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Heritage monuments and ancient constructions are complex and delicate. Its conservation is vital for its
subsistence and durability; its conservation is a challenge from a technical point of view. An early and
adequate diagnosis of any pathological lesion in a monument is key to its maintenance and preservation.
For this, auscultation techniques are necessary that allow a quick and effective diagnosis, but above all
that is not harmful to its constituent materials. With this premise, from the author's experience, this
article exposes the most accessible and recommended immediate and instrumental techniques to be
used directly on a monument. With them, an adequate pathological diagnosis of the monument can be
made, locating possible lesions before they manifest or develop too much, and their removal becomes
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INTRODUCTION

Old and heritage buildings are special and delicate.
Conserving, maintaining, and repairing them is an engineering
challenge and an architectural challenge. A good diagnosis is
the best guarantee to apply the correct treatment. This good
diagnosis is largely based on the experience of an appropriate
specialist. This specialist can, in turn, and in any way, be
helped by different techniques to deepen the knowledge of the
degradation processes that are punishing the monument. There
are many techniques for the inspection and auscultation of
monuments and ancient constructions. Among these
techniques, some are immediate and others require complex
instrumentation. This complex instrumentation does not imply
that it cannot be used in situ, in the monument itself. Finally,
there are those auscultation techniques that require the
collection of samples and data, for their elaboration in the
laboratory and office. This article focuses on the techniques
that provide data immediately, analyzing their scope and the
useful information they can obtain.

Immediate techniques: When we talk about immediate
techniques, we are talking about organoleptic techniques
(obtained directly) or we are talking about techniques that can
be performed with very simple instruments.

*Corresponding author: Rubén Rodriguez Elizalde,
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General reconnaissance and visual inspection: No
instrumental technique can substitute for careful observation.
Inspection by an experienced eye is key in any reconnaissance
process. The examination of the materials that make up the
monument (stone, brick, mortar,...). It is convenient to help us
with a knife and a magnifying glass (or a pocket microscope).
Later, we will observe the injuries and the processes that can
affect the materials and the causes of these injuries (Garcia de
Miguel, 2009). Inspection is essential for recognition.
Structural inspection is an essential operation for the
conservation of any construction (Rojo, 2020). This was
initially applied (and in a very specific way) to the structural
field. This is independent of the constituent material of the
structure (Hugenschmidt & Mastrangelo 2006; Sandberg et al.
2022). Inspection is also essential in any heritage construction
for its preventive conservation (Tortajada Hernando, 2011).
The inspection essentially consists of the characterization and
monitoring of the construction, as well as each of the different
elements that make it up (Bianchi & Hebdon 2022). This may
be accompanied by tests, depending on the type and scope of
inspection undertaken. Some of these essays will be analyzed
here. All these tests must allow for complementing the
diagnosis made by visual inspection. In recent years, drones
have been incorporated to carry out this type of inspection
(Elizalde, 2022, a). Several experimental inspections carried
out on constructions have shown that the use of a suitable
drone (Fig. 1, Fig. 2 y Fig. 3) allows a detailed and complete
visual observation (Fig. 4) of all the visible elements of the
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monument, accessible and non-accessible (Elizalde, 2022, b).
The concept of accessibility is important because it is where
the drone becomes most important: conceptually, the
inspection must include all visible elements, whether they are
accessible or inaccessible. Therefore, the maximum difficulty
comes when an inaccessible element is visible: the drone
usually reaches this point without any problem. Indeed, the
drone does not meet the definition of immediate techniques at
the beginning of this section: the drone is not an organoleptic
technique or a simple instrument. However, its purpose is
visual.

The incorporation of the drone is very interesting: without this
small multi-rotor aircraft, we would need extraordinary means
of access to inspect many heritage elements. The drone
simplifies planning work since it reduces the planning and
acquisition of auxiliary means of access. The drone simplifies
fieldwork, to identify and assess the deterioration of each of
the constituent elements of the monument. This simplification,
together with the previous one, allows you to carry out the
work more quickly.

In addition, the drone reduces risks in a double dimension:

e [t reduces a considerable part of the risks of damage to the
monument;

e It reduces all kinds of risks to the safety of the workers
who should collaborate in the inspections, given the danger
inherent in the use of certain auxiliary means to access
certain elements of the structure: with a drone, no worker
has to, for example, expose yourself to the risk of falling
from a height.

