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Abstract: This text provides a comprehensive overview of structural timber old build-
ings, from an in-depth analysis of construction processes to laboratory-based research
aimed at establishing a pattern for estimating the density of wood in buildings. It is now
widely recognised by society that historic buildings should be subject to conservation or
rehabilitation. This article discusses the good technical knowledge that those involved in
old buildings should have: the understanding of and respect for old construction tech-
niques; rigorous inspections and diagnosis before a project; and the recognition of the
properties of wooden structural elements, either visually or by means of non-destructive or
semi-destructive testing methods (NDT/SDT). The final section of this article presents a
laboratory study that correlates penetration resistance test results with wood density and
verifies them in situ by direct analysis with wood core extraction. The aim of this study
is to establish and verify a reliable pattern that allows the user to estimate the density of
Scots pine in any structural member in service in an old building. The results obtained in
the laboratory and of wood in service show that Equation (1) is a suitable pattern to obtain
wood density through the wood penetration resistance test.

Keywords: timber; wood; old buildings; NDT/SDT methods; VSG rules; physical-mechanical
properties; correlations

1. Introduction

This article is based on two fundamental premises: (i) the urgent reuse of part of the
historic buildings in our city centres for public use as residential or service spaces and
(ii) the necessary preservation of their constructive, architectural and decorative elements
through scientific knowledge and the application of good practices [1-3].

To this end, it is essential that maintenance and rehabilitation activities are carried
out in accordance with current knowledge and quality standards, respecting the original
techniques and materials [4-6].

Bearing in mind that wood is a fundamental material in the structural systems of
old buildings, due to its high resistance to bending, traction and compression, this article
focuses on this noble material. It lays the foundations and draws attention to what is often
talked about but very little practised: technicians must have the necessary knowledge to
guarantee the quality of intervention processes in wooden structures [7]. The conservation
or rehabilitation of existing wooden structures requires in-depth knowledge of the con-
struction techniques used in each era [1,5,8]. It is also necessary to have an improved ability
to recognise their state of conservation, to know how to classify each wooden element in
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service according to VSG rules and to be able to assess the material’s properties [7,9-11] in
order to understand the construction system as a whole, respecting the function that each
structural element (still) performs and the capacity with which it does so [12].

The construction technique that began to be implemented after the great Lisbon
earthquake of 1755 highlighted the central role that wood played in the complex struc-
tural systems of the time. These braced frame timber buildings with masonry infill are
known as the “Gaiola Pombalina” [13,14]. It also shows how these construction systems
were successively simplified throughout the 19th century until they were no longer built
in the first half of the 20th century, with the introduction of reinforced concrete in the
construction industry [4,13,15].

Identifying the species, estimating the density, strength and stiffness of wooden
building elements often poses challenges, leading to uncertainties that make it difficult to
assess safety. In this sense, the scientific community has evolved significantly, systematically
searching for and testing, in a laboratory and in situ, numerous methods of the inspection,
diagnosis and structural assessment of existing timber structures, including the continuous
monitoring of their actual performance [11,16-21].

Itis stated in [22] that the identification of wood species and the consequent assignment
of properties should always be considered as a starting point in the process of evaluating
existing timber structures.

Density is arguably the most effective single criterion of resistance. It is utilised in the
selection of trees within a stand, as well as in the classification of wood according to its
intended applications, given its positive correlation with the wood’s mechanical properties
(strength and stiffness) [20,21].

A non-destructive density assessment is typically conducted through the following
methodologies: the application of visual strength classification standards (limited to conif-
erous trees); the extraction of wood samples via cores; and resistance drilling tests. In
recent decades, various non-destructive testing (NDT) methods have been developed, with
drilling resistance being one of the most widely used semi-destructive techniques [21]
along with the penetration resistance method due to its ease of execution and applicability
to timber in service.

A direct assessment of physical and mechanical properties can be achieved by some
SDTs [16]. Indirect methods (NDT or SDT) are often applied in situ, based on empirical mod-
els such as regression analysis, which relate indirect measurements (by ultrasonic, imaging
or penetration methods) to the properties of interest (e.g., static modulus, density) [20,23].

