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Abstract: This analysis of the material degradation processes most commonly found in half-timbered
walls with earth infill in Spain is part of a much broader line of research aiming to analyze, catalogue
and understand their constructive techniques, state of conservation, and transformation in order
to propose conservation guidelines. Systematic data collection and statistical analysis of material
damage for 268 half-timbered walls with earth infill have made it possible to identify the most
common degradation processes. The effect of these processes on this type of technique, as well as
the relationship between them and any possible conditions contributing to their frequency, were
examined. Almost half of the sample studied presents some type of material degradation, most
frequently surface erosion, while the presence of vegetation is the least common pathology. Any
future decisions about the most suitable maintenance and conservation actions should be based on
the conclusions reached here concerning the frequency and scope of these degradation phenomena.
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1. Introduction

For centuries the degradation of traditional architecture, understood as a material
object threatened by degradation processes due to physical, chemical, and natural factors,
has been limited by the continuous maintenance of the occupants, who knew the traditional
techniques and had access to the necessary local materials [1]. However, social issues
such as the rural exodus and the depopulation of towns and villages have led to the
abandonment of buildings and the disappearance of traditional maintenance activities [2].
Equally, industrialization and the introduction of new constructive materials, combined
with the lack of valorization of this type of architecture, has promoted the development of
transformation dynamics and interventions which have not taken into consideration the
conservation of traditional features or material and structural compatibility [3].

When proposing the analysis of the state of conservation of any traditional constructive
technique it should be kept in mind that visible damages in the elements studied are the
manifestation, at a specific point, of complex degradation mechanisms. These may have
been active and can worsen causing more serious damage if the original cause is not
treated [4]. These manifestations can be classified depending on the scope; they are
considered to be alterations when they do not cause the physical, chemical and mechanical
properties of the material, while they are considered to be degradations when they involve
worsening of these properties. Therefore, alterations are intrinsic to the passing of time
but pose no threat to the survival of the building, while degradations require interventions
principally to resolve the cause or causes, thus preventing the continued development of
these mechanisms or their effects worsening.

This study examines the most common material degradation processes in Spain which
affect half-timbered walls with earth infill, a constructive technique where the function of
the timber framework is mostly structural, while the needs for enclosure, rendering and
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insulation in the walls are resolved with earth [5]. By definition, this technique combines
several materials so that the material degradation of half-timbered walls with earth infill
is the result of both the mechanisms characteristic of earth infill and those linked to the
timber structure. Moreover, the heterogeneous materials, complex geometry, and lack
of compatibility in terms of the deformability of materials results in a broad casuistry of
structural defects to be studied in a later phase [6].This analysis examines half-timbered
walls where the timber fulfils the structural function and the formwork sections are filled
with monolithic techniques (Figure 1a), with brick infill (Figure 1b), or even woven walls
(Figure 1c) where the formwork sections are filled with light screens of braided plant fibre
on nailed timber boards rendered in mortar.

(©)

Figure 1. Different material variants identified in the study: (a) half-timbered wall with monolithic infill, based on the piling
or pouring of earth into formwork; (b) half-timbered wall with brick infill, based on piling prefabricated pieces like adobe;
(c) woven wall based on the use of light screens made up of braided plant elements or rigid boards.

Buildings with these techniques have been located mostly in the north-western part of
the country (Figure 2), in particular in mountainous areas above 500 masl, where the climate
favours the growth of optimal trees for construction [7]. This also implies a relatively low
average temperature and a higher pluviometry that may favour the development of several
atmospheric lesions. The 83 localities where they have been located have a very small
population, generally less than 500 inhabitants. This can imply both a greater lack of
maintenance and the presence of spontaneous interventions with inadequate materials
and techniques due to the absence of access to qualified specialists and technicians. The
buildings studied are mostly dwellings located in urban centres and generally correspond
to row or corner buildings with 2 or 3 storeys. The urban context in which they are located
promotes a lower exposure to atmospheric events such as rain and wind. The fact that the
great majority of the mixed walls studied are located on top of another wall or plinth made
of more resistant materials, such as ashlar and masonry, also reduces the possible influence
of humidity from the ground.



Sustainability 2021, 13, 772

30f27

Figure 2. Geographical distribution of the 83 sites where earth and wood mixed walls have been
located.

2. Objectives and Methodology

This text is part of wider research which aims to define the different types of half-
timbered walls with earth infill found throughout Spain, as well as to study the state of
conservation and transformation dynamics taking place. The aim is therefore to understand
constructive techniques and analyze current conditions in order to establish guidelines
for conservation interventions and valorization. This text will analyze the frequency and
occurrence of certain material degradation processes in this type of technique in order to
propose the most suitable future maintenance and conservation actions.