All of the above implies considerable economic savings, which
does not imply a decrease in the quality of work. With the data
collected with the drone (Fig. 4), a complete technical report
of the inspection carried out can be generated in the cabinet, in
addition to supplying the pertinent information for its
incorporation into a management system and obtaining the
status indices of each of the elements and the construction as a
whole, to assess whether any type of urgent action is required
or to verify, through a regular check of the injuries detected
through periodic flights, the evolution of said injuries.

Fig. 1. Quadrotor drone flying over the Roman Aqueduct of
Segovia, for inspection (photo by the author)

Fig. 2. Quadrotor drone ready to take off, for an inspection on the
main facade of the Monastery of El Escorial, Spain (photo by the
author).

Fig. 3. Quadcopter drone circulating inside the first vault of the
Roman Bridge of Alconetar (Spain), for its intrados inspection
(photo by the author)

Fig. 4. Image taken by the drone during its transit through the
interior of the vault, captured in Fig. 3 (photo by the author)

Materials examination: If possible, it is preferable to observe
the stone in fresh fracture. Thus, we can appreciate its
mineralogy and texture, without natural patinas and/or without
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applied patinas (Kroner et al., 2010). Altered stone can vary
greatly in tone and color from the fresh stone. Basic rocks
(such as basalts or black granites) are very dark in color when
broken or polished and may appear ocher in outcrops in the
field. Surface styling can affect tone and color. The same type
of rock can have different colors. Although the normal shades
(for example, of limestone and marble) are clear, black
limestone exists. The granites, generally light gray tones, can
appear pink and red. Granites are well recognized by the
equidimensional granular texture (Fig. 5). The grain size can
vary from a millimeter to more than a centimeter. However,
the size of normal grains is 2 or 3 millimeters. Its minerals
cannot be scratched with a knife.

Fig. 5. The texture of the granite of an ashlar from the Monastery
of El Escorial (Spain), seen with a 50X magnifying glass(photo by
the author)

Granite is the sum of quartz, mica, and feldspar. Thus,
calcosodic feldspar is always white and potassium feldspar can
also be white or cream-colored (Fig. 5); however, the
potassium feldspar in some granites is pink or red. In any case,
all feldspars have a stone-like sheen. Morphologically, mica is
laminar and shiny. It can be white or black (in Fig. 5it is
black). Its strong basal transept is characteristic. Sometimes
several small sheets are grouped into one unit. Black mica may
have a certain bronze sheen (Fig. 5). For its part, the quartz of
the granite appears as grayish grains. Granite can have
different particular textures. For example, it can present large
white feldspar crystals, like "horse's teeth". In some varieties
these crystals are sporadic, but in other varieties, they are very
abundant. Sometimes they show up oriented. Black micas can
also form dark aggregates. Other discontinuities in the granite
present rounded dark spots called barges (Garcia de Miguel,
2009). Sometimes we can see fragments of other rocks
included in its mass, known as enclaves (Garcia Moreno &
CorretgéCastanon, 1999); or we can find bands of dark
minerals, known as schlieren (Wiebe et al., 2007). When the
grains on its surface are altered, they come off with the touch
of the hand (Alemany, 2007). Coarse sand appears in the
vicinity, made of quartz and feldspar grains of irregular shapes
and sizes (archoic sands). The limestones and dolomites are
identical. Both are easily scratched by a razor (Fig. 7). Their
colors and textures can vary widely. With a drop of
hydrochloric acid, limestone produces strong effervescence,
while dolomite is not affected. This serves as a diagnosis to
distinguish them (Liu et al., 2005). Normally the grain size
cannot be distinguished with the naked eye. Sometimes they

have fossils. Fissures filled with white spatic calcite are
frequent. Okerous cavities may also appear, with or without a
lining of calcite crystals. If the crystals are dolomite, they can
have rhombohedral shapes. In both cases, the crystals are also
easily scratched by the razor. There are very ocherous
travertine varieties, others are compact; there are also granular
ones that resemble sandstone; oolitic formed by small spheres
of concentric texture, etc. Sandstones are characterized by a
touch like the scraper of a matchbox. After all, they have
cemented sands. Their colors can vary widely, but ocher tones
predominate, from red to yellow. They may show cross-
stratification. Calcarenites can only be distinguished from
sandstones with the help of a microscope. Sandstones with
calcareous cement produce effervescence with hydrochloric
acid (Bell, 1992).

Fig. 6. Crystallized gypsum, which can be scratched with a
fingernail (photo by the author).

