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Abstract: The conservation and repair of historic structures require significant resources. Therefore,
it is important to conduct a complete assessment of the object. Specifically, historical timber frame
structures are very common in the Spanish and Andalusian geographic area. This research proposes
and develops a simplified approach to facilitate decision making when faced with this complex work.
By the application of long-established non-destructive tests, such as organoleptic and measuring
inspection, resistography, and electric moisture content test, combined with visual classification
parameters, these data were used as boundary conditions into a simplified structural calculation
method. This process, which is simpler than other calculation systems, allows compiling important
information about the safety level of the structure and its critical points. Finally, it allows for a better
approach to repair work while rationalizing resources. This method was applied to a historical
structure, during an 18th century church repair project. The assessment methodology provided
important information about the conservation state of the timber frame and its structural suitability.

Keywords: timber frame; heritage structures; risk assessment; non-destructing-testing; structural
simulation

1. Introduction

Historically, wood has been widely used for the construction of buildings, both in
its envelope and in the structural system. As a material, it has characteristics that make
it suitable for structural use: good density-strength ratio, lightness, existence of large
parts, need for little manufacturing processes, ease of handling, and possibility of very
quick prefabrication [1]. These were properties that heavy stone materials did not have.
In addition, as a raw material, other qualities were added, such as the large number of
resources offered by forests, ease of access, and their proximity to the urban centres. In the
case of regions without tree masses, there was the possibility of transporting the material in
a relatively simple way along river routes. For these reasons, timber structures have been
one of the most widely used resources for the construction of light horizontal structures
such as roofs and slabs.

One of the main challenges facing architecture today is the conservation and repair of
the architectural heritage. With actual regulations on heritage preservation [2], the way in
which buildings of historical value are conserved is defined, while public administrations
are involved in the conservation task. These laws came to regulate what has already begun
to be named “good architectural and patrimonial practices” in the different Restoration
Letters (Athens 1931 [3], Venice 1964 [4]), or the subsequent letters of ICOMOS [5], where
the structures are involved as an inherent element of the patrimonial property itself [6].

Therefore, these timber structures are widespread in Spain and particularly common
in the Andalusian region, as part of the built heritage that must be considered when dealing
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with conservation and rehabilitation. These structures are also generally located in the roof
system conformation, sometimes being subjected to severe weather conditions.

The best way for architecture to face these complex interventions is to investigate the
subject to expand the base of specialized knowledge to apply in professional practice [7].
These investigations have been confronted from different points of view, always in order to
expand knowledge about wood as a material and the construction systems used historically.
In this field, the behaviour of structural timber has also been studied and in terms of how it
is affected by the passage of time and degrading agents; in addition, once the problems are
detected, we will know how to face the possible necessary repair interventions.

1.1. Aims and Objectives

The main objective of this research is to provide a simple procedure to deal with
the numerous refurbishment processes needed for the vast built heritage with timber
structures. Some researchers have addressed these issues before, and some guidelines have
been proposed [8,9]. However, these works use either an advanced system of analysis or
are in some way specific for the treated case study. In contrast, the proposed simplified
methodology is intended to have a broad spectrum of application in timber structures.

Consequently, the novelty of this publication lies in the development of a new sim-
plified approach to assess the structural behaviour of historical timber roof frames. Non-
destructive tests combined with visual classification parameters are used to perform a
simplified structural calculation method. Additionally, it allows the determination of the
structure’s safety levels after having suffered years of use and possible deterioration. This
process was tested during the course of some repair work on a late 18th century church roof.
Taking advantage of this renovation and following the implementation of a new evaluation
procedure, important information was obtained about this historic building.

This paper is part of a research with the overall aim of supporting decision making
to deal with repair works on historical timber frame structures by proposing a systematic
approach for adequate risk assessment for these constructive materials and solutions from
the design-build perspective.