The research methodology is based on the detailed analysis of the largest possible
number of case studies, selected from the earthen buildings documented in the research
project “SOS-Tierra: La restauracion y rehabilitacion de la arquitectura de tierra en la
Peninsula Ibérica. Lineas guia y herramientas para una intervencion sostenible.” In total,
268 case studies were selected for analysis from 2973 photographs catalogued as half-
timbered walls with earth infill.

To ensure a clear scientific objective analysis, a study fiche was used, divided into
three major blocks: general information on the building; specific data on the constructive
technique of the wall studied; and an analysis of the state of conservation and transforma-
tion dynamics [8]. The fiches have been filled in using database management software,
which allows a global analysis to be made, to compare some data with others and to draw
objective and statistically valid conclusions. In particular, the data compiled in this last
section of the fiche made it possible to reach statistically valid objective conclusions on the
occurrence and causes of the most common degradation processes presented below.

The main limitation of this research is geographical, as it is impossible to visit each
and every Spanish site to corroborate the existence or absence of half-timbered walls.
Moreover, direct visual analysis through photographs has limited the study to external
fagades or partition walls. This limited the number of conclusions reached on the use and
state of conservation of this type of technique in the interior partitions of buildings. The
material damages analyzed were classified according to the agent causing them, whether
atmospheric, biological or anthropic. The occurrence of each of the pathologies detected
has been correlated with other weathering processes and the possible conditions which
may favour or reduce their effect, as well as with direct contact with the ground or the
presence of renderings. Equally, the incidence of each degradation on the material variants
identified has also been analyzed.
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3. Material Degradation

The term material degradation refers to physical and chemical changes in the material
due to atmospheric, biological, and anthropic agents. Direct and constant exposure to
atmospheric agents is the main cause of damage in earth infill, so that the conservation of
this type of technique is greatly dependent on the existence and maintenance of different
protection elements including eaves, plinths, and renderings [9]. Although initially the
combined action of rainwater and solar radiation only causes surface deterioration in
timber, it encourages rot and attacks from xylophagous insects, endangering structural
conservation [10].

In this research we carried out a detailed analysis of 15 different types of pathologies
(Figure 3), classified depending on the agent causing them. On average these damages
appear in 42% of the cases studied, with surface erosion being the most commonly studied
pathology while the presence of vegetation is the least frequent. These visible effects are a
specific phase of a degradation mechanism which continues to evolve until its causes can
be reversed or their effect lessened. They may first manifest as specific phenomena to be
replaced by others as they advance. For instance, water pooling initially takes the form of
damp stains, but if unchecked it may provide optimum conditions for the timber to rot,
finally generating structural damage unless it is reversed.
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Figure 3. Mean presence of the different material degradation phenomena analyzed.

3.1. Degradations Caused by Atmospheric Agents

Direct exposure to elements such as rain, wind, and humidity in the ground are
the main source of degradation detected, affecting the entire sample in varying degrees.
As exposure to these atmospheric agents is inevitable, the influence and development
of associated weathering processes is greatly conditioned by the existence and correct
maintenance of traditional protection elements [11].

Analysis of the degradations due to atmospheric agents shows that the most frequent
are the erosion of infill which occasionally progresses to cause the loss of volume, discol-
oration, dehydration, and deterioration of cracks in timber elements (Figure 3). However,
the presence of damp is also widespread in the sample studied, and in the long term it
causes the disaggregation and erosion of the infill, as well as the surface deterioration of
the timber and the proliferation of xylophagous insects and rot.
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3.1.1. Damp Stains

Both earth and timber are hygroscopic materials which tend to absorb water, either
due to capillarity from the ground, rain infiltrating through walls or condensation caused
by environmental humidity. Increased humidity in the earth mass can lead to initial
chromatic alterations and stains on the surface of the infill (Figure 4).

Figure 4. Damp stains in the lower part of a half-timbered wall in Ayllén (Segovia), where the eaves do not protect from the

incidence of rain.

This may go on to cause a softening of the mass, which weakens and temporarily
recovers its original plastic state [12]. Equally, it can cause surface erosion which can lead
to a considerable loss of section, in turn bringing about structural stability issues. These
may cause the timber to change size, favouring the proliferation of phenomena such as rot,
fungi, and xylophagous insects and affecting the resistance of timber elements [13].