Lime mortars are usually porous and white in color, although
in some cases baked earth or ground ceramics have been added
to them, giving them ocher tones. Pieces of charcoal usually
appear in its core, remains of the -calcination process
(Papayianni, 2006; Garcia de Miguel, 2009). They can also
present white powdery lumps of poorly calcined lime that have
not reacted with the water. It is common to find ceramic pieces
(tile or brick). Applying hydrochloric acid produces
effervescence (Elsen, 2012). To estimate whether a mortar is
fully carbonated, a drop of alcoholic phenolphthalein solution
can be added (Chinchén et al., 2016). The strong alkalinity of
uncarbonated lime will cause the originally colorless liquid to
turn bright red. A pool pH test kit can also be used; in this
case, we must extract a bit of mortar and pour it into water.
This water will give us an elevated pH. Litmus paper can also
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be used to measure the pH (Garcia de Miguel, 2009; Elsen,
2012).

B

Fig. 7. Limestone and dolomite are sedimentary rocks that can
be scratched with a knife: to differentiate the two, we often need
to resort to the use of acids(photo by the author)

If a mortar contains gypsum, it can be detected by dissolving
some in acid, eg hydrochloric acid, and adding a drop of
aqueous barium chloride solution. A white, insoluble barium
sulfate precipitate will be produced, or if the amount is very
small, the suspension of barium sulfate crystallites will cloud
the solution. The aggregate, sometimes, can also be identified
with the naked eye (Figuereido et al., 2008). Very rounded
grains indicate river sand or gravel; whitish shellfish fragments
indicate beach sand. In the brick you can examine the
degreasers used in its manufacture (usually quartz and feldspar
sand and crushed ceramics). The appearance of the firing
layer, if it is thick, well vitrified, its color, indicative of the
firing temperature, forms dimensions and marks on the
surface. A characteristic belling sound indicates good
doneness. It is also noted if there are shrinkage cracks during
firing and drying; if all the bricks appear in homogeneous
shades; whether characteristic blisters have occurred due to
firecrackers or explosions during cooking; if the edges show
scarification due to a paste that is too dry or too little fat before
it is cooked; yes the alteration affects joints between pieces or
the pieces, etc. (Lourengo et al., 2014). If the stone contains an
important clay fraction, it will stick to it when touched with
the tongue. If you breathe on the material, it gives off a musty
smell. This provides a first indication of whether a soil,
limestone or sandstone, contains clay. Marble is scratched with
a knife, like a limestone; but unlike limestone, it never has
fossils and other sedimentary structures, and usually has an
equigranular texture, sometimes saccharoidal in fresh fracture.
Dolomitic marble does not produce effervescence with acids,
unlike calcitic marble (Camuffo, 1986; Franzini, 1996).

Pathological examination

We can see injuries in the following singular elements in old

buildings:

. Sockets. If there is sandblasting, loss of matter,
efflorescence, joint loss, rounding of pieces, damp stains
and other signs that could be indicating ascending
capillarity (Garcia de Miguel, 2017). Sometimes small
injuries are caused by splashing from the droplets, so this
alternative to capillarity should be considered as the
cause of the damage (Figuereido et al., 2008; Tortajada
Hernando, 2011).

e  Walls. Vertical runoff lines marked by sandblasting, loss
of joints, presence of biocolonies, dirt stains alternating
with washed areas. Examine the origin of the runoff line;
they are usually losses or missing in cornices and
projections, as well as washing of joints. Injuries can also
occur from dripping from eaves or overhangs. In these
cases, the trace of the lesions is horizontal (Garcia de
Miguel, 2009). Broken hidden downspouts produce
characteristic vertical lesions and stains.

e  Cornices, eaves and projections. The upper areas are
usually washed, with loss of relief due to dissolution or
weathering. Sheltered areas can present biocolonies,
black crust (in urban environments), attacks by salts,
accumulation of dust and dirt (Garcia de Miguel, 2009;
Katona, 2020).

