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    Abstract     Materials on the built environment are exposed to several agents that 
promote alteration processes resulting in features that might be considered detri-
mental of its value. Here we review the main issues related to the struggle against 
these alteration processes, from the consideration of the intervention criteria, includ-
ing the non-intervention option, to strategic considerations on the organisation of 
the intervention that must consider the temporal and spatial features of the alteration 
processes, as well as possible interventions on the surroundings of the materials, 
e.g. atmosphere, terrain and structure, and in relation to treatments of materials, 
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including its replacement. It is highlighted the problem of testing using small clean 
specimens aggravated by comparative studies based on one specimen by case. 
Assessment of short-term an effects is discussed in relation to intrinsic aspects of 
the interventions. The long-term effectiveness is linked with the global strategy 
namely in relation to the conditions that promote the alteration processes. Some 
sustainability questions related to the intervention operations are also considered 
such the use of toxic substances and the consumption of resources.  

  Keywords     Stony materials   •   Alteration processes   •   Decay assessment   •   Intervention 
strategy   •   Dating   •   Materials treatment and replacement   •   Sustainability  

1.1         Introduction 

 Materials applied in the built environment are subjected to diverse agents that 
 promote alteration processes (Siegesmund and Snethlage  2011 ; Sanjurjo-Sánchez 
and Alves  2011 ,  2012 ). The resulting alteration features can be described in very 
general and summary terms in coatings/stains and erosive features (for detailed 
classifi cations see Fitzner and Heinrichs  2002 ; ICOMOS-ISCS  2008 ). There could 
be diverse types of coatings or stains relate to fi xation of exogenous matter, reac-
tions between pollutants and the substrate and the development of organism (bio-
logical colonisation). In the case of erosive features there is loss of material that 
have been attributed to several causes such as freeze-thaw, wetting-drying, chemical 
dissolution and specially the crystallisation of soluble salts that can have diverse 
sources and permeate the porous media, crystallising in the pore walls and provok-
ing the physical disruption (Goudie and Viles  1997 ). 

 These alteration features can be considered of the object aesthetics or hazardous 
to its physical integrity and that might be considered as requiring interventions 
aimed at eliminating or mitigating the alteration Reviews of the conceptual frame-
work and rationale for the intervention operations as well as the different terminol-
ogy applied to the general scheme of interventions (conservation, preservation, 
care, maintenance, repair, rehabilitation, restoration, prevention, etc.) can be found 
among others in Caple ( 2000 ), Wood ( 2003 ) and Muñoz-Viñas ( 2005 ). Conservation 
is used here in the widest possible sense (see Muñoz-Viñas  2005 ) to encompass all 
these operations aimed at avoiding the alteration of materials. 

 The present review will focus on strategic and tactical aspects of the interven-
tions in relation to the characteristics of the alteration processes. In a perspective of 
Environmental Chemistry for a Sustainable World it will be focused on the rele-
vance of the understanding of the problem (diagnosis) including the characterisa-
tion of the materials and alteration agents, the substances used in the interventions 
and sustainability aspects related to these interventions. This review will be mostly 
focused on alteration processes that affect stony materials and the interventions in 
these materials and its surroundings (including atmosphere, terrain and structures) 
with a view towards the conservation of the stony materials. Interventions for stabil-
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ity or usability of the structure or the treatment of other materials (metallic, plastics, 
glass, paper, wood, etc.) will not be considered here. However, some weathering 
processes of stony materials could favour the alteration of other materials as occur 
to iron reinforcement in concrete structures as consequence of carbonation of the 
cementitious paste and, in this sense, the questions considered here will could be 
also relevant for the conservation of other materials.  

1.2     Intervention Criteria (Including 
Non-Intervention Option) 

 The classical medical expression  Primum non nocere  can be used to initiate this 
section since the fi rst concern that one must keep in mind is whether the intervention 
will be benefi cial for the object. Besides the aesthetical reasons, there are factors 
that might imply that the intervention will be worst for the object than a non- 
intervention option, depending on the decay agent. One should consider whether the 
system to be treated is presently at either a steady state or a dynamic equilibrium 
and stabilized and or whether it is foreseen that decay will progress with time. In the 
fi rst case, any signifi cative intervention will affect the present state and equilibrium 
and this could go the wrong way. Sometimes the best policy is a non-intervention 
policy, referred as the “do nothing” option by Warke et al. ( 2003 ), where one lets the 
system keeps its equilibrium (a monitoring scheme and contingency plans could be 
included) or when the risk of possible interventions is considered higher than the 
possible benefi ts and that could be considered the real example of passive conserva-
tion since all the conservation strategies implies some sort of purposeful interaction 
with the object (e.g. when you change its surrounding environment). The do- nothing 
option is, however, not a popular choice; it is not easy to convince authorities that 
keep quiet is the best choice but the monitoring program is the way to keep an eye 
on things. One can argued that the now popular choice among archaeologist of 
reburial is conceptually similar to this one, being a case of letting things as they 
stand (or stood before excavation) as long as this could be considered a less damag-
ing option which will depend on the objects and the burying environment (Canti and 
Davis  1999 ; Wilson and Pollard  2002 ; Caple  2004 ; Crow  2008 ). Doehne and Price 
( 2010 ) refer in relation to the effects of intervention procedures “a degree of scepti-
cism would perhaps be justifi ed over ‘damage’ that is observable only through a 
scanning electron microscope”. The same could be applied to the effects of some 
alteration processes. 

 Besides, there is the question of what does constitute decay and how to assess 
decay, especially in terms of visual alterations without signifi cative erosive impact. 
Some authors might consider, for example, that a patina can show relation to the 
passage of time and the use of the object (Mostafavi and Leatherbarrow  1993 ; 
Kirkwood  2004 ; Caple  2000 ), that consider it the kind of change that increases value 
(Muñoz-Viñas  2005 ) and also that it can act as protective layer (Caple  2000 ). Studies 
on patinas and coatings show radical differences depending on the substrate and the 
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environment (e.g. concentration of pollutants): coatings can grow at very variable 
rates in variable time-intervals from centuries to thousands of years (Sanjurjo-
Sánchez et al.  2012 ) as a result of “natural ageing” or interaction with pollutants 
(Dorn  1998 ; Sanjurjo Sánchez et al.  2008 ,  2009 ). For example, Concha- Lozano 
et al. ( 2012b ) refer to the protective effect of biological colonization and propose 
that endolithic organic matter resulting from lichens can act as a barrier ageing con-
taminants (e.g. sulphation). Curiously, there has been some polemics on whether 
oxalate fi lms are product of alteration or represent a protective layer and presently 
there are protection treatments based on the promotion of the formation of oxalates 
(see below). Caple ( 2000 ) refers that cleaning decisions must balance the loss of 
information that could be contained in the substances to be removed by cleaning 
against the benefi ts (improvement of stability of the object and revealing more of the 
original visual form). The result of the interventions might be displeasing to some 
people (Brimblecombe and Grossi  2005 ; Muñoz-Viñas  2005 ). There are aesthetic 
issues that are more or less polemical including the assessment of the whole result 
in the surrounding context as could perhaps be discussed with the example shown in 
Fig.  1.1 . An interesting approach (one could say “citizen- oriented”) was undertaken 
by Brimblecombe and Grossi ( 2005 ) that researched the possibility of using ques-
tionnaires to defi ne potentials levels of blackening that could be considered as aes-
thetic thresholds for a surface to be considered dirty by the public. It could be 

  Fig. 1.1    Example of façade cleaning where the evaluation of the whole result might be a polemic 
subject       
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considered that all the alterations are part of the historical evidence and any direct 
intervention will be excluded (Muñoz-Viñas  2005 ). It is necessary to assess the cur-
rent risk situation and the risks related to the interventions, i.e., How would evolve 
things without (path 1) and with (path 2) intervention? Path 2 should diverge enough 
(and in the right direction) to justify the intervention.

   In the case when it is necessary to do some intervention it is necessary to ponder 
the possible side effects. One needs to assess the global impact on the object of the 
intervention (there could be also other impacts on the surrounding environment). 
This applies to all possible interventions even preventive ones. In Fig.  1.2  it is pos-
sible to observe a situation where the use of a metallic net to protect the statuary of 
a church has contribute to the development of brownish stains in the statues. This 
must be kept on mind to be alert to some proposals such as the application of brass 
strips on object sites exposed to run-off rainwater having in mind the control of 
microbial contamination that, as discussed in Warscheid, and Braams ( 2000 ) could 
lead to greenish stains. Of course sometimes is a question of choosing the lesser of 
two evils (however in the previous case one could be critical about which would be 

  Fig. 1.2    Stains in statuary that seem related to alteration of metallic structures       

 

1 Maintenance and Conservation of Materials in the Built Environment



6

the lesser evil). Further questions will be discussed in the presentation of details on 
the different procedures. A general principle could be the “minimum intervention” 
(Muñoz-Viñas  2005 ).

   One of the main problems for what has been proposed above is the diffi culty of 
making the risk assessment. As reviewed in Sanjurjo-Sánchez and Alves ( 2012 ) 
while there are some decay functions proposed for laboratory studies there is still 
much uncertainty in the specifi c prediction of decay rates for a given pollutants 
load. Of course one can establish that things are “dirty” (and defi ne aesthetics 
thresholds as is done by Brimblecombe and Grossi  2005 ). If it is visible that a given 
object is experienced erosive processes the problem for the moment of intervention 
is how worst it will get and how soon? While Smith ( 1996 ) discusses some possible 
generic models, the evolution of decay in time has also been little researched and it 
is in fact almost impossible to predict for a given object in real fi eld conditions its 
evolution. As referred above, risk assessment should also be done for the proposed 
intervention addressing questions such as what can go wrong? What could be the 
side effects? The assessment of these features should be included in the general 
strategic planning. 

 How can we assess the opportunity of one intervention if decay is diffi cult to 
assess? One of the most controversial questions is the assessment of alterations or 
decay. Different destructive and non-destructive methods have been proposed and 
tested on building materials to generally assess decay. A table with the most com-
mon methods is provided (Table  1.1 ). One problem of this part of the diagnostic 
work is to compare decay phases or states among materials and buildings. Also, it 
is not easy to compare the results obtained with different methods, above all if we 
compare physical and chemical analysis. If we assess the weathering state of some 
stone blocks in a building, this could result in different conclusions depending on 
the chosen method. As an example, the use of porosimetric techniques has provided 
different results than geochemical methods (Ng et al.  2001 ; Arel and Tugrul  2001 ; 
Gupta and Rao  2001 ).

   Other kind of preoccupations presented in the previous paragraphs had lead to 
the notion of “reversibility” of interventions in the sense that it could be possible to 
go back to pre-intervention stage. Perfect reversibility is hard or even unattainable 
(some interventions such as cleaning being intrinsically irreversibly) and other 
terms such as “Removability” and “Retreatability” have been proposed (Appelbaum 
 1987 ; Muñoz-Viñas  2005 ). Muñoz-Viñas ( 2005 ) links the diffi culties of reversing 
treatments to the notion of “minimum intervention”.  