Damp stains were detected in 74% of the case studies analyzed (Figure 3). When
considering the various materials of these walls, damp stains appear in 75% of walls with
monolithic infill, in 68% of walls with brick infill, and in 33% of walls woven with light
screens (Figure 5a). While the rate of occurrence in half-timbered walls is similar, it is
almost halved in the case of woven walls. Woven walls are mainly used in agricultural
buildings more in need of ventilation, and the material of the screens is thinner than those
of other techniques, with a rendering that is not always completely watertight [14]. This
type of degradation can appear at the base of walls in direct contact with the ground as the
water found in the soil can rise through capillarity both in the earth mass and in the timber
elements. They can also appear in the upper sections of walls if the eaves are not in good
condition or large enough to provide protection from the rain.
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Figure 5. Analysis of the occurrence of damp stains in the walls studied: (a) presence of damp stains with half-timbered
walls with monolithic infill, with brick infill and with light screens; (b) presence of damp stains in half-timbered walls in
contact with the ground, built on low plinths and on higher walls.

As half-timbered walls are traditionally built on other walls built with more resistant
materials such as masonry or ashlar in order to prevent rising damp [7], damp stains are
found in 89% of the few cases built directly on the ground, a percentage which decreases
progressively with the existence of plinths or walls (Figure 5b).

3.1.2. Efflorescence

The presence of damp can entail the migration of salts found in the ground or the
infill mass which, when water evaporates, are deposited and crystallize forming efflo-
rescence on the exterior surface or internal crypto-efflorescence. The increase in volume
resulting from the crystallization of salts generates internal forces in the material. After
several crystallization and dissolution cycles this favours both surface disaggregation in
the case of efflorescence and internal disaggregation of the material in the case of crypto-
efflorescence [15].

Although efflorescence can result in serious damage such as a loss of cohesion and detach-
ment in the infill, it has only been detected in 9% of the walls studied (Figure 3). Regarding the
various materials, this pathology appears in 12% of walls with monolithic infill, in 6% of walls
with brick infill, and in no woven walls with light screens (Figure 6a). Although these salts can
originate in the earth mass of the infill, the ground or the atmosphere, the main source tends to
be the cement mortar used for repairs or rejointing [16]. In the sample studied, 29% of cases
rendered in cement mortar display efflorescence, in contrast with 16% of cases with lime or
gypsum mortar rendering and 4% of earth mortars (Figure 6b).
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Figure 6. Analysis of the occurrence of efflorescence in the walls studied: (a) presence of efflorescence in half-timbered walls
with earth infill, with brick infill and with light screens; (b) presence of efflorescence depending on the renderings used,

either cement mortars, lime or gypsum mortars, earth mortars or walls left bare.

Moreover, it was detected that 62% of cases with efflorescence are linked to the use
of cement for repairs or rejointing (Figure 7). Considering the effect of the use of cement
mortars in the appearance of this type of degradation it should be noted that all the cases of
woven walls studied are rendered with traditional mortar—lime, gypsum and earth—and
no efflorescence has been observed in any case.

Figure 7. Efflorescence on a half-timbered wall in Reinoso (Burgos), where concrete mortar has been used to repair the

encounter with the lower wall.
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3.1.3. Surface Erosion

Erosion is the loss of material to varying degrees and may be caused by the action of
rain on contact with the walls or the action of particles from wind, although also due to the
crystallization of salts or the wall gelifraction caused by damp [15]. Despite being the most
common pathology, specifically affecting 97% of cases studied (Figure 3), in most cases
it is surface erosion which has not yet affected the material or structural conservation of
elements (Figure 8).
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Figure 8. Different degrees of erosion in a half-timbered wall in Ayllén (Segovia).

The distribution of erosion in the various materials is rather homogeneous, as it has
been identified in 93% of cases with earth infill, 87% of cases with brick infill, and 81% of
cases with light screens (Figure 9a). The presence of renderings provides a layer which
is more resistant to the impact of rain and air-driven particles, and easier to repair and
replace so that the occurrence of erosion is slightly lower in rendered walls (Figure 9b).
Future research phases should assess the different degrees of erosion or areas where this
occurs to obtain a more detailed analysis of the correlation between these degradation and
the material variants.
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Figure 9. Analysis of the occurrence of erosion on the walls studied: (a) presence of this pathology depending on the

material variant of the infill; (b) presence of this pathology depending on the renderings used, whether cement mortars,

lime or gypsum mortars, earthen mortars, or bare walls.
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In addition to erosion due to rain and wind, in areas reaching temperatures below zero,
excessive humidity content in the earth infill can cause erosion through gelifraction due to
the increase in volume from water freezing [15]. As 60% of the sample is found in mountain
areas, while 66% is located above 700 masl, it is very possible that freezing is a relevant
factor in the erosion of these walls. When comparing the geographical distribution of the
case studies with the map showing the annual mean for the number of days with freezing
temperatures between 2002 and 2012, the range observed is between 40 and 150 days of
freezing temperatures for the area studied [17].

3.1.4. Loss of Volumetry

The combined effect of wind and rain and possible mechanical aspects caused by
people, animals, or vegetation moved by the wind initially lead to the disaggregation and
surface erosion of earth infill. If these conditions persist over time the loss of material
continues to cause further losses (Figure 10) which may endanger the structural stability of
the element [18].