Regarding the state of the surface, there are different proposals
for a common nomenclature to designate the lesions that affect
the stone. All these proposals have been compiled, refined and
systematized by the International Scientific Committee for
Stone (ISCS) belonging to the International Council on
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Monuments and Sites (ICOMOS), which has prepared an
illustrated glossary of terms (ICOMOS-ISCS, 2018). Many
times it is interesting to carry out the mapping of injuries and,
in parallel, the mapping of processes (Garcia de Miguel,
2009). The difference is evident: the lesions are immediate and
do not admit of interpretation. With this we try to reflect the
existing damage, regardless of its cause. The processes require
an interpretation. For example, if a plinth affected by
capillarity appears, we will see damage to the materials. The
cartography of injuries will reflect these damages without
clarifying their origin (Fig. 8). However, process mapping will
represent the cause, regardless of the nature of the damage.

DAMAGE LEGEND

Peeling
- Cavities in stone
[ ] Relief loss
- First restoration mortar
; I - Runoff stains, with
_1 1l T black crust associated
B vichens
Bl Fragment los
Il superior vegetation

‘ = Joint loss

LSS |

Fig. 8. Lesions mapping on the main facade of the Chapel of San
Ildefonso, in Alcala de Henares, Spain(Elizalde, 2012)

Instrumental techniques: In the auscultation of monuments,
instrumental techniques try to reach where organoleptic
techniques do not. For example, our eye is unable to see the
interior of non-transparent objects; however, suitable sensors
allow us to determine many of the internal characteristics of
materials, which are characteristics not accessible to direct
observation. To explain this, we can use a medical simile: a
doctor is unable to see through his eyes into a patient's body;
however, an X-ray photographic plate becomes visible to
himsome parts of the body. Most of the techniques we use are
based on the emission of a signal. This signal is modified by
the object that we need to investigate and later received by a
sensor, once modified. The modification produced by the
object allows us to know something about its nature and
characteristics (San Andrés Moya &Viiia Ferrer, 2009; Kroner
et al., 2010). To date, all possible signals have been
experimented with, with success (Camuffo, 1986; Franzini,
1996; Figuereido et al., 2008; Garcia de Miguel, 2009; Kroner
et al., 2010; Lourengo et al. 2014; Zhao et al., 2019). We can
say that the results are limitedcurrently since they are quite
expensive techniques in general, whose response is often
uncertain or very difficult to interpret. However, as the
methods and instrumentation are perfected, they may be much
more useful and reliable in the future. In the following
sections, we present some of these techniques, although not
all.

Mechanical resistance determinationusing Schmidt
hammer: The sclerometer estimates the rebound that the
tested material produces in a piston applied with constant
energy given by the construction of the instrument. It
essentially consists of a plunger, a spring of a certain stiffness,
and a piston. The plunger is pressed into the hammer by
pushing against the rock surface. The energy is stored in the
spring which automatically releases it at a certain level of
pressure, impacting the piston against the plunger. The
rebound height of the piston is read on a scale (Aydin &Basu,
2005; Aydin, 2008).

There is a relationship between the rebound of the piston and
the compressive strength of the material. This relationship is
provided by the manufacturer of the Schmidt hammer by
means of graphs and tables and has been obtained by
comparison with very careful and repeated normalized
compression failure tests of cubic and cylindrical specimens
that had previously been tested with the Schmidt hammer. If
the material is very resistant, the energy received by the impact
is returned elastically. If the material is not very resistant, part
of the energy received is absorbed in the form of small breaks
and deformations (Kong et al., 2021). The presence of cracks
close to the impact zone can affect the measurements
(Williams & Robinson, 1983; Vandaele & Waelken, 1993).
These measurements must be made perpendicular to the
surface. The inclination strongly affects the measurements. If
it is a question of determining the compressive strength of
sound material, a minimum of twenty (20) measurements are
required.