This article deals with a research study centred on recognising the density of wooden
elements [24]. To this end, non/semi-destructive penetration resistance tests were carried
out with Pilodyn-type equipment, which were correlated with density in a laboratory
environment. At the same time, wooden elements in use in old buildings were tested using
the same semi-destructive method, and the results were correlated with those obtained
from reading the wood cores of the same elements. The final analysis includes all the data
obtained by both methodologies and assesses their proximity [24-26].

Figure 1 shows a flowchart of the sequence of subjects covered in this article and
their interrelationship.
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Figure 1. A flowchart of the sequence of subjects covered in this article and their interrelationship.
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2. Wood Construction Techniques from the 18th to the 20th Century

Traditionally, old buildings with masonry and timber structures combine the lightness,
ductility and flexural strength of timber structural elements with the compressive strength
of stone masonry [4,27].

Due to its structural and practical advantages, this construction system has been used
in various seismic zones throughout history, for example, in Italy, Greece, Turkey, Albania,
Romania and Portugal [13,14,28].

In Portugal, especially in the centre and south, the wood is not exposed to the outside
environment. It is usually embedded inside irregular masonry walls with lime mortar,
although sometimes, it is only embedded in mortar in secondary walls. It is also responsible
for the structure of floors, stairs and roofs. Both the walls and the ceilings of the floors
and staircases are generally clad in stucco or lime mortar-covered slabs, both of which are
coated with stucco [29].

2.1. Masonry and Wood Constructions from the Pombal Period and the Like

The importance of wood as a building material reached its peak at that time with the
rise in the frontal technique, which consists of building a wooden structure partially filled
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with masonry in walls. These walls are connected to the floor and roof structures, forming
the ‘Pombalino’ cage [16,28]. In this way, a highly flexible three-dimensional reticulated
structure is formed, which, combined with a high energy dissipation capacity, gives the
buildings exceptional anti-seismic characteristics [4,18].

‘Pombalino’ construction stipulated the height of buildings at three storeys above the
ground floor and added a mansard. It consisted of thick stone masonry walls connected to
a three-dimensional interior wooden portico. The ground floor was usually made up of
stone arches or brick vaults. Above this floor, a three-dimensional locking system was built,
formed horizontally by the wooden structures of the floors and roof and vertically by the
caged partition walls [18]. The caged walls, placed in orthogonal directions and equipped
with additional locking elements along the connection to the floors, give the whole con-
struction high ductility and structural strength [18,30]. At the time, great importance was
attached to the rigour applied to the construction details of the cage’s connection to the
masonry, essentially by means of metal studs set into the stones [15,30].

According to [4], chestnut, of national origin, and Scots pine, of extra-national origin,
were the species most frequently utilised in timber structures. To a lesser extent, pitch pine
was also used in important works, as well as poplar, cedar and oak.

2.2. Masonry and Timber Construction of the “Gaioleiro” Type

The great urban growth that took place in Lisbon in the second half of the 19th century,
more specifically from the 1870s onwards, is characterised by the occupation of large areas
and the increase in the height of one or two floors of many of the existing Pombaline
buildings [1,15]. The new buildings are progressively taller, 5 to 6 storeys, and the three-
dimensional wooden structure is used less and less, with some elements of the horizontal
solidisation of the main walls being set aside [30].

The differences resulting from the abandonment of the frontal technique in the execu-
tion of the walls are noteworthy, with the generalised construction of master walls on the
main and rear fagades in thick stone masonry, solid brick walls around 30 cm thick in the
gables and partition walls in partition walls or perforated brick [1,30]. At the same time, the
structure of the wooden beamed floors began to discharge directly onto the walls, through
a few centimetres of delivery. In terms of architectural options, in urban areas, there was a
progressive increase in the depth of terraced buildings and the creation of ventilation and
lighting lobbies at roughly half the distance between facades, as well as the installation of
marquees at the back, often made of metal structures and ceramic blocks [1,15,29].

Regarding the species of wood used in this type of construction, the use of Pinus
sylvestris, L. in timber has been almost completely abandoned in favour of the widespread
use of Pinus pinaster, Ait. which, due to its abundance in the country, has become the main
source of supply for timber structures since the end of the 19th century [4].

3. Functions of Wood in Building Components
3.1. Wood in Walls

In general terms, and to cover both building periods with all their types of timber
construction, the most common walls in old buildings can be divided into three main
groups: masonry walls, “frontal” walls and partition walls [1,15].