This degree of damage has generally been detected in 48% of the case studies (Figure 3).
The distribution of occurrences is similar in the different material variants, with 46% of earth
infills affected, 42% of brick infills affected, and 48% of light screens affected (Figure 11a).
From observing the combination of surface erosion and loss of volumetry it can be seen that
approximately half the cases of erosion have evolved to cause volumetric losses in specific areas,
more notably in light screens where the earthen mortar layer can become more easily detached
from the auxiliary substructure of timber and plant fibres (Figure 11b).

Figure 10. Volumetric loss of the monolithic filling of a half-timbered wall in Cepeda (Salamanca).
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Figure 11. Analysis of the occurrence of loss of section in the walls studied: (a) presence of this pathology depending on

the material variant of the infill; (b) combined presence of erosion and loss of section on the half-timbered walls studied

depending on the types of infill.

3.1.5. Discoloration and Dehydration of Timber

Exposure of timber to solar radiation causes the timber to dry and the lignin to degrade
(Figure 12), first making it darken to a brownish hue which over time becomes more gray as
the cellulose is left exposed [19]. This degradation, which occurs slowly and is worsened by
the combined action of water and solar radiation, can be calculated at between 1 and 13 mm
per century depending on the type of timber and exposure [20].

Figure 12. Discoloration and dehydration of timber of a half-timbered wall in Calatafiazor (Soria).

This extremely common pathology has been detected in 90% of case studies (Figure 3),
in 83% of earth infills, in 80% of brick infills, and in 90% of light screens (Figure 13a). This
pathology is characteristic of timber and does not affect its conservation or resistance. Its
spread is conditioned not so much by the material but by its surroundings, the maintenance
of the buildings it is used in, and above all the presence of a protective rendering on the
timber. Renderings are devised as a protective layer against these degradation agents and
although in northern European climates timber is not usually rendered but allowed to
breathe and dry better, in southern Europe it is usual to render both the infill and the timber
to protect them from solar incidence and other atmospheric agents [21]. Thus, observing
the incidence of dehydration and chromatic alteration in relation to the presence and scope
of renderings, this is greater in cases where they are not rendered and in cases where the
rendering only covers the infill (Figure 13b). It was also observed that when the rendering
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covers the structure and the infill this alteration only affects the specific areas where the
rendering has become detached, leaving the timber exposed.
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%% 83% 80% 90%  82% -
80% 80% 68%
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Figure 13. Analysis of the occurrence of the chromatic alteration and dehydration of timber in the walls studied: (a) presence

of this alteration depending on the material variant of the infill; (b) presence of this alteration depending on the presence

and extent of the rendering.

3.1.6. Deterioration of the Wood Cracks

Fissures or cracks may appear in the timber (Figure 14), either in an axial or radial
direction. However, radial cracks pose a threat to structural use, as they can cause collapses
with no prior warning [22]. These cracks can be caused by stress due to unequal growth
in the tree itself or to a differential drying of the timber caused by climate factors such as
solar radiation, freezing or wind.

Figure 14. Significant deterioration of the wood cracks in a half-timbered wall in Ayllén (Segovia).

The deterioration of cracks was identified in 87% of case studies (Figure 3) and is
the third most common pathology. Its distribution is similar in the various materials
(Figure 15a), as it depends less on the material variant and more on the timber structure
and its exposure to atmospheric agents. Although the longitudinal cracks are not usually a
mechanical risk this type of alteration can become a point of entry for damp, fungal rot, and
the attack by xylophagous insects which in the long term can endanger the conservation of
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timber [23]. Rot was identified in approximately a third of cases with this type of pathology
(Figure 15b), and this may also be due to the accumulation of water due to infiltration and
the placement of the elements in construction.

100% 100%
% 84% 0 o 84% 9
gg; — 81% gg; — 81%
70% 70%
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m Deterioration of cracks m Rot and deterioration of cracks
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Figure 15. Analysis of the occurrence of deterioration of cracks in the timber in the walls studied: (a) presence of this
alteration depending on the material variant of the infill; (b) presence of this alteration depending on the presence and
extent of the rendering.

3.1.7. Chipping and Gaps in the Rendering

Equally, this type of pathology is detected in 45% of the sample studied (Figure 3).
However, this figure increases to 73% when considering only the cases showing renderings,
whether with earth or rubble infill with a protective layer of rendering (Figure 16) or woven
walls where the mortar adds rigidity and insulates the interior.

Figure 16. Chipping and gaps in the lime or gypsum mortar rendering of a half-timbered wall in Santibafiez de Ayllén (Segovia).

