properties of 
the powdering plaster/mortar.

Critical issues Consolidating treatments are irreversible, 
even if conducted with consolidants that maintain their 
solubility (i.e., organic synthetic polymers), because once 
applied to a porous system, capillary forces will never allow 
the consolidant in solution to be removed. It is therefore 
essential to select a material compatible with the original 
(for a definition of compatibility, see Apostolopoulou et al. 
2017) and stable to ensure a durable intervention. For mor-
tar and plaster, the best compatible materials are inorganic, 
and set through a reaction forming insoluble products. The 
distribution of the consolidant should match the degraded 
substrate and produce a homogeneously distributed porosity 
(ideally similar to that of the original system). Consolidation 
treatments can hardly achieve more than few centimeters 
in depth, but it is important to avoid a total closure of the 
pores in the surface as it would modify the movements for 
water, potentially amplifying the harmful effects caused by 
the presence of water and soluble salts (Matteini 2008). It 
has to be pointed out that the consolidation treatment, if 
conducted with organic polymers, can lead to a water repel-
lent feature, since many organic polymers used for treatment 
have a hydrophobic nature.

It has to be taken into account that if the cause of deterio-
ration is present and active, no consolidation treatment will 
be successful over time. Soluble salts represent a critical 
issue especially if we are dealing with consolidation. The 

presence of soluble salts can cause the failure of a consoli-
dation procedure in two ways: first through the interaction 
with the consolidant and/or the setting mechanism. This is 
a typical issue for inorganic consolidants. The second one 
is related to the well-known devastating effect of salt crys-
tallization: once the consolidation has taken place, solu-
ble salts trapped in the material have less space to expand 
when they crystallize and generate greater pressures into 
the pores (Snethlage and Wendler, 2000). The consolidation 
of a salt contaminated mortar or plaster remains a problem 
without any perfect solution, where the best option remains 
to develop a system compatible with the salts movement 
(“learn to live with it”). Further research on this aspect is 
desirable.

Materials and methods: case studies In cases where pre-
consolidation is necessary, the chosen product must be able 
to protect the unsafe parts, remaining on the surface only 
for the necessary time, and then be easily removed without 
hindering future treatments. Cyclododecane was the most 
widely used temporary consolidant due to its capacity to 
sublimate (Rowe and Rozeik, 2009). Unfortunately, not only 
is there evidence of its toxicity (Vernez et al. 2010) but also 
is no longer produced. An alternative has been proposed 
with menthol (Xiangna et al. 2016).

The classes of materials used for consolidation of mortars 
and plaster are hydroxides of alkaline earth metals (Ca, Ba) 
silicon compounds, and organic polymers (Torraca 2009).

In the past, consolidating products included mainly lime 
and gypsum, but also organic materials, such as vegeta-
ble oils, waxes, and natural resins (Satish, 2013). With the 
development of synthetic chemistry, barium water, silica-
based consolidation methods (such as ethyl silicate), syn-
thetic polymers have found applications (Siegesmund and 
Snethlage, 2011). Unfortunately, some of these substances 
did not meet the compatibility and performance require-
ments for the consolidation treatment.

In general, considering the nature of mortars and plaster, 
the use of inorganic materials as consolidants is preferred, 
since they are generally more stable, less susceptible to 
microbiological attacks than organic compounds (Matteini 
et al. 2011). During the last century, limewater was used for 
the consolidation of wall paintings (Denninger, 1958), and 
has also been tested as a consolidator for mortar (Slížková 
et al, 2015). The main drawback is the low solubility of 
calcium hydroxide and the consequent need to apply large 
amounts of water. Calcium hydroxide nanoparticles have 
been developed since the early 2000s to obtain a better effi-
ciency of lime-based consolidants (Dei and Salvadori, 2006). 
Silica-based consolidants are particularly compatible for the 
consolidation of earth mortars. Recently, ammonium phos-
phates were proposed for the consolidation of calcareous 
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substrates and mortars (Masi and Sassoni, 2020; Sassoni and 
Franzoni, 2020; Franzoni et al. 2015; Matteini et al. 2011).