The masonry walls that make up the facades of ‘Pombalino’ buildings have a thickness
of around 0.90 m at ground level and become progressively thinner towards the top
floor [1,18]. A wooden structure is embedded in these walls, which also serves as a support
for the window sills and frames. The columns define the door and window openings and
are supported horizontally by transoms or lintels. The wooden cage is connected to the
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masonry by pieces of wood called hands [31]. To lay the floor and roof beams, a horizontal
wooden beam called a ‘wall plate’ is embedded in the wall [4,15].

The “frontal” walls are a mixed construction of made of vertical and horizontal wood
elements braced with diagonals named St Andrew’s Crosses with masonry infilled [13].
At the second quarter of VIII century, they became the main internal dividing walls of
housing buildings. The most common type of construction is the woven front, made up
of (0.10 to 0.15) m x (0.08 to 0.10) m sectional beams, fitted and nailed to the floor, and
ceiling joists at a distance of around 1 m [4]. The formation of triangles by the St Andrew’s
crosses guarantees the structure’s inability to be deformed and its ability to withstand an
earthquake [14,18,26]. The height of the ceiling is divided into equal parts and horizontal
beams are laid plumb to plumb. Diagonal struts are inserted in the rectangles formed
between the props and the beams (Figure 2). The beam located under the floor joist is also

known as a ‘frechal’ [15].

= W e S

Figure 2. Examples of ‘frontal’ walls in view and in detail. (a) ‘Frontal” walls in an 18th century

building (source: author’s collection); (b) detail of a ’frontal” wall knot with chipped timbers (source:
author’s collection).

To improve the adhesion and function of the joint between the coating mortar and the
wood, the surface of the wood faces was chipped (Figure 2b) and the fascias were nailed
at intervals to create an uneven surface through which the mortar was introduced. This
joint is essential to ensure the mobilisation of shear strength between materials with such
different physical-mechanical properties [15]. Fascias were used to finish the front walls,
partitions or ceilings (Figure 3).

(©
Figure 3. Partition walls. General views and details. (a) Fascias in walls and ceilings (source: author’s

collection); (b) schematic representation of a simple partition wall section (adapted from [29]);
(c) simple partition wall section with fascias in chestnut arch (source: author’s collection).
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Partitions are the secondary internal walls and can be found in all types of buildings.
They are generally thin, no more than 0.10 m, sit on floors or walls and, if they are arranged
vertically, make the building more resistant to earthquakes. In general, the partition wall
was built after the floor beams [31,32].

The so-called simple partition generally consisted of a series of planks, not cleaned or
planned, on the inside, spaced at least 1 cm apart and nailed at the top to rails fixed one to
the floor and the other to the ceiling. Orthogonally, the trapezoidal fascias are nailed with
their smaller side to the partition boards [15,31,32], shown in view and in detail in Figure 2.

The final finish was a lime mortar applied to the face and interstices of the fascias to
increase the resistance of the bond to traction and cutting [29,31]. Fascias were also applied
under the floor joists to form the ceilings, using the same technique as for the walls [15].

3.2. Timber in Floors

The floor system consists of parallel main beams, with a spacing of 0.30 to 0.40 m,
as evidenced in meticulously constructed buildings. During the 19th century, however,
building practice moved towards narrower beams with greater spacing (0.50 to 0.60 m) [4].

The author of [4] also points out that the limitations imposed by the size of the forest
specimens led to a preference for profiles with a height of 0.20 m or less, which limited
the span that could be covered by these simple elements to around 4 m. Often, especially
in ‘Pombalino” construction, the beams were laid on ‘wall plate’, crowning the internal
walls (‘frontal” or partition walls), or embedded in the external walls close to the inner
face [32] (Figure 4a). A simpler solution, later adopted, consisted of placing the beams in
openings in the external walls, which, in the case of irregular stone masonry, included a
trimmed block placed on the lower side of the opening to promote the distribution of loads
within the masonry.

@ TN o

Figure 4. Floor beams, properly doweled (source: author’s collection). (a) View of the floor structure
resting on ‘wall plate” after the ceiling has been removed; (b) Floor structure after the floor has
been removed.