Regarding the incidence of this degradation depending on the material variety of the
infill (Figure 17a), it is important to consider this in relation to the number of cases with
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rendering. Earth infills display this type of degradation in only 27% of total cases and
in 69% of rendered cases, mainly because some variants such as gypsum-crete already
incorporate this protective layer in their execution so that there is greater cohesion with
the earth mass. Occurrence in the brick infills is approximately in 50% of total cases and
75% of rendered cases, while in the woven infill with permanent rendering, chips and
gaps are found in 62% of cases studied. Thus, this type of pathology usually appears in
approximately two thirds of the walls with renderings added at a later stage, after executing
the infill or screen.
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Figure 17. Analysis of the occurrence of chipping and gaps in half-timbered walls studied: (a) presence of this pathology
depending on the material variant of the infill in relation to the total of walls analyzed and in relation to the rendered cases;
(b) presence of this pathology in relation to the types of rendering identified.

The chipping and gaps in the renderings can be increased by discontinuities in the
construction of the walls and by the differences in rigidity of the different materials [14]. It
is important to remember the recommendations made in numerous treatises to improve
the adherence and cohesion between structure, infill, and rendering, for example tying the
wood, using a small axe to roughen it, or adding numerous nails [24]. When comparing
the presence of this type of degradation in cases where rendering covers only the earth
infill and those where it covers both structure and infill they could be seen to be relatively
homogenous in both cases.

However, when analysing their incidence depending on the different types of ren-
derings it was observed that all cement mortars displayed chips and gaps to varying
extents, while in traditional renderings this occurrence decreased to approximately 70%
(Figure 17b). The reason for this is the incompatibility of cement with the flexibility and
breathability of traditional architecture [25]. It could become detached more easily be-
cause when subjected to the same mechanical or thermal stress it will undergo different
deformations, increasing the accumulation of humidity and the appearance of efflorescence.

3.2. Degradations Due to Biological Causes

In the analysis of weathering caused by animal or plant biological agents it is impor-
tant to remember that the constant presence of humidity promotes the development and
proliferation of fungi, mold, and lichens, which will gradually decrease the resistance of
the materials. At the same time this humidity will transform the earth infill into an ideal
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substratum for the proliferation of plants whose roots will grow through the construction,
potentially causing it to break up.

The presence of mold and lichens is the most common biological pathology, found
in 60% of the sample studied (Figure 3). However, the damage caused by this type of
degradation is rather superficial, a slight disaggregation of walls and an increase in damp
which could in turn favour the appearance of more serious phenomena. In contrast, the
damage caused by rot and xylophagous insects, found in 25% and 11% of cases studied
respectively, is a greater risk to the material and structural conservation of this type of walls
as it affects the timber. Although the timber elements account for most of the structural
function, the earth infills contribute to bracing and can progressively start bearing part of
the load when the timber structure loses part of its resistance [26], due for example to rot
or attacks by xylophagous insects.

3.2.1. Vegetation

The earth infill is an ideal stratum for the proliferation of vegetation, especially if
the hygrothermal conditions are suitable for seeds transported by the wind to sprout
(Figure 18). The progressive growth of roots through the earth mass results in internal
forces which bring about disaggregation and breakage, potentially leading to a loss of
volumetry and structural stability issues [19]. Vegetation was only detected in 4% of the case
studies (Figure 3), mostly examples with monolithic infill (Figure 19a). The low incidence of
this type of weathering may be due to the presence of renderings which, in over half of the
sample studied, are smooth surfaces which are hard for seeds to adhere to and germinate
in. Among the types of rendering identified, the presence of vegetation is slightly higher
in the walls rendered with earth mortar than in other types of rendering, with a similar
incidence in non-rendered walls where the earth infill is left exposed (Figure 19b).

.

Figure 18. Vegetation and lichens on a rendered half-timbered wall in Padl (Alava).
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Figure 19. Analysis of the occurrence of vegetation in the half-timbered walls studied: (a) presence of vegetation depending
on the infill material variant; (b) presence of vegetation depending on the type of rendering identified.

3.2.2. Mold and Lichens

The constant presence of humidity also favours the proliferation of fungi, mold, and
lichens, both in the timber and the earth infill (Figure 18). This type of phenomenon tends
to appear in north-facing walls or walls which receive very few hours of exposure to direct
sunlight, focusing especially on areas where the geometrical and constructive configuration
causes damp to accumulate.

Their presence and spread favours the accumulation of damp in earth infill, hampering
the cohesion of the walls and facilitating the disaggregation of the surface [11], while some
can also segregate organic acids affecting the chemical composition of the clay particles.
In the case of timber, mold and chromogenic fungi only lead to a change of colour as they
feed on reserve substances without affecting the structural function [19].