1.3     General Strategy 

 Admitting that after the consideration of the issues presented above it is decided that 
there is need and advantage in intervening in a given objected it will be necessary to 
consider the action to implement. One will be begin by the discussion of the general 
strategy that will select the specifi c procedures to implement. The conservation 
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strategies chosen for building materials should consider the possible historical and 
scientifi c value of some of such materials. Taking decisions should consider that 
written documents on the history of construction, use, restorations and reconstruc-
tions of buildings have been missed or never existed. Thus, the study of the history 
of some buildings including partial reconstructions and building phases can only be 
performed towards certain analytical methods. The strategic considerations should 
attempt to assess the interdependencies of the procedures considering its direct and 
indirect consequences as is done e.g. in environmental impact assessments (Carter 
 1996 ) and in relation to the existing problem and its possible evolution after 

   Table 1.1    Most frequent diagnostic methods for assessing damage in building materials   

 Method  Information 
 Effect of test/
sampling  Use 

 Schmidt hammer  Mechanical strength 
of surface 

 In situ 
non-damaging 

 Quick strength decay 
tests 

 Water porosity  Total porosity, 
hydric properties 

 Little sampling 
damage 

 Physical decay, structural 
damage 

 Mercury porosity  Porous system  Little sampling 
damage 

 Physical decay, structural 
damage 

 Gas absorption porosity  Porous system  Little sampling 
damage 

 Physical decay, structural 
damage 

 Mechanical strength 
tests 

 Strength and 
structural decay 

 Damaging (tests 
on equivalent or 
substituted 
materials) 

 Strength decay, structural 
damage 

 Ultrasonic pulse 
Velocity 

 Porosity, 
mineralogy, strength 

 In situ 
non-damaging 

 Physical decay 

 Optical Microscopy  Structure, porosity, 
mineral composition 

 Little sampling 
damage 

 Decay (weathering 
minerals and porosity), 
salts, stains 

 Scanning Electron 
Microscopy 

 Structure, porosity, 
mineral 
composition, 
geochemistry 

 Little sampling 
damage 

 Decay (weathering 
minerals and porosity), 
salts, stains 

 X-ray Diffraction  Mineral 
composition 

 Little sampling 
damage 

 Decay (weathering 
minerals), salts, stains 

 Thermogravimetric – 
Differential Thermal 
Analysis 

 Mineral 
composition 

 Little sampling 
damage 

 Decay (weathering 
minerals), salts, stains 

 Fourier Transform 
Infrared Spectroscopy 

 Mineral 
composition 

 In situ 
non-damaging 

 Decay (weathering 
minerals), salts, stains 

 Raman Spectroscopy  Mineral 
composition 

 In situ 
non-damaging 

 Decay (weathering 
minerals), salts, stains 

 X-Ray Fluorescence  Geochemical 
composition 

 In situ 
non-damaging 

 Decay (geochemical 
composition), salts, stains 

 ICP-MS  Geochemical 
composition 

 Little sampling 
damage 

 Decay (geochemical 
composition), salts, stains 
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intervention (for an example see Moreno et al.  2006 ). A systematics of conservation 
strategies and tactics specially for concrete structures (but that can be generalised 
for other stony materials) can be found in Matthews and Bigaj-van Vliet ( 2013 ). 

 The selection of procedures to be performed could be described as an analysis in 
a multivariate space based on materials characteristics, pollutants, pollution sources, 
environmental conditions, fi nancial considerations, object characteristics (including 
cultural value). The impact of the fi nancial considerations and the object cultural 
value will be skimpily discussed in this review but it is easy to see that in some cases 
the object perceived value might imply that some options will not be fi nancially 
feasible while in the other end of this component some intervention options will be 
ruled out from the very beginning giving the associated risk and limiting conditions 
could be defi ned as usually in risk assessment considering the hazard situation (the 
probability of occurrence of the negative process) and the vulnerability related to 
the value of the object that will be affected by the hazard should it occur (for an eas-
ily accessible general reference on urban risks see Dickson et al.  2012 ). Risk assess-
ment could be ideally (but perhaps rarely in reality) be undertaken for the design of 
preventive measures in relation to new objects. 

 The materials characteristics might limit or even exclude the use of certain inter-
vention procedures as, for example, the water-based cleaning of water-soluble 
objects (e.g. gypsum alabaster) or the acid cleaning of calcium carbonate rocks and 
there are also other aspects in the defi nition of the intervention procedure that would 
be considered in the tactical options. 

 The kind of decay processes that affect the cultural objects will determine fi rstly, in 
a trivial way, the general kind of procedures, to wit coatings imply cleaning of sur-
faces, salt contamination imply salt extraction from the porous media, erosive 
processes imply consolidation, etc. The characteristics of the pollutants might affect 
the type of intervention, e.g., the solubility of the substances on a given coating to be 
cleaned might exclude some cleaning agents (further on will also be considered the 
question of the concentration of the cleaning agents). Perhaps less trivially the higro-
scopicity of a given soluble salt causing decay actions affect the suitability of inter-
ventions regarding the environmental control, to wit, the creation of conditions that 
prevent crystallisation as in a case presented in Arnold and Zehnder ( 1991 ) where it is 
recommended the keeping of high relative humidity atmosphere to avoid crystalliza-
tion cycles. The extension of the area affected can also have a signifi cant relevance in 
terms of fi nancial and time requirements (being that in the importance of the required 
time it is necessary to include the possible implications to other activities). 

 It is also necessary to consider the distribution of the alteration agents in the 
affected materials. If the alteration features are limited to the surface then it is only 
necessary to do a surface cleaning. However, in some cases surface features are 
evidence of a deeper contamination as in the case of salt effl orescences that marks 
salt contamination of the porous substrate. In this case it is necessary to implement 
processes that remove the pollutants from insider the substrate. The usefulness of a 
protective treatment in an already affected material must be questioned as is illus-
trated by the study of Polder et al. ( 2001 ) who concluded that under wet conditions, 
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hydrophobic treatment of concrete did not stop the corrosion by chlorides initiated 
before the treatment. 

 The characteristics of the pollution sources might be arguably seen as one of the 
major variables in the defi nition of the strategy of intervention, considering namely 
time and space components. In relation to time, the main question to assess is whether 
the observed decay is a “heritage” from the past (it corresponds to an inherited decay) 
or whether the sources of decay still exist in the present day and there is the hazard of 
recurrent occurrences. A fi rst, perhaps evident, implication is that in the former case 
the conservation strategy must ponder how to treat the effects of past events while in 
the latter case it needs also to consider procedures to eliminate or mitigate the present 
day and possible future menaces. For example, in a case presented by Alves and 
Sequeira Braga ( 2000 ) there were observations of new salt crystallization spots and 
paint erosion along time after raining events. Other regular examples (see below for 
details) include the use of barriers for acting infi ltrating or capillary rising sources of 
pollutants. Another example is illustrated in Fig.  1.3 , where it is possible to see the 
presence of alkaline solutions (as indicated by a simple pH paper test) that are associ-
ated with the formation of carbonate-rich coatings. The study of cross-sections of 
samples of these carbonate crusts (Alves  2010 ) showed several layers marking suc-
cessive episodes of solutions circulation and crystal formation in a kind of “urban 
travertine”. In this case (as seen in practice) the cleaning of the carbonate crust was a 
temporary measure since after a while (around a couple of years) new crusts were 
formed again In this case (as seen in practice) the cleaning of the carbonate crust was 
a temporary measure since after a while (a few years) new crusts were formed again. 
For this example it would be necessary to eliminate the circulation of the solutions 
that transport the pollutants. Biological colonisation is an example of an alteration 
process that always looms over materials when conditions are favourable and that 
might be recurrent as long as those conditions exist as is illustrated in Fig.  1.4 .

    As part of a responsible strategic approach it is advisable to use tested proce-
dures and to test the procedures to be used previously in similar conditions to those 
of the object to be treated. Ideally this will recur to the observation of previous 
interventions on similar materials or to do spot testing in the objects to be treated. 
One frequent source of preoccupation are possible colour changes but other issues 

  Fig. 1.3    Stair steps of  greyish  granite, as can be seen at the top of the stair, covered by carbonate 
rich-crusts ( a ) related to the circulation of alkaline waters ( b )       
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can arise namely in relation to water migration. An advice from the experience of 
the authors is the need for a careful, detailed and very well documented description 
of the situation pre-intervention since afterwards there is always the risk that some 
aspects of the treated work are ascribed to the interventions, being a relative  common 
case allegations of relation between cleaning and erosion, that might indeed occur. 
However, the information on the results of previous applications of treatments might 
be rarely available and the development of spot tests is generally incompatible with 
the time-frame of the interventions, with the exception of cleaning procedures 
where it is possible to see the immediate results, but the long term consequences 
might be a different tale, see below. 

 Another possibility is the realization of laboratory tests and there seems to be a 
signifi cative trend for the performing of tests on small clean specimens under accel-
erated aging conditions, which will be perhaps understandable given the already 
referred diffi culties and the research grant environment. Some research seems to 

  Fig. 1.4    Comparison of stones cleaned in the fi rst semester of 2010 showing the recurrence of 
biological colonisation ( greenish-greyish  stains)       
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follow a “production-line” approach where there are some changes in the formula 
of the products that are applied to clean specimens and then there are performed 
some tests on the materials properties. However, as is discussed in the section 
regarding the general strategy, it is necessary to consider the circumstances of the 
decay processes that might affect the application of the products and the conditions 
that affect the treatment afterwards and care must be taken in the comparison of 
laboratory and fi eld conditions (Torraca  1999 ). Another worrisome trend in diverse 
studies is the use of one specimen per treatment. This could lead to wide of the mark 
comparative results given the variability of stony materials (natural and manufac-
tured), specially in the case of destructive techniques (e.g. mechanical tests, mer-
cury intrusion porosimetry), as, for example, the curious result that the mechanical 
strength is higher after freeze-thaw cycles. An interesting approach in relation to 
stone materials is proposed in Cámara et al. ( 2011 ) consisting of testing in aban-
doned quarries. When treating objects composed of several components such as 
built structures it will be advisable to try to identify the different materials and the 
variations in those materials (e.g. petrographic variations in rocks) that might affect 
relevant properties of the materials (e.g. porous media, chemical reactivity). Another 
way is the testing of similar materials on structures of low historical value in the 
neighbourhood (Ludovico-Marques et al.  2012 ). 

 Additionally the effects of the interdependences between procedures should be 
discussed (for an example in relation to salt contamination see Moreno et al.  2006 ) 
as well as other issues such as the implications of the interventions on the other 
materials and on the users should. A complete strategic planning should include the 
methods for the assessment of the results and the follow up monitoring plan. This 
should include the evaluation of the changes in relation to the previous situation in 
terms of the problem and in relation to the properties of the materials. 

 In the following sections will be discussed details on the types of interventions 
that can be undertaken in relation to the alterations processes affecting the materials, 
considering initially interventions on the surroundings (atmosphere, terrain, struc-
ture) and afterwards treatments of the affected materials.  