The floors were attached to the beam by means of small crosspieces, fitted in a straight
line and nailed to it, with a height equal to that of the beam (Figure 4). Their function was
to prevent the beams from buckling or swaying and to lock them in place. For spans of 4 m
or more, a spacing of half the span was used, and for longer spans, spacing every 2.50 m
was used [33].
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3.3. Timber in Roof Structures

Trusses, obtained by triangulating elements that are simply joined together, are the
most common type of structure and adapt well to different roof geometries. For example,
starting from a symmetrical gable truss, it has been possible to adapt it for lanterns, dormers
and mansards or to section it at the top and sides to adapt it to multi-gabled roofs [4].

In the simplest cases, trusses are made up of a triangular set of different elements
called rafters, struts, purlins, the tie beam and the king post (Figure 5). In the simple roof
trusses, the tie beam is always horizontal, rafters connect on the tie beam in an inclined
position to form the roof slopes, the king post is clamped vertically by the struts at the apex
of the roof and the struts are inclined and connect the legs to the pendant. In single-member
trusses, the most prevalent rafter and tie-beam carpentry connection is the ‘front notch
connection’, which involves a V-shaped indentation in the upper face of the tie beam,
wherein the notched end face of the rafter is positioned [32,34].

Ridge

Common rafter
Principle rafter
il

Purlin
Purlin clesat
i L]

Figure 5. Representation of a traditional King post roof truss (source: adapted from [33]).

In Figure 4, an example of the most traditional roof truss is shown.

4. Understanding the State of Conservation
4.1. Structural or Functional Capacity

Recognising the structural or functional capacity of a wooden structure is fraught with
difficulties related not only to the characteristics of the material (anisotropy, variability, and
hygroscopicity) [9,10,35] but also to the possibility that its mechanical properties may be
reduced by degradation effects, particularly biological degradation [9,12]. For this reason,
inspection, diagnosis, assessment and intervention design is a process that must be carried
out in a systematic and expert manner [36].

4.2. Inspection and Diagnosis by Visual Analysis

The first step in inspecting the state of preservation of wood is visual analysis. This
analysis makes it possible to conduct an initial diagnosis detecting surface degradation due to
biological agents, visible mechanical damage and situations where moisture has penetrated
the structure, which have occurred in the past or are still active today [9,12]. Therefore, after a
general analysis, a more detailed analysis should be carried out, focusing on timbers that raise
the most doubts about their state of conservation [4,12,37]. After the necessary cleaning of the
element, the wood is pressed with a sharp object, first on visibly healthy wood to identify the
surface characteristics and then on areas that appear to be degraded [36,38]. This can detect
decay caused by fungus, woodworms or subterranean termites [9,38].
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In the latter two cases, the agents degrade the wood under an intact film, so the
element may appear healthy to the eye. Similarly, the aim is to identify the depth and
extent of the degraded wood.

As the most common cause of degradation in timber structures is the action of biologi-
cal agents [9], the morphology of degradation by the main biological agents and their main
consequences are presented below:

e  Woodworm or beetle damage—This is usually found along the entire length of the
element, with the main signs being holes in the surface (round and numerous in the case
of small woodworms, and oval and few in the case of large woodworms) and sawdust
pushed outwards in the case of small woodworms [9,38]. Often, especially in the case of
large beetle infestation, this is only superficial, and it is possible to identify the area of
galleries by identifying a section of healthy wood underneath. Figure 6 shows one of
these cases with a beam from a ‘Pombaline’ building: although the external appearance
is considerably degraded by small woodworms (Figure 6a), the degraded layer is only a
few millimetres deep (Figure 6b) [38]. The reduction in the wood's resistance is the result
of a physical reduction in the cross-section of the material due to the opening of galleries
by the larvae. If the galleries are at a shallow depth, a reduced (effective) cross-section
can be estimated [12]. In other cases, the attack may take the form of diffuse damage to
the cross-section, mainly in the sapwood, with no apparent loss of the cross-section. In
these cases, a reduction in mechanical properties and density can be expected [12,39,40];

@ | (b)

Figure 6. Structural element degraded by woodworm (source: author’s collection). (a) External

appearance of structural element; (b) internal appearance of section.