The incidence of this type of degradation in relation to the material variants is quite
homogeneous and was detected in 61% of monolithic infills, in 51% of brick infills, and in
43% of light screens (Figure 20a). As with damp stains, this reduction of incidence in the
light screens may be due to the layout of the construction which permits better ventilation
and water evaporation.

The presence of renderings could influence the accumulation of damp, which in turn
encourages the proliferation of these microorganisms. At the same time their smooth
homogeneous surface increases the visual impact of this type of weathering. In the sample
studied, mold and lichens appear slightly more often in the rendered cases than in the
non-rendered cases (Figure 20b).
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Figure 20. Analysis of the occurrence of mold and lichens in the half-timbered walls studied: (a) presence of this pathology
depending on the material variant of the infill; (b) presence of vegetation depending on the types of rendering identified.

3.2.3. Xylophagous Insects

As they are built with timber, half-timbered walls are susceptible to attack from
xylophagous insects, especially in areas where different factors such as geometry, exposure,
or poor ventilation encourage damp (Figure 21).

Figure 21. Attack by xylophagous insects at the meeting of wooden elements where moisture accumulates, in a half-timbered
wall in Valdazao (Burgos).

This type of weathering was detected in 11% of the case studies (Figure 3), distributed
homogeneously between material variants, in 10% of monolithic infills, in 10% of brick
infills, and in 14% of light screens (Figure 22a). As damp is one of the factors increasing
the proliferation of xylophagous insects, when cross-referencing both pathologies it was
observed that at least a tenth of cases with damp also display defects caused by xylophagous
insects (Figure 22b).
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Figure 22. Analysis of the incidence of the attack of xylophagous insects on the half-timbered walls studied: (a) presence
of this pathology depending on the material variant of the infill; (b) combined presence of damp stains and xylophagous
insects on the half-timbered walls studied based on the type of infill.

Given that degradations were identified through exterior visual analysis it was only
possible to detect the presence of surface holes caused by insects with larva cycles such as
anobids and cerambycids, and in a few occasions the internal galleries caused by termites
when timber elements were broken or fragmented [27]. Anobid and cerambycid insects
mainly cause damage to the external layers of timber without endangering its structural
resistance. However, termites are photosensitive insects which feed on the interior core of
the timber and are therefore much more difficult to detect and pose a greater risk to the
structure. Their incidence may be even higher than observed, especially considering that
the underground termite species Reticulitermes lucifugus Rossi is widely found in the Iberian
Peninsula [28].

3.2.4. Rot

Rot is the result of the proliferation of xylophagous fungi which feed on certain
components of the timber destroying the structure and therefore seriously reducing its
loadbearing capacity (Figure 23). The most frequent types are cubical brown rot which
feeds on cellulose, causing the timber to split and darken, the white or fibrous rot which
feeds on lignin, resulting in a light fibrous appearance, and finally soft rot, which attacks
certain cellulose components and softens the timber [29].
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Figure 23. Cubical brown rot in the lower part of a pillar in contact with the humidity of the ground, in a half-timbered wall

in Ages (Burgos).
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This type of pathology was detected in 25% of case studies (Figure 3), evenly dis-
tributed between the material variants (Figure 24a). As with xylophagous insects, rot
requires a certain degree of humidity. It was observed that approximately a third of cases
with damp in the infill eventually developed rot processes in the timber (Figure 24b), with
a higher incidence in the monolithic infills which tend to accumulate damp and a lower
incidence in the light screens, whose structure allows better breathability and evaporation
of water.
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Figure 24. Analysis of the occurrence of rot in the half-timbered walls studied: (a) presence of this pathology depending on
the infill material; (b) combined presence of damp stains and rot in the half-timbered walls studied depending on the type

of infill.
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3.3. Degradations Due to Anthropic Causes

This type of weathering refers to those derived from actions caused by humans,
whether directly with active participation as in the case of acts of vandalism or the instal-
lation of inappropriate elements or indirectly with actions resulting from the omission of
the necessary maintenance for the correct conservation. As already stated, maintenance
is the best guarantee for this type of construction, but these maintenance actions are not
always suitable in the current context when the associated ways of life have changed, as
has constructive culture due to industrialization [30].

Among these types of defects, pathologies involving unsuitable elements and mate-
rials are more frequent than pathologies related with changes in the structure (Figure 3),
for example the replacement of formwork sections (Figure 25) or the incorrect addition of
openings (Figure 26).

Figure 25. Replacement of the monolithic traditional filling with industrial brick and modifications of the timber structure,

in a half-timbered wall in Pancorbo (Burgos).