The ten (10) that provide lower values are discarded and the
average of the ten with higher values is obtained. We assume
that the lower ten responds to execution errors, such as the
lack of perpendicularity between the hammer and the wall or
surface irregularities that disperse the energy of the impact, to
name a few. Another utility of this technique is to determine
the degree of alteration of the material (Vandaele & Waelken,
1993; San Andrés Moya & Vina Ferrer, 2009; Kroner et al.,
2010). If the value provided by healthy material is estimated,
lower values would indicate degradation. However, we
musttake into account the natural heterogeneity of the stone
that can provide a dispersion of values within an interval, for
samples from the same quarry, without being altered. It is a
non-destructive method, so the instrument cost is very useful
in heritage where, due to the historical-artistic value of the
material, it is often not possible to extract specimens to carry
out laboratory tests (Fig. 9). The Schmidt hammer only
informs about the superficial characteristics of the material
(Buyuksagis & Goktan, 2007), up to where the influence of the
impact reaches. This is not usually, however, a drawback: it is
precisely the state of the surface and the most important data in
terms of conservation. If the information on deeper areas is
desired, it is necessary to use more penetrating signals such as
ultrasound or, directly, extract cores and carry out tests on
them (Kong et al., 2021). The equipment is portable and can
be used both in the laboratory and in the field. There are
models of the Schmidt hammer for different levels of impact
energy. However, the hammer that we use must be suitable for
the type of material to be tested. Thus, the impact of the
Schmidt hammer will not damage the material, nor will it be
so weak that measurements are unreliable (Aydin &Basu,
2005; Aydin, 2008).
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Microclimatic data: The arrangement and nature of the
lesions are sometimes correlated with the microclimate. The
most indicative data are temperature and relative humidity
(Bionda, 2004; Camuffo, 2019). With them, for example, it is
possible to establish the dew point and the possibility of
condensation that could explain, in turn, the presence of damp
spots and salts. The frequency of precipitation and its
distribution, as well as the direction and intensity of the
prevailing winds are also very significant data. Depending on
the case, it may be interesting to know the number of frosts,
condensation or dew, ultraviolet radiation, etc. (Kroner et al.,
2010). Orientation can also play a role in the typology of
damages (Camuffo, 1986; Garcia de Miguel, 2009). Here the
Porta de San Pedro ou Toledana of the Roman Wall of Lugo
has been given as an example.

Fig. 9. Measurement of the mechanical resistance by means of the
Schmidt hammer, in a column at the entrance of the Prado
Museum in Madrid, Spain (photo by the author)

Un drone During an inspection, a drone (Fig. 10) showed that
in its east orientation (outer side of the wall), it received
contamination from outside. Because of this, black scabs
appeared. Loss of relief and sandstone, in synergy with
biological growth (Fig. 10, a and b). Vehicles cannot circulate
inside the wall (only in exceptional cases) for years. For this
reason, the granite appeared clean on the west face (interior
side of the wall). The climatic historical record can be obtained
from the nearest weather station. However, many times we are
interested in knowing the microclimate in the monument or
even in parts or orientations of it (Guerra et al., 2019). For
rapid data collection, there are pocket instruments that allow
us to estimate the prevailing conditions at a given time.

However, we often need to know the evolution of the
parameters over a long period of time (Austigard & Mattsson
2019). For this, a good solution is the microclimatic stations,
which are placed in the appropriate locations according to the
information that we intend to obtain. Dataloggers store the
information in an electronic memory that they upload to a
computer during a visit, but more sophisticated devices allow
continuous monitoring by sending it to a central station that
transmits it, via the Internet, to any point where the data center
is located. data reception and analysis (Essien et al., 2021).
These devices not only transmit climatic information, but also
any type of data that can be digitized, such as images from
video cameras, signals from vibration detectors, crack gauges,
inclinometers, etc. Thus, we can control, in real time, many
parameters that affect the conservation of a monument.
Datalogger are very useful for pointing out when to carry out
maintenance operations (Bayhan & Turhan, 2021).
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Fig. 10. Flight of a quadcopter drone during the inspection of a
singular point of the Roman Wall of Lugo; specifically in the
Porta de San Pedro ou Toledana (a) and images captured by the
drone (c), where the deterioration of the stone material can be
observed (photographs by the author).

Moisture and salt mapping: We have already commented that
many pathologies have their origin in the presence of
humidity, which is accompanied by salts (Liu et al., 2020).
The damaging effect of humidity on monuments is also well
known (Kroner et al., 2010; Tortajada Hernando, 2011,
Lovon&Lovon, 2019). Humidity mapping is usually carried
out with the aim of knowing its origin from its distribution.
Sometimes, the presence of moisture is evident to us from
stains or visible modifications of the surface. The humid zone
traps dust and dirt from the environment and gives rise to
fungal biocolonies that produce changes in tone or color
(Caneva et al., 2000; Valgafion, 2008). Other times, areas that
were wet have dried, but the stains remain. Other times, for
different reasons, the presence of humidity is not evident from
observation alone. It can also happen that humidity is
transmitted mainly through the joints, while the stone is quite
dry. In this case, they are difficult to appreciate visually.
Humidity mapping is carried out with a protimeter (Fig. 11). A
protimeter is essentially a moisture measurement probe on
surfaces. It makes point estimates of the electrical conductivity
of the material. Distilled water hardly conducts electricity.
However, in construction, moisture carries electrolytes due to
dissolved salts. These electrolytes make this water quite
conductive. The determination of the humidity at each point is
quite fast. Thus, we can take many points in a short time.
These points can be established according to a regular grid, but
it can be difficult in situ, due to access difficulties (Fig. 14,
left). When the eclement is linear, such as a column,
cartography can be converted into a linear profile (Fig. 13,
color blue). To carry out the mapping of salts, previously there
was equipment on the market for the measurement of salts.
However, some of this equipment has been discontinued, so it
is less accessible. It forced many professionals to look for
alternative solutions. Thus, Professor José Maria Garcia de
Miguel designed and built a piece of equipment based on
electrical conductivity also (Garcia de Miguel, 2009). In this
equipment (Fig. 12) we do the measurement in a different way:
we use filter paper, moistened with distilled water on the
surface where we want to measure the saline content.