1.4     Dating of Materials 

 Usually, architects and archaeologists have used different methods to approach the 
age of building phase: identifying building techniques, continuousness and gaps on 
architectural elements, demolition tracks, etc. Such methods are stratigraphic tech-
niques, chronotypology, mensiochronology or chemical characterization of some 
building materials. Stratigraphic techniques provide information on construction 
sequences considering the stratigraphy of façades (including horizontal and vertical 
stratigraphy), surface and subsurface elements (Bortolotto et al.  2005 ; Blanco Rotea 
et al.  2003 ). Performing building archaeological analysis requires an interdisciplin-
ary study. Geometric surveys and topographic approaches are necessary for pro-
cessing of stratigraphic data. The stratigraphic techniques combined with analysis 
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of materials, building techniques, observation of demolition tracks and even avail-
able (despite fragmentary) historical data can allow reconstructing the whole chron-
ological sequence of a building. Analysis of materials usually includes 
physicochemical characterisation of the building materials, typically bricks, mor-
tars and stones. Destructive techniques are avoided, although sometimes necessary. 
Therefore any modifi cation introduced in a building for conservation purposes 
should be pondered, including substitution of materials. 

 Among dating methods, some of them are not destructive. Chronotypology 
 consists in observing the different design features used in different historical peri-
ods, but requires local chronotypological catalogues or reference database (Boato 
and Pittaluga  2000 ). Mensiochronlogy is a kind of chronotypology applicable when 
the main dating features taken into account are the dimensional characters of the 
elements. The method is also based on databases and the precision of the data is 
strongly dependent on the geographical area and the quality of the database (Boato 
and Pittaluga  2000 ). 

 Most of the methods used in the chemical or physical characterization of build-
ing materials are destructive. Such study is usually performed by geochemical anal-
ysis of stones, bricks or mortars (Vendrell-Saz et al.  1996 ; Barba et al.  2009 ; 
Sanjurjo-Sánchez et al.  2010 ). It allows differentiating several historical phases in 
controversial cases as sometimes building materials were reused or some building 
parts are mimetic structures. 

 Absolute dating methods provide absolute ages for different geological and 
archaeological objects. They can also be a reliable and even defi nitive tool to get 
building chronologies. Different dating techniques have been tested and used for 
some building materials. However, some problems can been found with these meth-
ods: one of them is the reuse of materials in past restorations or reconstructions. 
When reused materials are dated, they usually provide the age of fi rst use (or manu-
facture), and thus overestimated ages for some building elements. Also, deliberated 
or accidental man-made modifi cations on some materials can distort the properties 
of the dated materials, resulting in underestimated or overestimated ages. Frequently 
such modifi cations are due to restoration interventions in buildings. 

 The main absolute dating techniques used for building materials are dendrochro-
nology for wood, radiocarbon for wood and lime mortars and luminescence dating 
for bricks and mortars. Dendrochronology is based on tree-ring dating of wood used 
as building material. The pattern of tree-rings provides the time at which rings were 
formed. It can be used to date timbers, commonly used as roofi ng materials. 
However, dendrochronological sequences provide ages of trees used as building 
materials, that is, ages probably older than the building moment. Moreover, the 
substitution or reuse of timbers commonly causes underestimation or overestima-
tion of ages for building structures. 

 Radiocarbon dating of wood or organic materials provides absolute ages of mor-
tars containing organic matter (e.g. charcoal, bones, vegetal fragments, organic 
matter). Radiocarbon has been successfully applied to date the CaCO 3  of the lime 
binder of lime mortars in some cases (Heinemeier et al.  1997 ), due to the slaking 
with water of the quicklime (calcium oxide, obtained after crushing and burning 
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limestone) and further reaction of atmospheric CO 2  as the mortar hardens 
(Heinemeier et al.  1997 ). Because of this, the 14C activity of the binder can be 
measured, the binder dated and converted to calendar years using normal calibra-
tion procedures. However, there are some well-known problems due to the mortar 
content in old limestone, either as lumps from incomplete conversion to calcium 
oxide (due to incomplete crushing and burning), leading to ages that are too old 
(Heinemeier et al.  1997 ,  2010 ; Nawrocka et al.  2005 ). In addition, the slow harden-
ing of mortars in historic buildings and different chemical processes related with 
decay (e.g.  dissolution, weathering) can cause changes on the lime  14 C content 
(younger carbon can be incorporated) due to dissolution and re-crystallization of 
CaCO 3 , yielding dates too young (Elert et al.  2002 ; Hale et al.  2003 ). Also, any 
change in the composition or the decay pattern with conservative purposes can 
induce modifi cations in the CaCO3 content, hindering the possibility of dating. In 
such case valuable historical- scientifi c data is missed. 

 Luminescence dating has extensively been applied to date ancient bricks. 
Thermoluminescence dating (TL) provides the age of the last heating of a brick, 
commonly due to the fi ring of the brick in the manufacture process (Aitken  1985 ). 
Brick dating is routinely used to date construction phases but it implies some fre-
quent problems such as reuse on later building phases (Bailiff  2008 ; Martini and 
Sibilia  2006 ; Blain  2010 ; Blain et al.  2010 ). The main condition for a brick to be 
reliable for dating is that it must remain in the place were it was fi rstly placed (TL 
dating is not possible on reused bricks). Optically Stimulated Luminescence (OSL) 
has been developed in the 1990s and it has been proven on bricks with success 
(Bailiff  2008 ). Even, altered bricks can be useful for dating but TL or OSL dating 
requires that the brick stay on the place. Removing of substitution of materials pre-
vent the use of these techniques. 

 OSL has also been tested to date lime mortars with promising results, using the 
mortar quartz of the aggregate sand, although careful must be taken. As mortars 
cannot be reused they are an ideal material to date historical building phases. The 
use of the quartz sand requires the exposure to daylight of quartz grains during the 
mortar manufacture (before the mortar settling), enough time (or enough light inten-
sity) to bleach the residual absorbed dose of ionizing radiation. This occurs during 
the extraction and transport of the sand, and the mortar manufacture. Also, the 
shielding of grains from daylight within the mortar is required. Such requirements 
have been shortly studied for dating purposes (Bøtter-Jensen et al.  2000 ; Zacharias 
et al.  2002 ; Goedicke  2003 ,  2011 ; Jain et al.  2002 ; Sanjurjo-Sánchez et al.  2013 ; 
Stella et al.  2013 ). An advantage of the OSL for dating mortars is that it can be used 
on any mortar containing quartz, including gypsum plasters or mud mortars 
(Feathers et al.  2008 ). 

 The substitution of mortars on some parts and façades of historical buildings is 
common in ancient and historical buildings, as well as the addition of mortars on 
eroded joints. Such praxis hinders the use of the mortars for dating (for any dating 
method) although sometimes remains of the original can remain inside the walls 
of interest.  
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1.5     Interventions in the Surroundings 

 In this section will be considered interventions that are done in the atmosphere, ter-
rain or structure surrounding the material, either to alter the conditions of the altera-
tion agents or to avoid further supply of moisture or other pollutants. The 
interventions on the surrounding environment or terrains or the addition of  structures 
such as shelters has the advantage of not implying an intervention on the affected 
material and hence should be easier to modify or adapt according to the observed 
results. 

 One could begin by considering interventions aiming to modify the environment. 
This is usually done to avoid or at least mitigate the action of the alteration agents. 
A classic example is the study presented in Arnold and Zehnder ( 1991 ) where the 
study of the environmental conditions that controlled the cycles of crystallization- 
dissolution of soluble salts responsible for paintings erosion lead to recommenda-
tions regarding the temperature and relative humidity of the local. There has been 
some research attention to the behaviour of soluble salt mixtures in relation to envi-
ronmental parameters in order to defi ne the climatic conditions that promote the 
deteriorating effects of the soluble salts (Price  2000 ) that has even lead to the pro-
posal of a software for prediction the behaviour of salt mixtures (RUNSALT (c) – 
  http://science.sdf-eu.org/runsalt/).In     that respect an example of comparison of 
actual observations of salt behaviour with model predictions can be found in 
Zehnder and Schoch ( 2009 ). Klenz Larsen ( 2006 ) defended the adoption of climatic 
measures based on the results of the RUNSALT software. Another approach relate 
to the surrounding environment will be illustrated by the proposals of Brimblecombe 
and Grossi ( 2005 ) for the limitation of the carbon emissions depending on the 
blackening thresholds of building surfaces. 

 In the case of objects affected by salt contamination, besides avoiding cycles of 
salt crystallization, and given that higher drying rates will promote salt crystalliza-
tion inside the porous material and hence erosive decay (Hammecker  1995 ), inter-
ventions pursuing climatic control could be used to reduce drying conditions 
(Albero et al.  2004 ), protecting from the sun or the wind or promoting high moisture 
conditions. Laboratory experiments by Selwitz and Doehne ( 2002 ) showed that 
draft-free, high humidity environment promoted that most of the salt emerged as 
effl orescences without apparent damage to the substrate. Climate control measures 
could include the control of the opening of doors to mitigate drying (Albero et al. 
 2004 ). If the degrading processes are attributed to wet-drying cycles or to thermal 
cycles due to sun exposition then a shelter that protects the object from the rain, 
wind or sun can be considered (Agnew et al.  1996 ;    Doehne et al.  2005 ; Hussein and 
El-Shishiny  2009 ). In the case of burying the cultural object, care must be taken in 
relation to material used and the environment that is created (Canti and Davis  1999 ; 
Wilson and Pollard  2002 ; Caple  2004 ; Crow  2008 ). Climatic control can also be 
used to avoid conditions that favour biological colonization (Warscheid  2000 ). 

 Of course the main question besides the climatic conditions to be pursued is how 
to obtain those conditions. The choice could be just to turn off the heating system in 
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order to keep a moist and cold atmosphere (as in Arnold and Zehnder  1991 ) or to 
promote actively favourable environmental conditions through the addition of shel-
ters (Doehne and Price  2010 ). This might include the use of forestation such as in 
the example referred by Doehne and Price ( 2010 ) where a plantation of trees was 
suggested in 1996 by Thorn and Piper to protect salt-laden structures. A similar 
situation can be seen in the study by André et al. ( 2012 ) it was concluded that the 
woodland areas promote a less aggressive climatic environment (in that sense 
 forestation can be seen as a less intrusive conservation measure). 

 Climatic measures will have some effect if the alteration process is affected by 
the climate modifi cation. However, if the alteration processes is, e.g., related to suc-
cessive infi ltration cases of a salt with equilibrium relative humidity as related by 
Alves and Sequeira Braga ( 2000 ), environmental control could be ineffective 
(unless the option is a very high humidity environment near 100 %). In these cases 
it will necessary to fi ght the pollutants sources. 