Figure 26. Addition of openings and installation of unsuitable elements such as shutter boxes and ventilation chimneys in

al half-timbered wall in Poza de la Sal (Burgos).
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3.3.1. Replacement of Formwork Sections

The combination of the timber framework and the earth infill entails a discontinuous
construction which can cause poor adherence between both elements. Consequently, when
serious weathering of atmospheric or biological origin appear in the infill, compromising
the stability of the structure, there is usually a partial or total collapse of the infill. Equally,
when there is an unsuitable design for the roof support or the foundations causing the
outwards thrust of the wall, the ductility of the timber usually allows it to adapt to these
new surrounding conditions, but the loosening of the structure means the infill usually
spills out of the wall, becoming more easily detached.

Whether due to lack of maintenance or deliberate demolition, the replacement of
formwork sections was found in 15% of case studies (Figure 3). Analysis of the influence
of this anthropic degradation based on the material variants shows a higher incidence in
half-timbered walls with monolithic and brick infills (Figure 27a). A greater occurrence
was detected in the brick infills, possibly because the monolithic infills are based on poured
earth, so that the earth mass adapts, connects, and adheres better to the timber structure.
Nevertheless, it is not uncommon for traditional infill to be replaced with industrial
brick infill and cement mortar which could generate material and structural compatibility
problems, as well as affecting appearance.
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40%
30%

- 5% 10% 5%
S— 0% P

Brick infill  Light screens Monolithic  Brick infill  Light screens
infill
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Figure 27. Analysis of the occurrence of weathering entailing structural changes in the walls studied: (a) presence of
replacements of infill in some formwork sections depending on the material variant of the infill; (b) presence of improperly
added openings depending on the material variant of the infill.

3.3.2. Addition of Openings

The construction process for half-timbered walls should consider the position and
configuration of openings from the very start in order to establish the geometry of the
timber [31], adding elements such as horizontal breaks and upright posts to delimit the
openings. When openings are added following the construction of the structure, this can
be done by simply eliminating the infill of one of the formwork sections. However, current
comfort and habitability standards have led to the addition of larger openings, requiring
timber elements to be cut or eliminated and introducing discontinuity to the loadbearing
plan, affecting structural behaviour.

Therefore, the informal addition of openings detected in 30% of the sample studied
(Figure 3) affects not only the aesthetics of the building’s traditional appearance but in
the long run can also be linked to structural degradation processes. These additions were
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identified more frequently in the monolithic infills (Figure 27b), normally associated with
simpler geometries with less space between upright posts, so that several vertical elements
are broken to make the opening. The limited influence of this pathology in woven walls
may be due both to its structural configuration and to its more frequent use in agricultural
buildings or in rooms such as attics and lofts.

3.3.3. Unsuitable Elements

The installation of cables, signs, and other unsuitable elements is a common action,
which often is not in keeping with the features of the buildings [25]. In addition to
altering the appearance of the building, these elements are often carelessly placed, breaking
constructive elements by attaching industrialized materials. In the sample studied this is
the most common anthropic pathology, found in 48% of cases (Figure 3). The occurrence
of these installations is far greater in half-timbered walls with monolithic infills and brick
infills than in woven walls with light screens (Figure 28a).

100%
90%
80%
70%
56% 60%
50%
40%
29% 30% 26%
20% 14%
10% -
0%
Brick infill  Light screens Monolithic ~ Brick infill  Light screens
infill

(a) (b)

50%

Figure 28. Analysis of the occurrence of weathering involving incompatible elements and materials: (a) presence of
unsuitable elements depending on the material variant of the infill; (b) presence of repairs using unsuitable materials
depending on the material variant of the infill.

It was observed that cables were usually installed following the geometry of the
timber structure (Figure 29), possibly for appearance’s sake and as elements are more easily
attached to timber. In 93% of cases where the cables are visible, the timber structure has
been followed without a need to perforate the infill which could cause cracks or fissures.
However, attaching the cables to the timber causes the appearance of points which let
water in, contributing to degradation when metal elements become rusty.
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Figure 29. Cables installed following the geometry of the timber structure in a half-timbered wall in Santa Cruz de Moya (Cuenca).

3.3.4. Repairs with Unsuitable Elements

Repairs using incompatible industrial materials can speed up the degradation of
half-timbered walls. This is the second most common anthropic pathology in the sample
and is found in 38% of cases (Figure 3). These repairs tend to be patching, reintegrating,
and rejointing using cement mortar in the most damaged sections of the infill (Figure 30),
or introducing industrial brick as jambs when adding new openings. Cement mortar was
also found to e used to build a slight slope at the point where the lower wall and the
half-timbered wall meet, causing an accumulation of water. The use of cement also makes
it harder for walls to breathe, favouring the accumulation of damp inside and potentially
leading to efflorescence and problems of chipping and gaps due to the difference in rigidity
compared to traditional materials [25]. The incidence of these factors depending on material
variants is much greater in walls with monolithic infill than in walls with brick infill or light
screens (Figure 28b). This may be due to the fact that with brick infill the formwork section
is completely replaced with an industrial brick infill, while on the whole maintenance
actions are less common in light screens so that the use of industrial materials is less
frequent in these repairs.
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Figure 30. Rejoint of a fabric filling of a half-timbered wall in Garganta la Olla (Caceres).