A thin film of calcium oxalate can protect outdoor 
exposed structures composed of carbonate stone that are 
exposed to acidic environments, thanks to the very low 
solubility of this salt with respect to the calcium carbonate 
(Liu et al, 2006; Matteini et al. 1994). A standard treatment 
involves the use of ammonium oxalate. Calcium phosphate 
has been confirmed to be more effective than oxalate as a 
consolidant; thus, an effective consolidation and protection 
treatment of calcareous artefacts could be ammonium phos-
phate application followed by ammonium oxalate (Osticioli 
et al. 2017).

The most important physical–chemical characteristics 
and pros/cons of common consolidation products are given 
in Table 2. Those pros/cons have to be intended as general, 
in some specific situations a disadvantage can turn into an 
advantage and vice versa.

The method of applying the consolidant depends on its 
nature, on the capacity of the mortar to absorb it, and on the 
shape, position, and exposure of the element to be treated. 
The method of application also determines the depth of pen-
etration. With the spray mode, a surface film is formed, not 
homogeneous; care must be taken in case of non-cohesive 
material. The brush itself is a capillary system. Beware of 
the fact that the concentration and viscosity of the product 
will increase as it remains on the brush. The syringe allows 
you to apply large quantities of product that can be directed 
only where it is needed (Fig. 6). The concentration is stable 
and can also be used in the case of a loose substrate. The 
poulticing method with cellulose pulp guarantees deep pen-
etration (Michalski, 2008).

Requirements and criteria Since reversibility is a concept 
that cannot be applied to the consolidation of a porous 
system, focus is given to allow “re-treatability” and 

Table 2  Summary of Pros and Cons of the main consolidants

Product Pros Cons

Lime water
Ca(OH)2
Aqueous solution
Max concentration 0.16 wt%

Chemical compatibility of formed  CaCO3 with 
lime mortar

Very diluted solutions, it requires many appli-
cations, i.e., high amounts of water

High pH
Requires time for setting

Barium water
Ba(OH)2
Aqueous solution
Max concentration 5.6 wt%

Sufficient concentrated solutions
High stability of formed  BaCO3

BaCO3 slightly differs from  CaCO3 in terms of 
physical properties

High pH
Requires time for setting

Nanolime
Ca(OH)2
Dispersion of particles (size 50–300 nm) in 

alcohol
Max concentration 8 wt%

Sufficient concentrated dispersions
Chemical compatibility of formed  CaCO3 with 

lime mortar

Poor penetration
Formation of white hazes due to particle size 

and fast evaporation of dispersing liquid

Nanosilica
SiO2
Dispersion of particles (size 7–125 nm) in 

water
Max concentration 50 wt%

Good consolidation effect
Chemical compatibility of  SiO2
with silica-based plaster components

SiO2 differs from  CaCO3
Poor penetration and formation of surface 

deposits

Ethyl silicate, TEOS
Monomer or oligomer
Pure or diluted in organic solvent
Max concentration about 99 wt%

Good consolidation effect
Good penetration
Chemical compatibility of  SiO2
with silica-based plaster components

SiO2 differs from  CaCO3
Initial hydrophobicity and long setting time

Acrylic polymers
Solution in organic solvent, or water disper-

sion
Usually used at 1–5 wt%

Good consolidation effect
Fast setting time

Organic nature, i.e. incompatible with most 
plaster/mortars materials

Prone to deterioration

Ammonium phosphates
(NH4)2HPO4
Aqueous Solution
Usually used at 5 wt%

Sufficient concentrated solutions
Absence of toxicity
Very low solubility of the reaction products 

(calcium phosphate). Good penetration into 
the stone

Good consolidation effect

Calcium phosphate phases differs from  CaCO3

Ammonium oxalate
(NH4)2C2O4
Aqueous Solution
Usually used at 5–7 wt%

Sufficient concentrated solutions
Absence of toxicity
Very low solubility of the reaction products 

(calcium oxalate)

Poor penetration
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compatibility. The concepts of re-treatability and compati-
bility provide the framework for a strictly scientific approach 
to conservation and restoration problems.