 Interventions in the surrounding could also attempt to separate the alteration 
agent from the affected material. In the example presented in Fig.  1.5  it has been 
proposed (Alves  2009 ) that the profound erosive marks observed in the carbonate 
stones resulted from the circulation of the water (based in the fi eld observations 
comparing zone with different exposition to circulating waters) and a possible inter-
vention will be to alter the water fl ow in order to avoid contact with the stones. In 
the case of alteration procedures promote by moisture, such as biological coloniza-
tion or the effects of salt laden solutions one path will to avoid moisture increase, 
using drainage systems or correcting architectural details that allow the infi ltrating 
solutions. Warscheid and Braams ( 2000 ) propose that the control of biodeterioration 
processes should start with the adoption of measures that will prevent favourable 
conditions which might be achieved by the reduction of moisture, e.g., by optimiz-
ing drainage systems or correcting architectural details. A relevant example 

  Fig. 1.5    Erosive marks on carbonate stones on a fountain related to the circulation of water ( a ,  b )       
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 presented by Caple ( 2000 ) refers to waterproofi ng works to stop water infi ltration in 
the vault of the Sistine chapel that had lead to the development of salt effl ores-
cences, cracking and delamination of plaster. A procedure against capillary rising 
pollution is the use of damp-proof courses (DPC) a several physical and chemical 
procedures are available (Young  2008 ) including the injection of water-proofi ng 
substances (chemical DPCs). In a long term test with walls built for that effect 
 comparing silanes, silicones, silicates and plates in galvanized steel, Alfano et al. 
( 2006 ) concluded that silanes presented the best result. However, the effi ciency of 
application in existing building is troublesome (see survey by Lopez-Arce et al. 
 2008 ). Ahmad and Rahman ( 2010 ) present examples where a silicone-based chemi-
cal is injected in situ either by using gravity fl ow or pumps to form a barrier against 
dampness from moving upward in the masonry walls. Mortars properties can have 
an important infl uence on rising damp (Rirsch and Zhang  2010 ) and this could be 
useful in the case of new constructions or when rebuilding an old structure. For 
example, Cultrone and Sebastián ( 2008 ) concluded that the addition of an air-
entraining agent to mortars joints partially hindered the capillary rise of salt solu-
tions in masonry. One can include also here interventions for creation of structures 
that attempt to protect materials from aviary (pigeon) agents.

1.6        Interventions on the Materials 

 There are diverse possible procedures and substances that can be used according to 
the problem to be treated and that will be subsequently presented. The following 
sections consider, subsequently, the cleaning of superfi cial alteration products that 
is separated from the issue of salt remediation that can involve a different approach 
given that the salts can be located inside the pore space. This is followed by consid-
erations on the consolidation of materials experiencing disruption processes that 
lead to erosion and the application of protective treatments against superfi cial- 
sourced agents. All these procedures involve some kind of treatment of the materi-
als and its permanence in the object but it is also included in this section a kind of 
extreme intervention that consist of the replacement of the existing materials by new 
materials. 

1.6.1     Cleaning of Surfaces 

 In the case of coatings and stains such as the reddish stains in Fig.  1.2 , the carbonate 
crusts shown in Fig.  1.3 , the biological colonisation of Fig.  1.4  and the very frequent 
darkish colorations related soiling such as shown in Fig.  1.1  or to the very frequent 
gypsum-rich black crusts (Fig.  1.6 ), the main goal is to remove exogenous material 
that is not part of the original surface, something that might be hard to defi ne. As 
can be illustrated by the polemics in relation to oxalate coatings (Del Monte et al. 

C. Alves and J. Sanjurjo-Sánchez



17

 1987 ; Blázquez et al.  1997 ; Pavía and Caro  2006 ; Lazzarini et al.  2007  and see 
below a new proposal for protection using oxalates) there are situations where there 
is polemics whether a certain coating is a product of decay or addition from exog-
enous factors or substances intentionally added with the purpose of conservation 
and this must be carefully considered in the diagnostics. But even in the latter case 
it could be justifi ed the removal of the coating if the diagnostics established that its 
presence contributed to the decay. An added problem is the question that coatings 
can grow on artifi cial man-made coatings (e.g. plasters, renders). This case is usu-
ally a result of the interaction of external pollutants (due to the high concentration 
of gaseous pollutants in the air near the surface). In such case, the man-made non- 
altered material can remain unaltered in the inner part and altered in the external 
part, causing aesthetical damage, but also an increasing risk of dissolution of salts 
from the external coating with penetration in the building exists (Sanjurjo Sánchez 
et al.  2008 ,  2009 ).

   Besides infl uencing the choice of cleaning procedure, the constituents and thick-
ness of the coating might imply different time or different intensity for the selected 
procedures. The general principles, procedures and questions related to cleaning of 
materials in the built environment can be found in reviews by Young et al. ( 2003 ), 
Doehne and Price ( 2010 ). Techniques involve the use of chemical products, physi-
cal removal processes and the use of biological agents. This section will be dedi-
cated to the cleaning of surface products while the remediation of salt pollution 
inside porous media will be considered below. 

 A process that involves both chemical and physical aspects is the use of water 
washing, and easy and cheap technique that promotes the Softening, dissolution and 
transport (of loosely bound particles) and facilitates cleaning by brushing. This 
technique of course cannot be used with water-soluble substrates and it is necessary 
to be careful to adjust the used pressure in the case of poorly consolidated materials. 

  Fig. 1.6    Darkish colouration related to the presence of  black  crusts ( a ) with gypsum aggregates 
that contribute to fi xate atmospheric particles ( b ) Scanning electron. Studies performed at CEMUP 
laboratory (University of Oporto, Portugal)       
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In a fi eld study Fort et al. ( 2000 ) concluded by recommending the use of water 
cleaning highlighting that in the case of gypsum black crusts a previous treatment 
was required. In comparative terms, Marczak et al. ( 2008 ) found in a laboratory 
study that the best surface quality, corresponding to the lowest roughness, was is 
attained with the use of water blasting and abrasive cleaning with grinded walnut 
shells but, on the other hand, these methods were not so effective in cleaning as the 
laser cleaning (especially of irregular surfaces). De los Ríos et al. ( 2012 ) refer the 
greater effectiveness of water in mechanical cleaning at removing remnants of dead 
lichen. Moropoulou et al. ( 2002 ) with an in situ assessment of cleaning operations 
done by fi bre optics microscopy concluded that the water spray method did not led 
to homogeneously cleaned surfaces and refer also that cleaning by water spray 
under high pressure caused detachment of grains and fi ssuring. In the case of whit-
ish stains related to very soluble salts the required cleaning could be performed with 
simple water, but the minimal amounts should be used since the presence of the salt 
effl orescences indicates salt contamination and the presence of salts in the materials 
pore space, hence the use of water might promote further migration of salt that form 
new effl orescences or, even worst, crystallise inside the pore space and promote 
erosive decay. After cleaning of the effl orescences they might form again indicating 
the active migration of salts towards the surface, a situation that would require salt 
extraction (considered below). 

 A related more impacting technique (both in the coatings and in the substrates) 
is the use of steam jet where water is heated (see Young et al.  2003 ). According to 
Gaspar et al. ( 2003 ), in a laboratory comparison of different cleaning techniques, 
the use of steam cleaning for very long contact times (or when an incorrect choice 
of nozzle distance was used) could lead to topographical modifi cations and that the 
cleaning action could be considered as mild in the case of encrustations (which were 
likely to remain attached to surfaces). 

 A frequent physical removal treatment consists of cleaning with abrasives and 
diverse materials can be used in micro-particulate form such as carborundum, frozen 
carbon dioxide (Young et al.  2003 ), alumina (Moropoulou et al.  2002 ; Marczak et al. 
 2008 ), sand (microsand; sandblasting or siliceous grit blasting has a high time and 
cost effi ciency but is now-a-days considered generally banned for historical works 
due to its strong impact on the substrates – Young et al.  2003 ), glass beads and 
grinded walnut shells (Marczak et al.  2008 ), that has even been featured in a NY CSI 
episode. There is a clear apprehension on the physical impact of abrasive procedures 
and there are also references to contamination of the substrate by the abrasives 
(Gaspar et al.  2003 ). Moropoulou et al. ( 2002 ) refer that microblasting did not lead 
to homogeneously cleaned surfaces and that it needed experience operators. But 
Marczak et al. ( 2008 ) considered abrasive cleaning with grinded walnut shells one 
of the methods that attained lowest roughness of the surfaces (but not the most effec-
tive). Perez-Monserrat et al. ( 2011 ) compared chemical methods, pressurized hot 
water, glass bead blasting and latex peeling, concluding that the most effective and 
which caused least alteration to the surface was abrasive cleaning with glass bead. 

 Laser cleaning is one of the cleaning techniques in fashion given its precision 
both in area and in depth, allowing cleaning of the surface layers without major 

C. Alves and J. Sanjurjo-Sánchez



19

physical disturbances of the substrate even in the case of poorly consolidate materi-
als and that the technological advances allow a more extensive use. There is even a 
regular conference on the use of Lasers in the Conservation of Artworks (LACONA) 
that is currently in its 9th edition. Recent reviews of its utilization can be found in 
Doehne and Price ( 2010 ), Siano and Salimbeni ( 2010 ), Pouli et al. ( 2011 ), Siano 
et al. ( 2011 ). 

 The conditions of laser cleaning need to be adjusted to the type of coating that is 
being cleaned with several examples for black crusts (   Lanterna and Matteini  2000 ; 
Bromblet et al.  2003 ; Zafi ropulos et al.  2003 ; Vergès-Belmin and Dignard  2003 ; 
Vergès-Belmin and Labouré  2007 ; Siano et al.  2008 ; Gioventù et al.  2011 ; Pouli et al. 
 2011 ) and also some examples for biological colonization (Klein et al.  2001 ; López 
et al.  2010 ; Siano et al.  2011 ). Laser cleaning has also been used for staining related 
to human interventions such as beeswax (Pan et al.  2011 ) and water repellents 
(Gómez-Heras et al.  2003 ). It can also be tailored so to preserve certain aspects of the 
coatings that might be considered as having cultural signifi cance (Pouli et al.  2011 ). 

 The impact of the laser radiation can also cause damage to the substrate and usu-
ally a damage threshold (Siano et al.  2000 ) has to be established. The characteristics 
of the substrate can infl uence the damaging effect of the laser application such as 
higher decay in fi ne-grained than coarse-grained marble (Rodriguez-Navarro  2004 ) 
and colour alterations in granites, marbles and limestones that has been attributed to 
the elimination of mineral nanoparticles (Urones-Garrote et al.  2011 ), to alterations 
of iron minerals (Esbert et al.  2003 ; Grossi et al.  2007 ) and to calcite spalling 
depending on crystal orientation (Esbert et al.  2003 ). 

 In some cases there seems to be observed a discolouration effect resulting in a 
yellowish tonality after laser cleaning that has been known as “yellowing” that have 
raised concerns in relation to the use of laser cleaning. Yellowing has been attrib-
uted to the penetration of substances during the intervention (Siano and Salimbeni 
 2010 ; Siano et al.  2011 ) or to incomplete removal of coatings (Bromblet et al.  2003 ; 
Siano et al.  2008 ; Vergès-Belmin and Labouré  2007 ; Siano and Salimbeni  2010 ) 
and by the similar results obtained by other cleaning techniques as seems to be indi-
cated by the easy removal of the yellowish tone by further cleaning and also to light 
scattering (Zafi ropulos et al.  2003 ). There seems to be indications that controlling 
the conditions of laser application and the use of water can reduce the effects of yel-
lowing (Vergès-Belmin and Dignard  2003 ; Bromblet et al.  2003 ; Pouli et al.  2011 ; 
Siano and Salimbeni  2010 ). 