3.4. Discussion about Material Degradation Processes

Thanks to the data collected on the state of material conservation of the 268 half-
timbered walls with earth infill conclusions were reached on the occurrence and causes of
the most common material degradation processes, and 15 types of material degradations
were identified.

It is worth noting the erosion of earth infill which in almost half the cases has evolved
to cause a loss of volumetry, as well as the presence of damp stains in almost 75% of
the sample, which in the long term favours the disaggregation and erosion of the infill,
the surface deterioration of timber and the proliferation of xylophagous insects and rot.
Other material weathering of the timber caused by atmospheric agents, such as chromatic
alteration, dehydration, and deteriorating cracks, are also commonly found in the sample
studied, but their effect depends greatly on the presence of renderings, and entails a greater
risk of damp accumulation and the consequent rot and proliferation of xylophagous insects.

Although lichens are the most common biological weathering, their main effect is
surface disaggregation, while rot and attack of xylophagous insects are far more relevant
to the material and structural conservation of half-timbered walls. Maintenance is the best
guarantee for the conservation of this type of construction but in the current situation,
where associated ways of life have been lost and there has been a change of constructive
culture due to industrialization, maintenance actions are not always suitable.

Among the degradations due to anthropic causes it is worth highlighting the replace-
ment of the infill of the formwork sections with industrial brick infill, adding openings
that could alter the structural layout of the wall and the interventions using improper ele-
ments and materials, such as adding cables or using cement mortar for repairs, rejointing,
and patching.

Half-timbered walls are not only affected by the processes of material degradation
characteristic of both timber and the earthen constructive techniques, but they also present
anthropic degradations arising from the lack of valorization and understanding of this
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type of technique. Thus, this analysis should be complemented by the study of struc-
tural degradation processes and transformation dynamics in order to propose guidelines
for conservation.

4. Conclusions

Any intervention on an historical building should be based on a complete knowledge
of it and its state of conservation, for which purpose a general awareness of the most com-
mon material degradation processes of each construction technique could be valuable.For
half-timbered walls with earth-infill in the Spanish context, the material degradation pro-
cesses observed are mainly caused by direct and constant exposure to atmospheric agents.
Their effects and risk are amplified by the disappearance of protective elements due to
lack of maintenance, such as renderings, eaves, and plinths. Therefore, for its material
conservation it is essential to promote correct maintenance, both of the half-timbered wall
itself and of the renderings, eaves, and plinths that act as protective elements. Preven-
tive maintenance and conservation actions would reduce the incidence and accumulation
of water, which eventually leads to erosion and loss of filler, as well as timber rot and
proliferation of xylophagous insects.

At the same time, the lack of knowledge and appreciation of this type of techniques has
contributed to the development of spontaneous interventions, without any consideration
of the material, chemical, or structural compatibility or the patrimonial value of these walls.
Therefore, it would also be necessary to promote its appreciation among the population
and increase the knowledge of this type of techniques among specialists, so that their
inhabitants want to preserve it and the technicians know how to preserve it. It would also
be important to reduce the scepticism concerning their quality and capacity to adapt to
current uses and comfort standards [32], as it could have influenced the owners in their
investment for maintenance and conservation.

Furthermore, half-timbered walls are part of the cultural identity of many communi-
ties. The traditional buildings that still stand throughout Spain are the material reflection
of a cultural heritage that is at risk, threatened by globalisation and the loss of associated
building knowledge. Vernacular architecture was traditionally built using construction
techniques made by local craftsmen or by the inhabitants themselves, who passed on their
knowledge over generations and adjusted it to specific climatic conditions and materials.
However, in recent decades there has been an imbalance in these conditions, which puts
the survival of this heritage at risk and makes its recovery and conservation necessary.

For this reason, their protection should extend beyond the material object, also en-
compass the associated traditional knowledge and crafts, the related forms of life, the
landscapes generated, the strategies for sustainability and adaptation to the environment,
and so on. To this purpose, it is important to have legislation that protects historical build-
ings and regulates the interventions on them, especially considering that only 24 of the
83 localities where this type of buildings have been detected have some sort of protective
regulations. It is also necessary to establish certain regulations on the construction of
new buildings in historical sites with presence of these techniques, above all to avoid the
distortion or misinterpretation of traditional techniques (Figure 31).
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Figure 31. The difference between a traditional brick wall and a new building that aims to follow the same aesthetic, in
Madrigal de la Vera (Caceres).
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