Important properties are the ability to confer to disinte-
grated material good/better cohesion, also repairing micro-
cracks. Consolidation treatments with good chemical, min-
eralogical, and physical–mechanical compatibility with 
plasters and mortars are obtained by using products having 
low shrinkage, as well as having several characteristics such 
as expansion coefficient, hydric behavior, modulus of elas-
ticity, and mechanical resistance that have to be similar to 
the material to be treated. Furthermore, the ones with good 
chemical and physical stability should be preferred. The 
treatment must not activate deterioration phenomena and 
must not form surface film/crust. Finally, it must be resistant 
to biodeterioration.

The working properties are the ease of preparation, the 
good penetration capacity in the support (medium–low 
molecular weights, low viscosity, good wettability, and 
spontaneous diffusion). The penetration ability of the con-
solidant depends on the liquid viscosity, surface tension, and 
also on the particle size if we are dealing with a dispersion 
(Snethlage and Sterflinger, 2011). Other properties to be 
considered are a reasonable setting time, minimum water 
content and initial water release, low toxicity, and compat-
ibility with other treatments.

Evaluation of treatments The assessment of a consolidation 
treatment can be carried out by comparing selected proper-
ties measured on treated and not-treated mortar. Such param-
eters include surface cohesion, water absorption, porosity 
and pores size distribution, chromatic variation and appear-
ance, and microscopic and chemical features (to check the 

distribution of the consolidant into the material and the 
microstructural variation induced by the treatments).

Only a limited number of these parameters can be 
assessed in situ. Standardized measuring methods for test-
ing mortars properties exist and some have been modified 
for testing historical mortar (Borsoi et al. 2012; Drdácký 
and Slížková 2013). When methods are missing, adoption 
of tests for stone (Laurenzi Tabasso and Simon 2006) can be 
utilized. In situ tests include the Karsten tube or sponge tests 
to evaluate the water absorption, the DRMS (drilling resist-
ance measurement system), ultrasonic velocity and peeling 
test to indirectly evaluate cohesion. Colorimetric measure-
ments evaluate chromatic variations. Laboratory tests are 
more sensitive methods; however, the conditions are stand-
ard and do not correspond to the real situation. Laboratory 
tests are porosity measurement evaluated by microscopic 
observations or mercury intrusion porosimetry (MIP), water 
absorption test (EN 1015–18:2002), and durability tests such 
as freeze–thaw cycles, salt crystallization cycles, and wet-
dry cycles (Arizzi et al. 2012).

Injection grout

Definition of the intervention The aim of re-adhesion of 
delaminated plaster can be addressed in various manners. 
When stabilization is done by injection of a fluid mortar 
the intervention is called “grouting.” An injection mortar 
has bulking properties, and it can be inserted behind and/
or between plaster layers to fill voids and restore adhesion 
between the layers, once it has set (Griffin, 2004; Biçer-
Șimșir and Rainer, 2013). Indeed, plastered surfaces are 
highly complex porous multilayer systems applied on an 
immovable substrate that can often show delamination phe-
nomena, both between these layers and between them and 
the wall support. Since this intervention aims to stabilize 
the problems of lack of adhesion (detachment/delamination) 
between coherent layers that are about to fall, it is among 
the most urgent problems to be treated. Injection mortars 
are composed of one or more binders, aggregates, fillers, 
additives, and a dispersing fluid, which is typically water. 
Specially formulated pre-mixed hydraulic mortars are nor-
mally used (with low specific weight for vaults and floors).