Fig. 11. Humidity measurement using a protimeter in ashlars of
the facade of the Monastery of El Escorial, Spain (photograph by
the author)

Fig. 12. Equipment used for the measurement of conductivity
and, therefore, for the measurement of salts in the Patio de Santo
Tomas of the University of Alcala de Henares, in Spain
(photo by author).

Thus, the paper transmits moisture to the material. After a few
seconds, the salts that lodge in the pores of the material
dissolve in the moisture that impregnates the paper. So, we
place the paper between some electrodes and measure the
conductivity. This measured conductivity will be proportional
to the saline content in the water dissolved in the paper and,
ultimately, to the salts that have been extracted from the wall.
Naturally, in the case of very poorly soluble salts, such as
calcium sulfate, a much higher content will be needed than in
the case of sodium chloride, to provide the same conductivity
value, and it can be objected that the measurement does not
really estimate the content. saline since it depends on its
nature. his objection is real, but not very relevant to the
intended practical effects. In fact, what is estimated is the
capacity of the salt attack to produce damage, which is,
ultimately, what is of interest. A low content of sodium
chloride can be so harmful that a very high content of calcium
sulfate will produce the same electrical conductivity (Alves et
al., 2021). However, if we know the nature of the salts
estimated by other methods that we will see in the next section
and this salt composition is constant (for example, if there is
only sodium chloride), we could prepare calibration curves
with different concentrations of salts. and the response of the
instrument at each concentration.
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Thus, we get an immediate relationship between the
conductivity measurements obtained and the concentrations to
which they correspond. However, this rarely interests us for
practical purposes. Restorers usually estimate the presence of
salts from the dressings they use to extract them. However,
this method is very cumbersome for diagnostic studies. It is
because they require a dressing application time and another
drying time. In addition, the salt content is modified after
extraction. Restorers use it to verify the effectiveness of salt
extraction already in the intervention phase; restorers also use
it to check that the operation has been completed successfully.
This occurs when they no longer detect salts in the dressings.

1= |

ul = =m
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Fig. 13. Moisture profiles (blue) and salt concentration profiles
(red) in the plane of the east side facade in the Patio de Santo
Tomas, at University of Alcala de Henares, Spain(Elizalde, 2012)

Fig. 14. Humidity cartography (left) and salt concentration
cartography (right) in the elevation of the main facade of the
Chapel of San Ildefonso, in Alcald de Henares, Spain(Elizalde,
2012)

One precaution that we have to take into account is that the
measurements, both of humidity and salt, must always be
carried out on the same material, be it stone (Garcia de Miguel,
2009; San Andrés Moya &Vina Ferrer, 2009; Tortajada
Hernando, 2011), either in the joint mortar (Papayianni, 2006;