e  Fungal decay—This occurs only in wood that has been exposed to prolonged moisture
and is more common near exterior walls, under eaves and in contact with the ground.
The wood appears soft, wrinkled and/or with deep and numerous cracks, and brown
or whitish filaments (hyphae) can often be seen on the surface [9]. The loss of me-
chanical strength is the result of the chemical modification of the wood cells, which
generally results in a large loss of mass and strength [38,41]. The affected volume
can be assessed by NDT to determine whether there is healthy wood in the section.
However, due to the high degree of uncertainty about the resistance of apparently
healthy wood, it is common in practice to assume that its contribution is insignificant
and opt to replace the degraded areas. If the deterioration is incipient and appears
to affect only the surface of the member, it may be retained, provided it is reinforced
or strengthened [35,38].

e  Subterranean termite (Reticulitermes grassei) attack—This occurs only in damp wood
and is more common in areas of rising humidity, in contact with the ground or under
gutters. The wood is veneered and usually has earthy concretions inside (Figure 7a,b).
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Subterranean termites eat away at the wood under an intact surface, but without any
resistance to the tip of a sharp object, causing a significant physical loss of material

throughout the section, which almost always results in the complete replacement of
the damaged parts [9,33,38].

0 Ty T A T
: 1 2 2 “+
(@) (b)

Figure 7. Appearance of wood degraded by subterranean termites (source: author’s collection).

(a) Decayed partition wall along its entire length after cladding has been removed; (b) Subterranean
termite (removed from habitat) appearance and size.

4.3. Auxiliary Diagnostic Equipment

For a more in-depth analysis, it is necessary to use auxiliary diagnostic equipment by
means of SDT or NDT methods [35,37]. These include instruments for measuring drilling
resistance, which, thanks to the information they provide on the wood’s greater or lesser
resistance to the advance of the drill at depth, can detect altered areas of the element that
are not visible on the surface or, on the other hand, the depth of degradation visible on
the surface. This makes it possible to define the effective cross-section, i.e., the part of
the cross-section of a degraded timber member that is presumed to have a commensurate
load-bearing capacity with that of other non-degraded members [12]. Instruments using a
6-joule impact pin for measuring penetration resistance are useful. These instruments are
easy to use and can perform many tests on each piece of wood. The penetration resistance
value indicates the state of surface degradation of the wood and/or its properties, as
determined through correlation studies [37].

5. Resistance Capacity Assessment

As previously mentioned, the intention behind any strength assessment is to preserve
as much historic structural timber as possible [12]. However, it should be noted that the
wood group includes materials that are profoundly different from each other. The density
of these materials can vary from around 350 kg/m? to more than three times that value,
and their characteristic flexural strength values can vary from 14 to 70 MPa [35]. Due to
this great variability and the usual lack of information on the characteristics and actual
mechanical strength values of the wood in an old building, it is necessary to follow a list of
checks which, point by point, will provide complementary information that can provide
some degree of certainty about the structural system [35].

5.1. Species and Grades

Visual strength grading (VSG) provides a consistent method for assessing the strength
of timber for structural use, depending on the identification of the species or combination of
species and the geographical growth area of the trees from which the timber is sawn [10,41].
The EN 1912:2024 [42] standard lists the visual strength grades, species and sources of wood
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National or
Regional standards

and specifies the strength classes to which they are assigned. Each strength class corresponds
to characteristic values of mechanical strength, stiffness and density in accordance with EN
338:2016 [43], regardless of the original wood species (Figure 8) [35,44].

Grade EN 1912 Strength EN 338 Wood Strength
VSG method jmmmm—p! Of structural | class and stiffness
Wood member properties

Figure 8. Sequence of application of VSG method and assignment of grades to strength classes
(source: author’s collection).

A strength class is simply a group of strength grade combinations that have similar
properties. There are twelve strength classes for softwoods ranging from C14 to C50 and
there are six strength classes for hardwoods ranging from D30 to D70. The numbers
represent bending stress for each class; the higher the number, the stiffer and stronger the
timber in relation to its cross-sectional area.