Critical issues Injection grouting is an irreversible operation 
and grouted areas can be difficult to re-treat (Rickerby et al, 
2010); therefore, physical–chemical compatibility with the 
original materials is essential and the grout must be adapted 
to specific deterioration phenomena. Moreover, this inter-
vention is imprecise and very risky as it involves plasters 
in fragile conditions. Major challenges include difficulty in 
accurate assessment of the severity, the location and of the 

Fig. 6  Consolidation of a disaggragated mortar using Ethyl silicate 
applied by syringe
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extent of the problem, lack of accuracy, and control during 
the intervention/injection.

Another issue is related to the use of water, which is by 
far the most widely used suspension medium for grouting. 
Water is necessary for the chemical setting of a hydraulic 
binder, and to improve the fluidity of the injection grout. 
However, the use of water must be kept to a minimum to 
limit segregation, shrinkage, and the formation of micro-
cracks. Water is also dangerous for some sensitive mate-
rials (e.g., gypsum or clay or other components of stucco 
artworks) or in case of contamination by soluble salts, they 
can be reactivated (Caroselli et al. 2020). To reduce the need 
for water in the grouting mix, superplasticizers are usually 
added. These polymers increase injectability, slow hydra-
tion, and reduce water requirements (Flatt and Girardet, 
2000). However, their use can form new soluble salts (Pasian 
et al. 2017).

Materials and methods: case studies The materials used, the 
techniques for implementing the grouting, their properties 
and performance, and the methods for evaluating them were 
deeply examined (Biçer-Șimșir et al. 2009; Biçer-Șimșir and 
Rainer, 2013). Proper preparation of the substrate is essential 
before injecting the grout. The delaminating layers should be 
well cohesive and clean. The debris, which has accumulated 
in the voids behind the wall, must be thoroughly cleaned. 
For this purpose, they can be sucked out and water or water 
and alcohol can be used to wash the cavity. The pre-wetting 
with water also serves to reduce the absorption of water from 
the grout mix. This is important so that grout water con-
tent is maintained constant and setting can occur properly. 
The holes through which the grouting could escape must 
be sealed to prevent the dripping onto the surface (Biçer-
Șimșir and Rainer, 2013). The grout is injected into the void 
attempting to fill it from below upwards. It is important to be 
ready with supports to be left in place while the grout sets 
(particularly in the case of horizontal architectural surfaces, 
Fig. 7). Depending on the type of plaster, applying pressure 
to the grouted area can help realign a warped plaster and 
provides better contact during the setting of the grout result-
ing in a better adhesion.

In specific cases, an alternative can be the use of pivots; 
examples of this type can be found in the Saint John convent 
in Müstair (Switzerland) and in the Cathedral of Cremona 
(Italy). In the vast majority of cases, conservators favor 
commercial pre-mixed mortars, because they are easy to 
use, well tested, and provide a guaranteed intervention over 
time. However, in very particular cases, it is necessary to 
design specific mortar mixes. The procedure of “mix design” 
is treated in the next section. Few publications describe a 
methodology for the design and testing of grouts formu-
lated ad hoc on-site (Piqué et al. 2010). Mix design should 

start with the criteria of the intervention and a simple test 
program needs to be developed based on the desired prop-
erties for the grout. For this purpose, the GCI manual on 
testing grout is of great help as it also provides simplified 
testing procedures to be conducted on site (Biçer-Șimșir and 
Rainer, 2013). Pasian et al. provide an excellent recent case 
study illustrating the development of ad hoc formulations 
following an iterative process on a lime-based wall painting 
in India (Pasian et al. 2020). 

To address the problem of water, recent research focused 
on finding an alternative liquid to partially replace water. 
Grouts with reduced water content were designed with etha-
nol. The addition of egg white in small amounts was also 
tested following extensive theoretical and practical research 
carried out at the Courtauld Institute of Art (Tringham and 
Rickerby, 2020). Mineralogical and microstructural analy-
sis showed that the presence of both water reducing com-
ponents, ethanol and albumin, provided a higher degree of 
carbonation and of pozzolanic reaction. On the other hand, 
ovalbumin reduced the magnitude and speed of both car-
bonation and hydraulic reactions, while ethanol reduced the 
magnitude and speed of carbonation, but did not appear to 
interfere substantially with hydraulic reactions. Previous 
results also showed that water reducing mortars were char-
acterized by high porosity and water vapor permeability, as 
well as good cohesion (Pasian et al. 2018). 