Guerra et al., 2019), or in brick (Lourengo, 2014). If we mix
the data collections in different materials, the cartography can
be distorted, because the values obtained depend on the
porosity of these materials and the nature of these materials.
Normally, the most sensitive and most convenient material is
the most porous material (Charola, 2000). However, highly
absorbent materials can dry out the paper by immediately
drawing out the moisture it contains. Once dry, this material
will give us conductivity values much lower than the real ones,
or it will not give us any value at all. In this case, we must
choose the least porous material. For this reason, it is best to
carry out two parallel cartographies: one in joints and another
in the center of the pieces. Comparing both, we can see in
most cases that the measurement carried out on the pieces
reflects that of the joints, attenuated. The one that is estimated
in the pieces better discriminates the main sources of humidity
and salts, while one of the joints is, generally, more sensitive
in detecting the distribution of humidity, where this is not
revealed in the pieces. The salt maps (Fig. 14, right) indicate
the areas to be intervened by salt extraction, excluding the
areas that do not present content. As mapping is much less
expensive than extraction, you can save unnecessary costs by
excluding many areas in the intervention. The maps of salts
and humidity can be superimposed. This superposition
provides us with information about the presence of fossil salt
fronts or active salt fronts. An occasional event such as, for
example, the breakage of a sewage pipe, can be the cause of
salts remaining after solving the cause that contributed the
humidity, generating a fossil front. The presence of moisture
without salts are usually rare. These spots indicate areas of
high circulation and little evaporation, so that the salts are
transported, but not deposited and accumulated. In the fronts
by capillarity, the low zones with a lot of permanent humidity
usually present low saline values that increase in the
evaporation zone at higher elevations.

Determination of the nature of salts

We are not only interested in knowing the distribution of the
salts provided by the cartography, but also their nature. This
nature gives us a lot of useful information to determine the
origin of the salts and to explain their presence. For us it is
very interesting to know how it is possible to have a first
estimation of the nature of the salts from organoleptic data,
mainly their taste. On the one hand, gypsum (calcium
hydroxide) and caliches (calcium carbonate) are tasteless due
to their low solubility.

On the other hand, nitrates maintain a characteristic fresh and
astringent taste. This flavor contrasts with the salty taste of
chlorides: thus, potassium chloride and magnesium chloride
are more pungent and more bitter than sodium chloride.
Sulfates other than gypsum are usually bitter (gypsum is
tasteless, as we have already explained). This is the case of
magnesium sulfate. We can also make a kit of reagents that we
can transport to the monument to be analyzed. This kit should
contain (San Andrés Moya & de la Vifia Ferrer, 2009):

e  To recognize the presence of nitrates we can dissolve
0.5 g of diphenylamine in 100 ml of concentrated
sulfuric acid. The acid, with the nitrates, provides a
blue color. There are reactive paper strips for this same
purpose.
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e  To recognize chlorides, we can introduce a small piece
of the material in a small amount of water. When we
add silver nitrate solution, precipitation of silver
chloride occurs, which is insoluble.

e  We can recognize the presence of gypsum by obtaining
a precipitate of barium sulfate in an acid solution,
adding barium chloride solution, as noted above. This
procedure is also valid for locating other sulfates.

Beyond these simple techniques in situ, we must take a sample
and analyze it later in the laboratory. The salts can be
examined directly with a scanning electron microscope (Garcia
de Miguel, 2009). With this instrument we can appreciate its
location in the pores of the material, we can know its
morphology and we can estimate its composition, but it is
difficult to make precise estimates of the number of salts. For
the quantitative determination, we have to carry out the
extraction of the salts from the sample. To do this, we will
weigh a small amount of the altered area and submerge it in a
certain volume of distilled water (Krdner et al., 2010). We will
leave this solution for half an hour at rest and filter it. We will
reject the residue and evaporate the solution in a watch glass or
a beaker. After this, we will weigh it. The ratio between the
weight of this saline extract and that of the whole one
estimated at the beginning will provide us with the total
amount of soluble salts. The nature of the saline substances
present in the extract can be known using the scanning
electron microscope. However, it is difficult for us to obtain a
quantitative value with this technique. It is best to carry out a
chemical analysis, determining the anions and cations after the
extract has been dissolved. Of course, in this case, the
chemical elements that make up the set of salts will be known,
but not the substances that form these elements. This is
because these elements can be combined in various ways to
form different compounds. However, elemental analysis can
be recalculated to molecular equivalents and combined to form
the substances discovered by the scanning electron
microscope. In this way, we can know the total proportion of
salts present in the sample, as well as the substances and their
proportion that make up the salt fraction. The gypsum does not
normally dissolve by this technique, or it does so in a small
amount. But since gypsum by itself is not a very harmful salt,
its determination is not important. It has already been
described how the danger of calcium sulfate derives from its
combination with other salts present to form others that are
very soluble and dangerous. These salts will go into the
solution without problems and will be considered in the
analyses. However, if we want the gypsum to pass into the salt
extract, we will have to dissolve the salts in the sample while
hot and for a certain time. We will also have to do the filtering
while hot so that the plaster does not precipitate and remain
with the residue.