The VSG methods are based on rules published by standards of each country or
combinations of countries, limiting the maximum and minimum values for defects and
characteristics of each structural piece of wood. Usually, the criteria for visual strength
grading remain much the same for softwoods and hardwoods, although tolerances (and
thus confidence limits) vary according to the grade at which the timber is assessed. The
common criteria are Rate of Growth, Slope of Grain, Knots, Fissures, Wane, Resin and Bark
Pockets, Distortion, Insect Damage and Rot. All are assessed during the VSG process for
each piece of timber inspected [35,44].

5.2. Recognition of Physical-Mechanical Properties

The strength classes can be adopted by VSG methods, by estimating reference proper-
ties, or by using both methods [35,45].

Thus, as widely advocated in the literature [11,37,46], the values to be adopted for
the reference properties of structural timber elements are obtained (density, the modu-
lus of elasticity and flexural strength) [10,45]. This is achieved by combining the use
of non-destructive, semi-destructive and/or destructive techniques, which generally
consist of readings obtained from instruments measuring resistance to drilling, resis-
tance to penetration, ultrasound, various sonic-based techniques, imaging or a range of
other means [11,19,20,45].

It is generally considered good practice to use more than one method, combining direct
and indirect methods to achieve redundancy or correlation between the measurements
obtained [10,46]. An approach to combining measurements is presented in Section 6.

6. Laboratory and In Situ Approach with Penetration Resistance Testing

This section presents the development of research into the reliability of penetration
resistance measurements using a 6-Joule instrument for estimating the density of old
wooden elements. This approach is part of an extensive laboratory campaign using a
combination of SDT/NDT methods carried out by the author and her support team at the
Wood Laboratory of ISEL—Instituto Superior de Engenharia de Lisboa.

The laboratory research study resulted in a pattern corresponding to the correlation
between the wood’s density and the readings obtained from the needle penetration resis-
tance test. To verify the pattern obtained in real cases, it was applied to structural working
timber elements with different load levels and functions, together with the extraction of a
wood core in the same area.
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6.1. Materials and Methods
6.1.1. Wood Tested in Laboratory

From a set of wooden structural elements collected from Pombaline buildings in the
Lisbon region, five beams of Scots pine (Pinus sylvestris, L.) were selected (Figure 9a). They
were then cut into 25 x 55 x 200 mm specimens and stabilised in a conditioned atmosphere
at RH =65 £+ 5% and T = 20 £ 2 °C [23]. Following the process of stabilisation, the mass
and dimensions of each specimen were measured, and their density was calculated based
on an average water content of 12% (Figure 9b).

o — ry‘((“'

@ ® ©

Figure 9. Laboratory material for testing (source: author’s collection). (a) Two of selected beams;

(b) some of selected specimens; (c) example of unsuitable specimens.

As the beams were old and had been cut by hand, there were many irregularities on
the faces, as well as some cracks, biological deterioration and iron nails. All specimens
with any defects were considered unsuitable for testing (Figure 9c). Therefore, prior to the
tests, approximately two thirds of the cut specimens were rejected. So, 68 specimens were
considered suitable for testing [24].

The NDT instrument Pilodyn® 6] was used to obtain penetration resistance results. In
each specimen, three pin impacts were applied to the larger side and a further three to the
smaller side. The results obtained for each specimen were recorded as the depth in mm
that the pin penetrated the wood. The criterion of excluding a reading with a difference in
more than 2 mm to the nearest value was used and a new reading was taken instead. The
average of each group of readings was then calculated for each specimen [24].

6.1.2. Timber Tested In Situ

The in situ tests are the central objective of this project, because the aim of this study
is to find a pattern that can be used in practical situations. The campaign was carried out
in different old buildings. In each building, the elements tested had different functions,
such as floor beams, columns, staircase beams and others. As such, they were subjected to
different types of loads (Figure 10a—c).

The aim of having great variability in the structural elements tested is to seek the
reliability of a pattern that can provide the instrument user with an estimate of the density
of Scots pine wood.

Thus, an in situ application campaign of the laboratory results was carried out on four
buildings of original construction dating from the 18th to the 20th centuries, located in the
historic areas of the city of Lisbon, with the kind support of the company 'Spybuibuilding’.
All the buildings were constructed with a mixed structure of masonry and pine wood
(Pinus spp.).
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Figure 10. In situ tested members (source: author’s collection). (a) Floor beams; (b) staircase rafters;
(c) column.