In case of narrow delamination (≤ 2 mm wide), the grout 
injected must be able to flow within fine spaces reestablishing 
adhesion. Recently, experimental grouts composed of ammo-
nium oxalate with  CaCO3 aggregate were developed and tested 
showing that a cohesive micro-grout can be achieved through 
the reaction formation of calcium oxalate. Though limited, the 
calcium oxalate products formed during the reaction of ammo-
nium oxalate and calcium carbonate were sufficient to bind the 

Fig. 7  Supports of a detached plaster in a vault. Supports must be 
ready before starting grouting, but have a fundamental role after the 
intervention while the grout sets
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aggregates into a cohesive matrix and provide adhesion to the 
delaminating layers (Porter et al. 2020).

Commercial products have also evolved and specialized 
and nowadays it is possible to find very particular formula-
tions on the market, such as grouting for gypsum plasters 
or adhesive mortars to reattach mosaic tesserae or stucco 
fragments.

Requirements and criteria Biçer-Șimșir and coworkers have 
reviewed the publications regarding working properties and 
the long-term performance characteristics of injection grout 
(Biçer-Șimșir and Rainer, 2013). The most important work-
ing property for an injection mortar is undoubtedly the flu-
idity and therefore the ability to penetrate deeply into the 
gaps. This feature is directly related to the amount of water 
added to the mix which also affects shrinkage, porosity, and 
mechanical resistance in the hardened state. Regarding the 
performance characteristics, a wide range of properties must 
be considered: the injection mortar should be compatible 
with the original substrate and the surface materials. There-
fore, the mechanical resistance should be lower than the 
original plaster to avoid excessive mechanical stress, while 
the capillary absorption of water and vapor permeability 
must be similar to that of the original. Since the new mortar 
should recreate the continuity between detached layers, it 
should ensure adequate structural stability and good adhe-
sion to the substrate. Finally, the concentration of soluble 
salts in the mortar should be as low as possible.

Evaluation and choice of treatments Reliable analyses and 
testing procedures have been researched and laboratory and 
in situ tests have been proposed (Biçer-Șimșir 2013, Pasian 
et al. 2019). However, reference standards for testing of 
non-structural lime-based injection grouts are not currently 
available.

Recently, investigation techniques have been tested to 
provide an objective alternative to support the simple but 
subjective “knock test” practiced by conservator-restorers 
as a routine in situ. These are for example 3D optical scan-
ning, able to document spatial deformations. Another tech-
nique is video holography/laser speckle, where the acoustic 
vibrations of the surface are visualized and recorded. Among 
these, infrared thermography has been used to assess delami-
nation, positioning of the grout, and the setting process over 
time (Agnew and Wong 2014).

Substitution of materials: fills and repair

Definition of the intervention

The use of repair mortars is necessary when at least one of 
these situations occur: (i) there are portion of plaster lost; 

(ii) historic mortars and plasters are too deteriorated to be 
effectively and efficiently preserved; or (iii) the original 
material is not attributed of a sufficient value to be transmit-
ted to future generations and the decision of its substitution 
is taken. In these cases, a mortar mix is designed to replace 
the missing one. The new material must be modeled and 
then applied by adapting to the required shape and surface 
finishing. The successful design of a mortar for repairing 
an architectural element starts from a clear understanding 
of its function. The resulting desirable properties/ techni-
cal requirements are achieved by varying the nature of the 
mortar component and their proportions (Hughes, 2012).