 There are some other physical methods such as latex peeling (Perez-Monserrat 
et al.  2011 ; Young et al.  2003 ), nylon brushes (Moropoulou and Kefalonitou  2002 ), 
abrasive sponges, grinding disks, needle guns and other mechanical techniques 
(Young et al.  2003 ). 

 Several chemical products has been used for cleaning that can applied as solu-
tions, gels or through poultices and that are reviewed by Young et al. ( 2003 ), includ-
ing acids and alkaline products, chelanting agents (being the commonest 
Ethylenediaminetetraacetic acid-EDTA) that can be applied as solutions or through 
gels and poultices, non-ionic detergents, sodium citrate, sodium-hydrosulphite and 
ammonia salts. Other examples include hydrogen peroxide and water with glycerine 
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and urea (Moropoulou and Kefalonitou  2002 ). There are several issues (as reviewed 
in Young et al.  2003 ) to deserve attention and some examples will be referred. 
Perez-Monserrat et al. ( 2011 ) report the possible formation of by-products associ-
ated with chemical cleaning. According to Gaspar et al. ( 2003 ), using hydrofl uoric 
acid caused severe staining in limestone surfaces, due to the long contact time that 
were necessary to treat the crusts. Moropoulou and Kefalonitou ( 2002 ) concluded 
that EDTA-based paste application caused a signifi cant weight loss as well as a 
superfi cial alteration to such an extent that the method could not be proposed. 
Lauffenburger et al. ( 1992 ) report changes in the surface of marble tiles resulting 
from the application of poultices even using deionized water alone. 

 In the case of ammonium bicarbonate (Moropoulou et al.  2002 ) used to deal with 
gypsum-rich black crusts, transforming calcium sulphate in calcium carbonate there 
is production of ammonium sulphate as by product and it is hoped that this by prod-
uct, being highly soluble, will be easily washed away. Gaspar et al. ( 2003 ) refer that 
the ammonium carbonate treatment was very effective in removing pollutants and 
presented a low impact on surface topography. A similar approach for gypsum coat-
ings concerns the use of chemical additives to modify crystallization conditions by 
formation of insoluble salts, like the use barium hydroxide (Berlucchi et al.  2000 ; 
Lanterna and Matteini  2000 ) or barium aluminates (Messori et al.  2000 ) for treat-
ment of calcium sulphate contamination. 

 The study of Moropoulou et al. ( 2002 ) found that different methods (chemical) 
were suitable to different situations according to the roughness of the surfaces. Ion 
exchange resins have also been used to remove superfi cial precipitations of salts, 
namely gypsum (Berlucchi et al.  2000 ; Guidetti and Uminski  2000 ; Casadio et al. 
 2000 ). 

 Another technique of delivering chemical substances and that combines chemi-
cal and physical processes is reviewed in Doehne and Price ( 2010 ) consist in the use 
of EDTA delivery through a latex poultice that can be peeled off afterwards that can 
be used for cleaning of soiling indoors but that apparently does not work in the pres-
ence of gypsum crusts and might have the risks of leaving residues. 

 Nanotechnology, that will fi gure further on in relation to other procedures, has 
also arrived to cleaning and an example of using carbon nanomaterials is presented 
in Valentini et al. ( 2012 ). Another possible set of cleaning procedures is related to 
the use of biological agents. At least as early as 1992 it was proposed by Gauri et al. 
( 1992 ) that bacteria could convert calcium sulphate in calcium carbonate. Other 
examples of the use of microorganism for cleaning are those of Ranalli et al. ( 1997 ) 
and Polo et al. ( 2010 ) relative to the removal of gypsum-rich crusts, and there has 
been indication that biocleaning could be more effi cient in the removal of black 
crusts than other treatments (Cappitelli et al.  2007 ; Gioventù et al.  2011 ). 
Microorganisms have also been applied for removal of nitrates (Ranalli et al.  1996 ; 
Alfano et al.  2011 ), human applied products (Lustrato et al.  2012 ) and even biologi-
cal colonisation (Graef et al.  2005 ). In these biocleaning procedures could be 
included the use of enzymatic products that has been used for removal of biofi lms 
(Valentini et al.  2010 ,  2012 ; Geweely and Afi fi   2011 ), black crusts (Valentini et al. 
 2012 ) and human products (Ranalli et al.  2005 ). In a comparative study, Ranalli 
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et al. ( 2005 ) concluded in favour of the use of bacteria in relation to enzymes due to 
the wider versatility of the former. 

 Besides the immediate consequences that were being referred above it is also 
necessary to consider long term consequences. Young and Urquhart ( 1998 ) refer the 
possibility of some cleaning chemicals (phosphate-rich) act as nutrients sources and 
promote algal growth. Young et al. ( 2003 ) presents data from a report of Young 
et al. to Historic Scotland in 2002 reporting that surface covered by decay after 
10 years was generally higher for cleaned sandstone than for uncleaned sandstone 
being that abrasive cleaning was worst for some sandstone types and chemical 
cleaning was worst for others. According to the same study there was no difference 
in terms of decay area in the case of granites.  

1.6.2     Salt Contamination Remediation 

 Soluble salts are one of the main decay agents (see Goudie and Viles  1997 ) and their 
treatment might be one of the most troublesome situations. In the case where the 
salts form effl orescences the substrate generally remains in good condition and if 
that is the only part affected the best strategy might be a non-intervention policy or 
the planning of procedures that favour the surface crystallization of the soluble salts, 
namely promoting a favourable moisture balance according to the model of 
Hammecker ( 1995 ), involving basically less drying conditions or higher capillary 
moisture migration. Salt effl orescences can cause aesthetic unpleasant stains and in 
that regard they were considered in the last section. In the cases where salt crystal-
lization leads to erosive processes, salt crystallization needs to be avoided. Caple 
( 2000 ) proposes for chemical pollutants in general two possible approaches: 
removal and deactivation. 

 The removal of salt contamination (desalination) is frequently tried either by 
immersion in distilled water (Vieweger et al.  1996 ) or by using poultices, which 
could be combined with impregnation of the stone elements with distilled water by 
irrigation (Siedel  1996 ; Vergès-Belmin  1996 ). Pel et al. ( 2010 ) present a review of 
the mechanisms involve in desalination by poulticing, pointing out that desalination 
requires the dissolution of the soluble salts in the pores (and for that it is necessary 
the supply of a solvent) and its migration towards the poultices. Comparing diffu-
sion and advection, Pel et al. ( 2010 ) concluded that desalination by diffusion could 
attain 100 % salt removal but required extremely long times during which the sub-
strate must be kept water-saturated, while desalination by advection will be faster 
but limited to the surface portions of the substrate and that salts pockets might 
remain in the micropores. Voronina et al. ( 2013 ) discuss the possible existence and 
effects of osmotic pressure during poulticing. Several materials can be used for 
poulticing (Vergès-Belmin and Siedel  2005 ) including namely clays and cellulose 
compounds. There are several questions to be considered in the application of poul-
tices including the effi ciency of salt extraction (DeWitte et al.  1996 ; Rager et al. 
 1996 ; Siedel  1996 ; Verges-Belmin  1996 ; Vergès-Belmin et al.  2011 ; Pel et al.  2010 ), 

1 Maintenance and Conservation of Materials in the Built Environment



22

which could be affected by the chemical characteristics of salt pollution (Twilley 
and Leavengood  2000 ) with possible selective extraction effects and related changes 
in the chemistry of the salt solution, also with mobilization and concentration of 
soluble salts to different positions (Siedel  1996 ; Simon et al.  1996 ; Zehnder  1996 ; 
Vergès-Belmin et al.  2011 ). The pore size characteristics of the treated substrate 
could also have an impact in the effect of the poultices application (Lubelli and 
Hees  2010 ; Vergès-Belmin et al.  2011 ; Pel et al.  2010 ). Comparing desalination Pel 
et al. ( 2010 ) present theoretical predictions of salt reduction but there are few stud-
ies regarding the effectiveness of salt reduction in situ mostly due to the diffi culty of 
assessing the results that required invasive destructive sampling (an example can be 
seen in Ahmad and Rahman  2010 ). The preparation of the poultices can also have 
relevance for the desalination results (Bourgès and Vergès-Belmin  2010 ). 

 A similar desalination methodology is the covering of materials with renderings 
that favour the extraction of soluble salts extraction from the materials (Fassina 
et al.  2002 ; Setina et al.  2009 ; Grave et al.  2011 ) and that could work as a “sacrifi -
cial” layer that is renovated periodically. Comparing laboratory experiments using 
plaster on different substrates, Petković et al. ( 2006 ) concluded that results depended 
on the relations between the poresize of the plaster in relation to substrate with salt 
accumulation in the plaster when it had smaller pores than the substrate and salt 
accumulation in the substrate when the plaster had larger pores. This could help to 
explain the fi eld observations of Klenz Larsen ( 2006 ) that found degraded bricks 
under an original lime plaster. Lubelli et al. ( 2006 ) review and discuss fi eld exam-
ples where the application of plasters especially prepared for salt-laden substrates 
show damage after a few years. A variant will be the substitution of old mortar joints 
with new mortars that could contribute to absorb the soluble salts (Jeanneau  1996 ). 

 Desalination can also be attempted with cycles of washing-and-vacuuming, 
where it is expected that water spraying will penetrate in the porous material and 
dissolve the salts, being the salty solution extracted afterwards by the vacuuming 
(Dragovich and Egan  2011 ). 

 Other techniques for desalination include the application of electrical currents 
(Fauck et al.  1996 ; Mouton  1996 ; Palem  1996 ; Castellote et al.  2000 ; Fajardo et al. 
 2006 ; Ottosen and Rörig-Dalgaard  2008 ). This approach has been frequently 
referred for the treatment of concrete attempting to remove chlorides that can pro-
mote corrosion of metallic bars due to carbonation of the cementitious paste (Orellan 
et al.  2004 ; Sánchez and Alonso  2011 ). Palem ( 1996 ) refers that electrical tech-
niques showed higher effi cacy in the removal of salt contamination than the applica-
tion of poultices. Results can be dependent on the type of salts that are present 
(Feijoo et al.  2012 ; Paz-García et al.  2013 ). Differences in the pore media as they 
affect solutions migration can also have impact in the desalination results (Feijoo 
et al.  2012 ). There have also been laboratory experiments of the application of elec-
trokinetic desalination with clay poultices at the electrodes (Ottosen and Christensen 
 2012 ; Rörig-Dalgaard  2013 ). 