The following in situ tests were carried out [24]:

e The determination of the water content of the wood element, as well as the RH and
temperature values at the test locations.

e  Theidentification of the geometric conditions and state of conservation of the structural
elements (Figure 11a).

e  The characterisation of the surface’s hardness with Pilodyn® (Figure 11b).

e Wood core extraction for the laboratory study and the correlation with values estimated
indirectly from Pilodyn® measurements (Figure 11c).

e [Eighteen wood cores in good condition, 7 mm in diameter and up to 120 mm long,
were extracted for this study in the vicinity of the resistance to penetration tests.

(@ o (b) ' ©

Figure 11. In situ inspection procedures (source: adapted from [33]). (a) Geometric survey of the

timber elements; (b) resistance to penetration test; (c) core extraction.

6.2. Results and Discussion
6.2.1. Wood Tested in Laboratory

A scatter plot was constructed utilising the mean of six penetration depth measure-
ments and the density of each specimen (n = 68). A linear correlation was identified as
the most suitable fit for the observed outcomes. The calculation of the correlation gave a
coefficient of determination (R?) of 0.71, indicating a reasonable to good relationship for
the wood material (Figure 12)
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Figure 12. Results of penetration resistance versus density.

The correlation between density and the Pilodyn readings is presented in Equation (1)

Depth; = —0.0324 p; + 32.616 (kg/m?>) 1)

where

p;—density of reading i.
- Depth;—Pilodyn® reading i.
The results obtained with this laboratory study are compared with the results obtained
by authors of the references mentioned below.

Table 1 presents the linear regression coefficients obtained by other authors for corre-
lations between the density of the wood and the readings obtained with the Pilodyn® 6]
instrument. Although slightly lower, it is considered that there is good agreement between

the values of R? obtained in this study and those presented.

Table 1. Determination coefficients from linear regression analysis between Pilodyn® 6] results and
wood density by several authors.

e . . Year of Determination
Identification of Timber Species Tested Publication Coefficient, R? Authors Reference
Several timber species 1978 0.74a0.92 Gorlacher Gorlacher, cited by [47]

Pinus pinaster 1992 0.73 Notivol et al. [26]

Oak timber 2006 0.91 Feio [48]

Pinus sylvestris and Pinus pinaster 2011 0.80 Henriques et al. [46]
Abies alba 2013 0.78 Cavalli & Togni [49]

Pinus sylvestris and Pinus pinaster 2024 0.74 Henriques [24]

6.2.2. Wood Obtained In Situ and Tested in the Laboratory

A sensitive study was carried out to compare the density values obtained from the
indirect method (correlation) and the direct method (wood core measurement).
Therefore, the in situ density was determined at two levels:

e Indirect method—based on the results of in situ penetration resistance tests, calibrated
by the density values obtained from the laboratory study;
e  Direct method—based on wood core extraction and measurement.
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The laboratory data for the eighteen extracted cores were obtained by measuring their
dimensions and mass after stabilisation. The density of each core could then be compared
with the density values estimated from the average of the Pilodyn® test values in the vicinity.

The wood penetration resistance values measured in the real environment were cor-
rected to 12% water content using the empirical expression published in [24] to make a
correct comparison with the reference values.

There was a very high degree of agreement between the density estimated by the in
situ Pilodyn® measurements and the real density of each core, with an average difference
of 5.2 & 4.1% [24].

7. Conclusions

With this article, we believe we have been able to explain why there are certain wooden
elements in the structures of Pombaline buildings in Portugal. Their main functions have
been explained, as well as the reasons why, when these elements are missing or deteriorated,
they should be replaced or reinforced. Important information was also provided on how
to identify their state of conservation, understanding the cause-and-effect relationship
of excessive or a lack of humidity and excessive or a lack of temperature, as well as the
effect that these environments can have on the degradation agents of the heartwood and
sapwood of each species.

The scientific study presented shows on how the Pilodyn® 6] device can help tech-
nicians to indirectly measure the density mass of wooden structural elements in order to
carry out safety assessment analyses and thus understand the possibility of maintaining
structural elements or the need to reinforce them to the exact extent required. This study
showed a very good approximation of 5.2% between the estimated values and the real
values, which indicates that this method is very reliable for use in servicing wood, and the
pattern given in Equation (1) can be used for estimating wood density.
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