Critical issues

The objective is not to design a mortar that can last for a 
long time, but to prepare a material compatible and able to 
protect the original one (as another mortar, or the plaster 
or the ancient masonry surrounding the loss). Particularly 
important is the compatibility between the existing substrate 
and the repair mortar once in the hardened state, in order 
to avoid that the new mortar remains intact while the sur-
rounding material is lost (Fig. 8). Difficulties are linked to 
the restriction in sampling and therefore determining the 
properties with physical–mechanical tests of the ancient 
mortars (Valek and Veiga, 2005). Repair mortars must resist 
the aggressive environments that have caused the deteriora-
tion of the original one. However, traditional materials used 
as binders, namely aerial lime, form relatively weak mortars 
with a slow hardening rate, and meeting current construction 
constraints proves to be difficult (Van Balen et al. 2005). In 
other words, it is important to reach the delicate balance 

Fig. 8  Example of a reintegration of a repointing mortar. In this case, 
the new mortar has remained intact while the surrounding softer 
stone has eroded due to atmospheric agents
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between a durable and a compatible intervention as well as 
the proper protection of the existing material.

Materials and methods: case studies

“Mix design” is intended as the choice of the components of 
a mortar (binder, aggregate, additives and water) and their 
proportions to meet the desired requirements (Teutonico 
et al. 1993). The variation of the composition allows to 
obtain different physical and mechanical properties of the 
mortar, in relation to a specific function. The type of binder 
and its proportion in the mix is very important in determin-
ing the fresh and hardened properties of a mortar. Differ-
ent types of binders determine different physical properties 
of mortars, for example, by increasing the hydraulicity, the 
strength properties of lime-based mortars increase, and the 
average pore size and total porosity decrease (Veiga, 2017). 
The aggregate usually occupies about two-thirds of the vol-
ume of the mortar, and therefore has an important effect on 
its performance, e.g., by varying the size and distribution 
of the aggregate, the shape, the mineralogical content, and 
the quantity, variations in the workability and properties of 
the hardened mortar are produced. The aggregate reduces 
shrinkage, has a high elastic modulus, contributes to the 
mechanical characteristics, promotes carbonation, and influ-
ences porosity. Various additives can also be introduced to 
alter or impart specific properties, for example, the addition 
of a blowing agent to improve frost resistance, but they also 
include setting accelerators or retarders, plasticizers, pig-
ments, and fibrous substances. The use of additives should 
not be done without a full understanding of the intentional 
and unintended effects on physical and mechanical proper-
ties (Hughes, 2012).

To improve performance, it is important that the new mor-
tar adheres well to the substrate; therefore, crumbly mate-
rial must be eliminated or consolidated. Finally, the mixing 
procedure (force, speed, and time) and the application have 
a major effect on the performance of the intervention.

Requirements and criteria

The fundamental requirement of a repair mortar is its com-
patibility and reversibility, while secondly, long-term dura-
bility, sustainability, and harmonization with the existing 
mortar are important, if the mortar is exposed. Reversibility 
in this case requires that the new mortar can perform the 
function for which it was designed, but it must be possible to 
remove it without damaging the surrounding original mate-
rial, when required.

Functional requirements depend on the mortar functions. 
For example, water protection and mechanical resistance are 
important for a bedding mortar because the aim is to guar-
antee the stability of the masonry and to protect the building 

from the external environment; surface resistance and water 
protection are important for a plaster, while porosity and 
low strengths are important for temporary macro-porous 
mortars and sacrificial plasters. Once the functional require-
ments have been established, the corresponding technical 
requirements can be determined. For example, protection 
against water means the preparation of a mortar with low 
capillary water absorption, low water absorption coefficient, 
and asymptotic value. While designing the new mortar, the 
type of aggregate (quantity, particle size and characteristics) 
has to be chosen and calibrated to obtain these low values 
(Henriques, 2005).