 Another approach to salt contamination remediation is the use of chemical addi-
tives that act as crystallisation modifi ers of soluble salts with most of the studies 
consisting in laboratory tests with sodium chloride and sulphate. Chemical additives 
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seem to be able to change the moisture balance dynamics under drying and promote 
the formation of effl orescences (salt crystallisation at the surface) hence with lesser 
physical damage (Selwitz and Doehne  2002 ; Rodriguez-Navarro et al.  2002 ; Lubelli 
and Hees  2007 ; Rivas et al.  2010 ). On the other hand, in a fi eld study Ruiz-Agudo 
et al. ( 2010 ) concluded that the chemical additive used promoted subfl orescences 
(crystallisation inside the pore space) without increasing the damage to the support. 
Selwitz and Doehne ( 2002 ) refer that potassium ferrocyanide was useful for 
 preventing NaCl crystallisation but it did not contribute for enhancing salt dissolu-
tion, hence, not being useful for desalination. Rodriguez-Navarro et al. ( 2002 ) pro-
pose that the application of poultices with ferrocyanides could be useful for 
desalination. The effect of the chemical additives seems to be affected by the charac-
teristics of the substrate (Lubelli and Hees  2007 ; Rivas et al.  2010 ). Lubelli and Hees 
( 2007 ) indicate that different results could be obtained according to the way the addi-
tives were applied with spraying enhancing damage development and these authors 
suggest that better results could be obtained with an application method that favour 
slow drying of the substrate and transport of a large amount of salt to the surface. 

 Biocleaning has also been attempted for remediation of salt contamination. As 
referred above, biological agents have been used for the conversion of soluble salts 
and this has been attempted for removal of nitrates (Wilimzig  1996 ). 

 Achieving 0 % salt levels might be an utopic and unnecessary and a general 
question regarding desalination regards the salt level at which desalination can be 
considered as effective (what Pel et al.  2010  designated as effectiveness of the desal-
ination processes) in the sense that the attained salt levels ceases to cause problems, 
and one can found recommendations such as “signifi cant” decrease in electrical 
conductivity (Vieweger et al.  1996 ) or salt levels of 1 % (Mouton  1996 ). According 
to Pinna et al. ( 2011 ) the project SCOT proposed threshold values for salt contents 
in the case of application of protective treatments. One should consider, however, 
the representativeness of damage thresholds defi ned in laboratory tests, referring for 
example the lower destructive effi ciency of halite and gypsum in laboratory tests 
when compared with observations in fi eld studies (Goudie and Viles  1997 ).  

1.6.3     Consolidation 

 When the alteration processes compromise the physical integrity of materials pro-
moting ongoing erosion (see illustration in Fig.  1.7 ) that might endanger the aes-
thetic value of material it might be deemed necessary to restore the physical strength 
of the material by consolidation. For that end can be used materials that penetrate in 
the porous media and strengthen them. Doehne and Price ( 2010 ) present a general 
review of different substances that have been applied as consolidants, application 
techniques and problems.

   The dominant products are organic-based products, mostly silanes but also epoxy 
resins (the review by Doehne and Price  2010  defend that they have been successful 
in some instances), acrylics, isocyanates, polyurethanes, polyureas and cyclododec-

1 Maintenance and Conservation of Materials in the Built Environment



24

ane. Other products that have been used as consolidant include lime and barium 
hydroxide. Given the several issues that have been found this is an environmental 
chemistry line where there is always interest for innovation and there are attempts 
to develop new products such as the dispersion of lime on alcohol (tested in labora-
tory and on wall paintings by Giorgi et al.  2000 ) calcium alkoxides (Favaro et al. 
 2008 ) as a way to promote formation of calcium carbonate that so far, to our knowl-
edge, has been tested in laboratory experiments with a porous glass frit. There are 
proposals for consolidation by promoting apatite formation inside carbonate rocks 
(Yang et al.  2011 ). Penetration being generally an important issue in the case of 
consolidation and one of the alternatives that has been proposed is impregnation by 
a monomer and “in situ” copolymerization afterwards (Vicini et al.  2002 ; Cardiano 
et al.  2002 ). Of course there have been research studies in the possible application 
of nanotechnology and some examples include using nanoparticles of calcium and 
magnesium hydroxide and carbonate (Baglioni and Giorgi  2006 ; López-Arce et al. 
 2011 ) and addition of nanoparticles of silica to polymeric products (Mosquera et al. 
 2003 ; Kim et al.  2009 ; Ferri et al.  2011 ; Tulliani et al.  2011 ; Xu et al.  2012 ) and 
silica and other oxides (Miliani et al.  2007 ). There is also a signifi cative research in 
consolidation promote by micro-organisms by the production of calcium carbonate 

  Fig. 1.7    Physical disruption processes leading to erosion of material in limestone statuary (exem-
plifying a situation in which consolidation procedures could be considered to avoid the progression 
of erosion and further loss of detail)       
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in limestones and concrete (Rodriguez-Navarro et al.  2003 ; Fernandes  2006 ; 
Jimenez-Lopez et al.  2007 ; De Muynck et al.  2010 ,  2011 ; Peihao and Wenjun  2011 ; 
Rodriguez-Navarro et al.  2012 ) including the healing of fractures in concrete (Van 
Tittelboom et al.  2010 ; Wiktor and Jonkers  2011 ; Jonkers  2011 ; Li and Jin  2012 ). 

 The main problems for which the diagnostics can provide support are related to 
the characteristics of the materials (not only its porosity but also the pore size distri-
bution) and the characteristics of the contamination that can affect the substances 
used for the consolidation. 

 The question of the penetration of the consolidants is a critical one, namely the 
relation of this depth to the distribution of the pollutants. The penetration of the 
consolidants will depend on the characteristics of the consolidant substances 
(namely viscosity and surface tension) but also the characteristics of the pore 
space, namely porosity (that would defi ne the available void space that can be 
fi lled with the consolidant substance) and the poresize distribution. The pore size 
distribution controls the migration of the substances on the pore space and hence 
the absorption of the consolidant in the material (Clifton  1980 ; Cnudde et al.  2004 ; 
Ferreira Pinto and Delgado Rodrigues  2008 ; Maravelaki-Kalaitzaki et al.  2008 ; 
López-Arce et al.  2010 ) and it has also impact on bioconsolidation treatments (De 
Muynck et al.  2011 ). Consolidants can also be used for cracks (Muñoz-Viñas 
 2005 ) and in it is also necessary to register the variation of the characteristics of the 
cracks that would infl uence the penetration of the consolidant. As noted by Muñoz-
Viñas ( 2005 ), the required characteristics of the consolidants might vary from one 
area to another. 

 The application of consolidants can experience different results depending on 
characteristics of the application environment such as relative humidity (López- 
Arce et al. ( 2011 )) and of the substrate such as pore space (Maravelaki-Kalaitzaki 
et al.  2008 ), and the presence of moisture and pollutants (López-Arce et al.  2010 ). 
The mineralogy of the substrate has also been referred as having a possible impact 
on the consolidation processes in the case of biomineralization with calcitic sub-
strates offer a higher affi nity for bacterial attachment than silicate substrates 
(Rodriguez-Navarro et al.  2012 ). 

 Consolidation procedures face special problems associated with the treatment of 
salt contaminated materials.. For example, the fi eld experiments of Ashurst of 
desalination and consolidation (by application of silanes) of columns referred by 
Watt and Colston ( 2000 ) suggest that a consolidation was not successful in very 
salt-contaminated. Comparing three situations (untreated, treated by poulticing and 
treated by poulticing and consolidation), Watt and Colston ( 2000 ) found that there 
were “appreciable accumulations of dust ” around the bases of both the treated col-
umns, even if “ marginally less ” than in the untreated column. Thickett et al. ( 2000 ) 
presents observations of ongoing decay after consolidation of salt-contaminated 
stones. One possible path for this situation could be the improvement of the penetra-
tion of the consolidants but given that this would be, at best some cm, and in the case 
of the creation of an interface promoting salt crystallisation this would imply the 
loss of greater portions. Hammecker ( 1995 ) proposed a model in relation to the pore 
size distribution that favours the migration and surface crystallization of the soluble 

1 Maintenance and Conservation of Materials in the Built Environment



26

salts. Another proposal is presented in Selwitz and Doehne ( 2002 ) for the use of 
crystallisation inhibitors mixed with concentrated solutions of calcium carbonate 
and calcium hydroxide for stone consolidation. 

 Another possible preoccupation in relation to the use of consolidating substances 
is its possible contribution to the promotion of biological colonization (Warscheid 
and Braams  2000 ).  

1.6.4     Protective Treatments Against Pollutants 

 In the case that it is assumed that the materials will be under attack by pollutants it 
makes sense to applied treatments against these agents in order to avoid the 
 development of the alteration processes. The interventions considered here attempt 
to protect materials from the ingress of pollutants such as salt pollutants that can 
promote deleterious processes in the materials such as crystallisation inside pores 
(another example will be the corrosion of metallic components of concrete). 

 One general concern in terms of testing of surface treatments (and consolidants) 
is to keep some signifi cative measure of water-vapour permeability, letting the stone 
“breathe”. While this will be critical when keeping the substrate dry is the goal, it 
will be not the solution in the case where the substrate is affected by salt pollution, 
since letting the stone breathe will only mean let the stone dry and hence promote 
salt crystallization. In the model of Hammecker ( 1995 ), based on the established 
models of porous media drying, a slow drying rate will lead to a lower critical water 
saturation content, hence a lower amount of salt crystallization inside the pore 
space; ideally a 0 % critical water saturation will imply that all the salt crystallizes 
at the surface promoting generally harmless or low harming effl orescences. 

 A sharp distinction needs to be done between the application of water repellents 
in the case of atmospheric-sourced pollutants and pollution migration by capillary 
rising or infi ltration since in this last case the pollutants would have invaded glob-
ally the porous media. 

 Zhao et al.  2010a  concluded that the application of a coating procedure per-
formed better than penetrant (pore-blocking) treatments since the evaluation was 
interested in reducing chloride ingress. 

 Some early protective treatments are reported as having contributed to acceler-
ated degradation by promoting salt crystallization (Pan et al.  2011 ). 

 Several polymeric substances can be employed for water-repellence mostly con-
sisting of silane, siloxane, silicon and acrylic products (Mayer  1998 ; Alessandrini 
et al.  2000 ; Alvarez de Buergo Ballester and Fort González  2001 ; Tsakalof et al. 
 2007 ; Toniolo et al.  2002 ) that can be delivered with organic solvents or in water 
emulsions with the later being more environmental friendly (Mayer  1998 ; 
MacMullen et al.  2012 ). However in a comparative study Alvarez de Buergo 
Ballester and Fort González ( 2001 ) conclude that products with organic-solvent 
were more effective than hydric-solvent ones. The polymeric substances can be 
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mixed with inorganic compounds such as lime (Alvarez de Buergo Ballester and 
Fort González  2001 ). Research in fl uorinated products seem to indicate that they 
could be promising products in this respect (Alessandrini et al.  2000 ; Castelvetro 
et al.  2002 ; Tsakalof et al.  2007 ; Youssef et al.  2008 ). Other products that have been 
studied include epoxy-silica polymers (Cardiano et al.  2005 ; Cardiano  2008 ), poly-
urethanes (Vipulanandan and Liu  2005 ; Doehne and Price  2010 ; Zhao et al.  2010b ), 
microcrystalline waxes and sodium silicate (Alvarez de Buergo Ballester and Fort 
González  2001 ) and Doehne and Price ( 2010 ) review the application of colloidal 
silica as protective agent. Water-repellent procedures could be also be relevant to 
avoid the continuation of concrete reinforcement corrosion by avoiding moisture 
migration (Redaelli and Bertolini  2011 ). 