Ultrasound

Ultrasounds were developed to examine metals and welds and
from there they went to medicine. Later they have begun to be
used in construction. This technique consists of an emitter of
ultrasonic frequency longitudinal vibrations, which pass
through the material, and are received by a receiver. The speed
of propagation of the ultrasonic wave through the material is
measured. This speed is directly related to the elastic modulus
of the material and, therefore, to its mechanical properties
(Diana &Fais, 2011; Jo & Lee, 2022). This speed is estimated

by the space between the emitter and the receiver and the time
it takes for the emitted signal to be acknowledged by the latter.
This technique requires good contact between the transducers
(emitter and receiver) and the surface. For this, it is
recommended to use petroleum jelly, grease, liquid soap or
kaolin paste, and glycerol. The roughness of the surface is a
drawback, so it may be necessary to polish it or use quick-
setting epoxy resin. There is a UNE standard (UNE-EN
14579:2005. Natural stone test methods - Determination of
sound speed propagation), which specifies the method to carry
out the test, both in the laboratory and in situ. The estimation
can be done by reflection, but it is usually done by
transmission. The best situation occurs when you have two
facing surfaces, such as a wall accessible from both sides.
When estimation is not possible in this way, it is possible to
place the emitter and receiver on the same surface (Fig. 15).
Ultrasounds are used to measure the homogeneity of concrete
and other identical materials (such as stone materials, which
are the ones we are interested in). It has also been used to
estimate the depth and direction of fractures within the
material (Diana & Fais, 2011). However, resistance estimation
is strongly influenced by the distance between transducers,
surface roughness, or humidity (Jo & Lee, 2022). Therefore,
we should only apply this technique over dry materials.

Thermography: Just as normal cameras detect the visible
light emitted by objects and can capture it in a photograph,
thermal imaging cameras do the same with infrared emissions.

Fig. 15. Auscultation of the ultrasonic transmission speed in the
ashlars of the Roman Aqueduct of Segovia(Jurado, 2007)

Infrared rays have a lower frequency than visible light. For this
reason, the human eye cannot detect them. However, these
rays can be perceived organoleptically as heat. Thus, the
camera records the temperature of the different objects in an
image (Fig. 16). Depending on the camera, it can become
sensitive to hundredths of a degree. Thermography is another
technique that we can also use to detect possible defects in
masonry. Infrared thermography allows, through the infrared
radiation emitted by bodies, the surface temperature
measurement (Pappalardo et al., 2022). The instrument used in
thermography to measure is the infrared camera. The main
advantage of thermographic temperature measurement is that it
is a non-contact measurement technique (Diana & Fais, 2011).
In recent years, new thermal imaging cameras have greatly
decreased in price and can help us to appreciate cracks and
anomalies. The campaigns must be carried out at dusk or dawn
because what the cameras detect is the different temperature
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that manifests itself in the walls of the bridge and it is at these
times when it is easier to observe the possible presence of non-
homogeneous areas that will dissipate the heat of differently
(Carlomagno et al., 2005).

Fig. 16. Thermography of a masonry bridge (Urzaiz, 2017)

Thermography is used to locate damp zones in walls
(Moropoulou et al. 2018). Thermography can be related to the
microclimatic effect that we have analyzed in section3.2 (Hatir
et al., 2022). As we have said, it is because humid arcas must
be colder. This is due to heat loss through evaporation.
However, the thermal history often masks useful signals.
Thermography has also been used to detect blistering in paint
and plaster, as well as other surface or structural features
capable of producing thermal contrasts. In fact, there are joint
experiences of using thermography with photogrammetry,
using drones (Frodella et al., 2020).

Conclusions and prospective

Throughout this article, the immediate and instrumental
techniques most used by the author and many other experts in
the pathological diagnosis of heritage constructions have been
analyzed.

All the techniques analyzed have demonstrated their
effectiveness in making an adequate diagnosis. Many
monuments have been saved in time using these techniques
harmless with the monument. However, there are many other
techniques that we have not analyzed here, such as endoscopy,
georadar, and other geophysical techniques or tomography that
are either under study or have already begun to prove effective
in the field of diagnosis. These techniques, together with
laboratory techniques (electron microscopy, X-ray diffraction
and fluorescence, spectrometry...), can give a much more
complete diagnosis, although not as fast as the one provided by
the techniques in the sections above have been analyzed. In
addition, laboratory techniques always involve the extraction
of samples, and this always implies a punishment, however
small, for the monument.
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