Evaluation of treatments

After having chosen compatible binder and aggregate to 
the ancient mortar, the task is to determine the proportions 
between them in order to obtain certain properties. To do 
so, it would be necessary to prepare several specimens with 
mixtures at different percentages, and testing a set of impor-
tant properties, establishing tolerance limits, and finally 
choosing the most suitable mixture for the specific case. 
There is currently no internationally validated test set for 
lime-based mortars for reintegration (Arizzi et al. 2012). 
The Rilem committee (Papaianni et al. 2019) stated that a 
revision or adaptation of the current standard test methods 
is advised, for a more realistic and effective evaluation of 
lime-based mortars. Furthermore, as it has been done for 
injection mortars (Biçer-Şimşir and Rainer, 2013), it is pro-
posed to adapt and develop simple test methods that can be 
done in situ by the restorers, facilitating the quality control 
of the repair work.

Important properties to be measured are porosity and 
pore size distribution, capillary water absorption, drying, 
water vapor permeability, hygroscopicity, resistance toward 
free-thaw and salt crystallization cycles, mechanical strength 
(compressive and tensile), modulus of elasticity, deform-
ability, early and long-term shrinkage, adhesion, and thermal 
expansion coefficient.

Concluding remarks

The conservation of mortars and plasters is a very complex 
issue which necessarily includes a wide range of problems 
that must be addressed. Despite being a specific class of 
materials, they are inextricably linked to the built heritage, 
and therefore, they must be considered within the general 
scheme of protection of historic buildings. It is not possible 
to design an intervention without starting from a thorough 
knowledge of the whole building system, trying above all 
to identify the causes and processes that have produced the 
deterioration and that are probably still active. In this sense, 
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the diagnostic phase and the contribution of materials sci-
ence is fundamental.

Most of the deterioration causes affecting mortars and 
plasters are linked to the presence of water (liquid or vapor), 
a source of soluble salts, and major microclimatic fluctua-
tions. Therefore, it is very important to first address these 
causes, trying to solve them or, if it is not possible, at least to 
mitigate them and manage them through maintenance proce-
dures. Preventive conservation has exactly this purpose and 
guarantees the maximum effectiveness of our action.

Once the causes have been removed or at least addressed, 
deteriorated mortars and plasters can be treated according 
to the specific problem. Scientific research should direct the 
maximum effort to face the most demanding problems on the 
subject of intervention on mortars and plasters. Soluble salts 
have been identified as a major issue affecting these materi-
als. The main problem lies in the evaluation of their pres-
ence, in particular during and after a reduction intervention. 
In cases of valuable plasters, this is not always possible, due 
to the invasiveness of the evaluation measures. Salt reduc-
tion attempts should be avoided without proper long-term 
evaluation of these treatments. Furthermore, the consolida-
tion of a disintegrated mortar or plaster, caused by the action 
of soluble salts, remains a problem with no adequate solu-
tion. The best option at the moment is the development of 
a system that can be compatible with the movement of the 
present salts.

Biocolonization can be harmful for mortars and plasters. 
Indirect removal methods can be adopted in indoor inter-
ventions, while they are difficult to apply outdoors, in most 
cases the use of direct methods is the only solution. It is 
essential to be aware of the risks of recolonization.

The main challenges in the case of detachment and 
delamination include difficulties in precisely assessing the 
severity, location, and extent of the problem, together with 
the lack of accuracy and control during the injection of the 
mortar grout. Another critical point is the reduction of water 
during grouting, as has been addressed in recent studies. A 
simple formulation prepared on site or a pre-mixed product 
with this characteristic would be an interesting step forward 
in the sector.

In extreme cases, when the conservation of the ancient 
material is not compatible with the protection of the build-
ing, because the function of the mortar is hindered, it is 
necessary to reintegrate the missing parts or replace those 
that are too damaged. In this case, the compatibility criterion 
must guide the design of the new mortar, favoring conserva-
tion over existing original materials. There are currently no 
internationally validated tests set for lime-based mortars and 
a review or adaptation of the current standard test methods 
for historic mortars seems desirable.

The importance of monitoring and the scheduling of 
the maintenance actions are the best practice to guarantee 

long-term conservation of mortars and plasters, and they 
represent the most effective and the cheapest measures to 
afford the inexorable change of our built heritage.
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