 Treatments for salt remediation can also have some protective effect as referred 
by Ruiz-Agudo et al. ( 2010 ) that propose that products for crystallisation 
 modifi cation could have some protective effect against chemical weathering on cal-
cite surface. 

 Curiously, one of the recent proposals for protective treatment for surface protec-
tion has been to promote the formation of calcium oxalate coatings (Doherty et al. 
 2007 ; Pinna et al.  2011 ) that has been assessed on the fi eld and can also apparently 
have some consolidating effect (Doherty et al.  2007 ). One can also consider here, in 
a similar vein, treatments used to stop carbonation of concrete such as realkaliniza-
tion (Yeih and Chang  2005 ; Redaelli and Bertolini  2011 ). 

 Among protective treatments one can also consider products applied to prevent 
commonplace human vandal actions such as graffi ti (some examples can be seen in 
Carmona-Quiroga et al.  2010 ; Licchelli et al.  2011 ; García and Malaga  2012 ). 

 Biomineralisation has also being experimented as protective treatment through 
the development of layers of calcium carbonate (Dick et al.  2006 ; De Muynck et al. 
 2008 ; Chunxiang et al.  2009 ; Achal et al.  2010 ; Anne et al.  2010 ). 

 Also among the protective treatments could include the application of biocides 
that, besides being used in the removal of biological colonisation, aim to avoid the 
future occurrences of these processes. Diverse products has been used as biocides 
Warscheid and Braams ( 2000 ) including quaternary ammonia compounds and tin 
organic compounds (Warscheid and Braams  2000 ), triazines (Gladis et al.  2010 ), 
isothiazolinones and carbamates (Barrionuevo and Gaylarde  2011 ; de los Ríos et al. 
 2012 ), benzimidazoles (Barrionuevo and Gaylarde  2011 ),  p -hydroxybenzoic acid 
ethyl ester (PHB, Aseptine A) in combination with silicone resins proposed in 1992 
(according to Warscheid and Braams  2000 ) as a more environmentally-friendly 
product, compounds with metals such as cupric ethanolamine or cupric sulphate 
(Warscheid and Braams  2000 ). Warscheid and Braams ( 2000 ) referring that tin 
organic compounds are not absorb onto material surfaces and are effective over a 
longer period of time. Young et al. ( 2008 ) present a polyphasic approach for preven-
tion of biological colonization, in which besides biocides are used with cell permea-
bilisers, polysaccharide and pigment inhibitors and a photodynamic treatment. 
Biocides can also be mixed with consolidants and water-repellents to promote pro-
tection against future biological growth (Ditaranto et al.  2010 ; Barrionuevo and 
Gaylarde  2011 ; Khamova et al.  2012 ; Pinna et al.  2012 ). There are also examples of 
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the use of biological such as plant extracts (Afi fi   2012 ). One could as well include 
among these protective treatments the use of products in woods against insects 
(Ghosh et al.  2012 ). 

 Some examples of different effects depending on the kind of biological coloniza-
tion (Bastian et al.  2009 ; Fonseca et al.  2010 ; Barrionuevo and Gaylarde  2011 ; de 
los Ríos et al.  2012 ) and there could be microbial selection by the use of biocides – 
see e.g. Bastian et al. ( 2009 ). 

 The use of nanotechnology has also attempted for protection against biological 
agents and other pollutants with examples of nano-particulates of SiO 2  (Manoudis 
et al.  2009 ; Matziaris et al.  2011 ), organomodifi ed montmorillonite (D’Arienzo 
et al.  2008 ; Scarfato et al.  2012 ), titanium dioxide and zinc oxide (Fonseca et al. 
 2010 ; Gladis et al.  2010 ; Maury and De Belie  2010 ; MacMullen et al.  2012 ; La 
Russa et al.  2012 ; Quagliarini et al.  2012 ), copper (Ditaranto et al.  2010 ) or dia-
monds (Khamova et al.  2012 ). 

 The application of the protective treatment can have different results according 
to the substrate with references to better results in the more porous materials 
(Cardiano et al.  2005 ) while Alvarez de Buergo Ballester and Fort González ( 2001 ) 
propose that the determining factor affecting penetration of the treatment is the 
porous system (and not the porosity value). De los Ríos et al. ( 2012 ) highlights the 
interest of biocides penetrating on deeper portions of the treated material. In relation 
to biological colonization, the preventive action of the treatments could be affected 
by the persistence of microorganisms after treatment (Cámara et al.  2011 ; de los 
Ríos et al.  2012 ) and it is also necessary to consider that some treatments might 
became nutrient sources for biological recolonization (Warscheid and Braams 
 2000 ).  

1.6.5     Materials Replacement 

 When it is considered that the material attained an unacceptable state of degradation 
from the visual, functional or even security perspective (e.g. an element might have 
elements in risk of falling over people) the option of substituting the old piece by a 
new could be considered. This solution is historically exemplifi ed in the Bible when 
alterations features (in the context representing a plague of leprosy) such “with hol-
low strakes, greenish or reddish, which in sight are lower than the wall” and if at the 
seventh day of the visit of the priest “if the plague be spread in the walls of the 
house” then the stones shall be shall disposed “into an unclean place” and “take 
other stones, and put them in the place of those stones; and he shall take other 
morter, and shall plaister the house” (Leviticus 03:014:033-045, King James Bible, 
  http://www.gutenberg.org/fi les/7999/7999-h/contents.htm    ). The possible objections 
related to the preservation of the cultural signifi cance will not be considered here. 
The substitution of materials will depend strongly on the construction characteris-
tics: Peris Mora ( 2007 ) highlights the importance of modular constructions for 
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easing the repairing action of materials or parts of works without affecting the basic 
structure of the architectural work. 

 In replacing a material with a new one it is expected generally (but see the option 
of a sacrifi cial layer below) that the new material will behave better than the previ-
ous one and hence it should important to select more durable options as well as 
aesthetic compatible ones. In the case of replacement of natural stone higher dura-
bility could be attained through selection of more durable stones, through the previ-
ous treatment of the same stone before application or even the use of artifi cial 
similar material (Attewell and Taylor  1990 ; Stefanidou  2010 ). Recommendations in 
relation to stone selection were already present in Vitruvius (English translation by 
Morris Hicky Morgan according to Project Gutenberg fi le in   http://www.gutenberg.
org/etext/20239    ) who refers soft stones that “can be easily worked” but when used 
in the seacoast “the salt eats away and dissolves them”, while “travertine and all 
stone of that class can stand injury” resulting from weather elements and using fi eld 
observations in some monuments that “look as fresh as if they were only just fi n-
ished”, as evidence of durability. Jackson et al. ( 2005 ) present a study showing the 
choices of the Romans in terms of stone selection according to use. It is interesting 
to register that Attewell and Taylor ( 1990 ) concluded that the original sandstone 
was, according to the performed test, more durable than the sandstones that were 
used as replacement. Cardell et al. ( 2003 ) refer that their fi eld observations the 
development of erosive features in freshly quarried stones in the course of 15 years 
when place in a marine environment. However, one can refer that, in a strategic 
perspective, the remediation of the origin of the alteration processes allow the use of 
the similar stone. Replacement can also be considered in the case of concrete struc-
tures by removal of portions affected by carbonation and substitution of new alka-
line material (Redaelli and Bertolini  2011 ). 

 The treatments can also be applied in stones before application. However, it 
would be advisable to protect all the faces of the stones and not only the exposed 
surface, since pollutants can migrate from the inside due to infi ltration. In the exam-
ple presented in Fig.  1.8  the moisture stains observed could have been promoted by 
the impermeabilization of the exposed surface (moisture having migrated by infi l-
tration). The problems referred above in relation to penetration and performance in 
already contaminated stones can also be posed for protective treatments and the 
possible unsuitability of water-repellents for salt affected substrates has been high-
lighted in the review of Doehne and Price ( 2010 ). The notion of a damage threshold 
in relation to the salt levels has been advanced (Pinna et al.  2011 ) and the same 
issues previously raised in relation to safe thresholds could be considered here.

   An important research area in this regard concerns the development of new 
cementicious mixtures. Some examples are the preparation of mortars with bioad-
ditives to improve the strength of cement mortar (Ghosh et al.  2005 ), with crystal-
lisation inhibitors to improve salt weathering resistance (Lubelli et al.  2010 ) and 
with water repellents in order to avoid water migration such as sodium carboxymethyl- 
cellulose (Lu and Zhou  2000 ), a combination of polyacrylamide as a principal raw 
material and FDN-2 (naphthalene sulfonic acid formaldehyde condensation prod-
uct) as an additive (Lu et al.  2004 ), oligomeric organo-siloxane  (Maravelaki- Kalaitzaki 
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 2007 ), sodium oleate and calcium stearate (Izaguirre et al.  2009 ). The pre-treatment 
to reduce water migration has also been essayed in bricks (Matziaris et al.  2011 ). A 
recent review of mortars specifi cally for restoration based on the experience on 
previous interventions can be found in Torney ( 2012 ). 

 Another common perspective in terms of materials replacement is the possible 
adoption of a sacrifi cial layer of insignifi cant value that could be replaced periodi-
cally and that will be affected by the alteration processes protecting the substrate 
(Donovan  2011 ; Duran et al.  2012 ) and promote the attainment of moisture equilib-
rium (Torney  2012 ). Such option allows the elimination of such layer when altered 
if causes aesthetical of other kind of damage without causing important damages in 
the building materials. However, it might be pertinent to refer the study of Cultrone 
and Sebastián ( 2008 ) of salt weathering of masonry models that conclude that the 
mortars did not act as sacrifi cial layer also to remember the results discussed above 
of the laboratory experiments of Petković et al. ( 2006 ) and the fi eld observations of 
Klenz Larsen ( 2006 ). 

 Besides the durability issues, it is advisable also to consider the compatibility of the 
replacement materials in terms of appearances and possible impacts on the other mate-
rials. There is some generally some concern that there must be a visual match between 
the old materials and new ones (Nijland et al.  2010 ) and colour thresholds can be 

  Fig. 1.8    Moisture stains in granite slabs of a façade       
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defi ned for aesthetically compatible replacement of stones on monuments (Concha-
Lozano et al.  2012a ). However, one can fi nd in the intervention works the opinion that 
it is desirable to mark the materials that are used in the restoration in a clear distinction 
from the historical ones. It is advisable to evaluate the compatibility of the physical 
properties of the new material in relation to the older materials of the structure and this 
has been much discussed in the case of old mortar formulations (lime mortars) in com-
parison with hydraulic Portland mortars (Kerstin et al.  2002 ; Beck and Al-Mukhtar 
 2010 ; Nijland et al.  2010 ). The materials that are to be newly introduced could also be 
a source of pollutants There is the classical  reference of Vitruvius that mortars prepared 
with sand beach could cause the formation of effl orescences. Other materials could 
have soluble salts (see Sanjurjo-Sánchez and Alves  2012  for a review) and there are 
tests to assess the possible salt contaminating potential of materials (e.g. Chin et al. 
 2010 ; Sanders et al.  2010 ). In Fig.  1.9  it is shown an example of reactive heterogene-
ities of a granite stones in the urban environment causing stains that affect the stone and 
other nearby (it can be seen that the stain cross several slabs, a proof that the stains 
development occurred after the slabs emplacement).

1.7         Sustainability Issues 

 Wood ( 2003 ) defi nes sustainable care as caring for any or all buildings in a sustain-
able manner including issues such as:

 –    Low maintenance  
 –   High durability  

  Fig. 1.9    Stains related to alteration of petrographic heterogeneity on granite pavement slabs (the 
distribution of the stain crossing the slabs edges shows that it develop after emplacement of the 
stones)       
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 –   Design attuned to use of building  
 –   Adaptability  
 –   Reusability  
 –   Use of appropriate technology    

 The study of alteration processes of materials in the built environment can be an 
important source of information on the durability of materials, as recognized early 
by Vitruvius that recommended that stones be left on the place where they were to 
be applied to assess its behaviour on those conditions. However, whether the 
 information from the experience in relation to alteration will be considered over 
other (e.g. aesthetic, economic) considerations is a hope that should be taken with 
an important portion of sceptical salt as could perhaps be illustrated with the use of 
very porous soft limestones several centuries after Vitruvius (as seen in Fig.  1.7 ) and 
its use still today (for a case study concerning a recent building and the litigious 
contention afterwards see Hartog and McKenzie  2004 ). Previous constructions are 
also natural experiments regarding the implications of architectural design options 
in relation to alteration processes. The study of alteration process could also con-
tribute to assess the alteration processes that will affect replacement stone and there-
fore provide indications on the need to take additional measures to remove these 
sources. These informations could contribute to the utopical aim of the maintenance 
free object (Wood  2003 ). Of course in terms of sustainability one needs to consider, 
following the lines of environmental impact assessment, primary, secondary, ter-
tiary, etc. impacts (Carter  1996 ). 

 In general there are found few considerations on the possible impact of the inter-
ventions for the conservation of materials in the built environment. In terms of sus-
tainability implications of the intervention procedures one can consider:

 –    Consumption of natural resources and its associated impacts  
 –   Emissions  
 –   Residues  
 –   Positive effects of the interventions    

 Interventions required generally consumption of natural resources directly 
(water, geological substances) or indirectly (energy, manufactured materials). In 
relation to the direct impacts, it deserves special attention the case of the materials 
substitution since it requires the preparation of new material. In that sense the use 
of less durable materials could be considered a less sustainable option given that it 
will imply substitution and new consumption in some cases of scarce or valuable 
(for other reasons materials). Al-Agha ( 2006 ) presents an example where there it 
is proposed the adoption of protective measures in relation to the aggressive envi-
ronment (Gaza Strip) in order to minimize the consumption of sand from geologi-
cal formations that constitute the recharge area of the regional aquifers. Another 
example is the study of Dias et al.  2008  assessing the possible use of offshore 
sands in concrete in order to preserve river sands. But it is necessary to ponder the 
different direct and indirect impacts. For example Wood ( 2003 ) refers that high 
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durability materials might be non-renewable resources or that require a high 
amount of energy for extraction or one whose extraction has a high environmental 
impact. Peris Mora ( 2007 ) highlights that ephemeral materials could be use in 
transcendent construction providing that maintenance needs are taking in consid-
eration in the project. Among other impacts that can be associated with the prepa-
ration of the new materials one can highlight the case of mortars replacement 
where besides the impacts related to the extraction of the raw materials it is neces-
sary to consider the resulting CO 2  emissions. It is also necessary to include in these 
considerations the long-term effectiveness of the interventions, since interventions 
that require repeatedly  application (as illustrated in Fig.  1.4 ) imply periodic con-
sumption of resources but this must be compared with the possible effects of more 
durable interventions. 

 A growing concern in relation to the intervention procedures is related to the 
destiny of the cleaned substances and the residues of the cleaning material (Doehne 
and Price  2010 ). Several intervention procedures can cause emissions of unwel-
comed substances as is the case of cleaning operations such as residual waters with 
the removed products and substances used for cleaning, gaseous emissions from the 
products, abrasive particles, and particles resulting from physical removal proce-
dures. Two illustrative examples are the possible health impact of the solvents used 
in the preparation of polymeric products has promote the use of emulsions with 
water (Mayer  1998 ; Doehne and Price  2010 ; MacMullen et al.  2012 ) and the con-
cern in relation to health hazards in relation to laser cleaning (Kusch et al.  2003 ). 
Some substances can cause emissions after the application and a case for which 
diverse research studies can be found concerns the leaching of the toxic substances 
used in biocides (Warscheid and Braams  2000 ; Bester and Lamani  2010 ; Burkhardt 
et al.  2012 ; Coutu et al.  2012 ). One of the advantages referred by Young et al. ( 2008 ) 
in relation to the BIODAM approach discussed above was the reduction of the con-
centration of biocide required. It has been argued (e.g. Graef et al.  2005 ; Geweely 
and Afi fi   2011 ) that biocleaning can be considered more environmentally friendly 
than chemical cleaning (this of course means that it is considered that there are not 
biorisks). This could be even more worrisome in the case of approaches such as the 
proposed in Cámara et al. ( 2011 ) of testing biocides in abandoned quarries since 
these could be located in the natural environment. 

 Several of the procedures can left residues that need to be treated considering in 
general the questions presented above. It is also necessary to ponder on the treat-
ment of the residues resulting from materials replacement. As can be seen in older 
monuments stones can have a great potential for reusability and recyclability. In the 
case of affected stones it could be pondered the removal of the altered stone its labo-
ratory treatment to remediate the present problem and the application of protective 
treatments to avoid the redevelopment of new problems. 

 In the light of the previous comments one can see that the popular option of the 
sacrifi cial layer could imply several sustainability issues when it implies periodic 
production of residues and consumption of further material with the impact associ-
ated with its production (e.g. CO 2  emissions in the case of lime). 
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 In terms of sustainability one can also consider the possible positive effects of 
some interventions, namely does that attempt to reduce the moisture of materials 
given that it has been proposed that the protective treatment of walls can improve 
thermal isolation (MacMullen et al.  2012 ) and hence reduce energy consumption. 

 Another perspective to be considered in terms of sustainability in relation to the 
treated object is presented in Muñoz-Viñas ( 2005 ), where the intervention should 
consider the meaning of the object after the intervention for the future generations, 
i.e. to take in consideration how they will look upon the intervention.  

1.8     Final Considerations 

 The review presented here has attempted to show the diversity of procedures that 
can be used to address the alteration processes affecting materials in the built envi-
ronment as well as the main elated issues. 

 The assessment of the short-term effectiveness of the interventions concerning 
the treatment of the existing materials depends on the intrinsic aspects of the inter-
ventions. In the case of outside-sourced processes the measures pass through sur-
face intervention. A more complex situation corresponds to the situation where the 
alteration agents had pervaded the inside of the porous materials as it is necessary 
to proceed to its removal. There is a trivial assessment for consolidation in whether 
materials regain consistency. In the case of the cleaning operations there would be 
an immediate result that can be evaluate qualitatively or quantitatively using, e.g., 
chromatic measurements. For protection against water (water-repellence) there 
could be measurements of permeability and it will be necessary to expect that the 
reduction in water permeability will be enough to avoid penetration in the material 
in a signifi cant way (i.e. such that will not promote alteration). In a similar light, in 
desalination procedures what can be assessed is the salt content while the real goal 
is to stop the alteration effects of the salts. Potentially deactivation by chemical 
additives cannot be assessed in the short-term and neither can be biocide treatments. 
Material substitution can be considered a “chirurgical” operation where the short 
term result is trivially effective (in the sense that the new materials do not have the 
alteration features of the replaced ones). 

 While one can consider that regarding cleaning there is a presently a good knowl-
edge state in relation to short-term effectiveness since the removal of any surface 
coating or stain is essentially a matter of time, fi nancial and technical adjustment (as 
well as previous evaluation of the impact on the substrate), results concerning desal-
ination, consolidation and protection are still very much open to discussion (which 
will of course be related to the issues mentioned in the previous paragraph). Current 
hot research topics concern nanotechnology and biotechnology in several of the 
treatments of materials but we did not fi nd any application of nanotechnology to 
desalination procedures. One can speculate, however, that the use of nanomaterials 
could eventually develop pore space modifi cations that could promote superfi cial 
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salt crystallisation and contribute to desalination according to the existing models 
(Hammecker  1995 ; Pel et al.  2010 ). 

 Long-term effectiveness will be frequently more dependent on the global inter-
vention strategy and the conditions under which the alteration processes develop 
considering spatial and temporal components and there is danger of recurrence 
unless measures are undertaken towards the inactivation of the alteration processes 
including the isolation from the sources of the alteration agents. As was signalled in 
the previous paragraphs, diverse intervention process had the risk of contributing to 
long-term alteration processes. In that regard an illustrative example is presented in 
Fig.  1.10  where it is suspected that a previous protection treatment could had con-
tribute to further decay given that the alteration agents (soluble salts) were inside the 
porous materials and a surface treatment could favour its crystallisation in the pore 
space.

   Another fi nal refl ection concerns the, perhaps expectable, trend in research for 
laboratory controlled essays of small clean specimens but the consequence is that 
there is poor information on the behaviour of the product on real-scale objects under 
fi eld conditions, a feature that adds to the previous one on the need for long-term 
assessments. Additionally, a trend that must not be favoured, at least in stony mate-
rials, is the comparison of procedures based on one specimen by treatment given the 
variations of properties on these materials. 

 However, it is not foreseeable that these trends would change much in the present 
short-term research-grant environment. In our opinion the solution for a signifi ca-
tive turning point in this respect could only happen through legislative measures that 
mandate a detailed record of the interventions (substances use, contact times, local 
of application) that should be made public available after a certain moratorium 
period. Until that there is a massive waste of potential study of real-scale experi-
mentation corresponding to the diverse interventions around the world. 

  Fig. 1.10    Suspected application of protective treatment that is thought could have contributed to 
further erosive processes (resulting from salt crystallisation at interface with substrate)       
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 In terms of sustainability, there are several direct and indirect impacts to be con-
sidered and it is advisable to use the tools classically available in environmental 
impact assessment. In this regard were highlighted the concern in relation to the 
possible leaching of products used in biocide treatment and the problems associated 
with one of the popular choices in terms of interventions which is the use of a sac-
rifi cial layer that would imply the impacts associated with the preparation of the 
replacement mortars (such as periodic consumption of resources and CO 2  emis-
sions). The sustainability analyses needs to consider the balance between periodic-
ity of applications and the effects of more permanent solutions. In general there is 
scarce refl ection on the sustainability implications of these procedures for conserva-
tion of materials   .     
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