The present research proposes a synthetic method and basic guidelines to assess the
structural behaviour of a timber structure through the implementation of Non-Destructive
Tests (NDT) and a subsequent verification by means of a computational system of matrix
linear calculation. To perform this, the process was implemented in a specific case study,
the Santa Cruz Parish Church, the main church of Ecija, Spain. This church has some
traditional carpentry structures resolved with a rafter-collar beam system. Due to the de-
velopment of repair works, it has been possible to access, measure and study the structural
elements. In addition, the repair works have addressed in independent structural modules,
but with similar characteristics, which has allowed us to check and compare the state of the
studied structure (unaltered) with others being intervened, where testing, substitutions,
and extractions of the original material were carried out.

These comparisons between different states of similar timber structures have enabled
the testing and confirmation of validity and, therefore, also the usefulness of the new
assessment procedure proposed in the paper.

1.2. Background: Traditional Carpentry and Non-Destructive Testing Methods

Timber structures are widely widespread throughout the world with specific charac-
teristics that vary locally [10]. Its lightness and versatility made it a perfect construction
material that is mostly used in walls, structural floors, and roofs [11]. Historical and
structurally, laced timber or timber frame structures represent the most interesting case
studies. These typologies are especially common around the Mediterranean Sea [10,11],
Europe [12,13], and also China [14].

The local Iberian traditional structural carpentry was developed from the ancient
time of Roman domination and improved after the Muslim period and the subsequent
Christian period, between the 14th and 17th centuries [15]. Today, many traditional timber
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structure examples are still spread throughout the Iberian Peninsula. They used these
medieval structural techniques following the styles developed in this area years ago. One
of the contemporary authors who has studied the historical Spanish carpentry (Figure 1a) is
Nuere. By using his work, the geometrical understanding of the Iberian timber frame was
developed to better understand the current necessary repair work [16,17]. Furthermore,
this research has led to a better understanding of the importance of a detailed definition
when building with timber. Moisture problems were already known, and these medieval
craftsmen’s drawings [7], as shown in Figure 1b, point out the importance of avoiding
moisture by separating the pieces and allowing air to pass from one piece to another.
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Figure 1. (a) Joint of traditional timber frame carpentry, located in the case of study; (b) details of the
joint between the rafter, wall plate, tie beam, and the wall, according to the medieval manual. It is
designed to avoid contact between the wall and wall plate [7].

Currently, this line is also followed by other authors [18], who began to expand the
knowledge about the historical carpentry of southern Spain [19,20]. Subsequently, through
some practical rehabilitation works, new aspects of the intervention of heritage timber were
developed, such as the functioning of its joints [1,21]. On the other hand, Bonamini et al.
developed the study of the internal structure and physical behaviour of wood [22], while
these properties were recently exposed from the historical timber cases point of view by
considering their chemical and physical properties [23].

Another major topic is the specific structural assessment; important advances on
existing timber structural performance and its calculation resources were developed [24,25].
This research provides useful tools to face with the real behaviour of old frames and their
pieces. More recently, other authors published new methods to approach structural assess-
ment using the finite element method calculation system [26,27]. Others have established
relevant safety evaluation guidelines to be applied to specific heritage timber frames [21].

The inspection of timber structures using NDT is another relevant approach when
working with heritage timber structures. NDTs are fundamental as tools that allow the
acquisition of important information, without causing damages [28] or only inducing
imperceptible markings. The application of NDT has gradually been further expanded over
the past three decades [29]. The study and planning of this methodology are important,
as not all NDTs are efficient and applicable for all purposes. Therefore, they must be
carefully selected in all cases. Many researchers have already discussed this topic. Llanas
et al. [30] conducted a comprehensive review of NDT applied to timber structures. Vössing
et al. [31] also considered assessment by imaging methods. Within the extensive specialized
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literature, the one proposed by Liñán et al. focuses on ultrasonic testing applied to historic
timber elements [32,33]. Combinations of different NDT were applied to obtain the most
knowledge about the case study and then to face the restoration of heritage structure [34,35].
Other research [36,37] performed actualized technology reviews that analyzed different
NDT techniques and their specific usefulness.

In the present paper, the assessment procedure is based on visual and geometric
sampling, followed by resistography and moisture-content tests. These have been chosen
for the relevance of the information they are able to reveal, and for the suitability of their
application. Moisture content was specially considered because it strongly influences
the behaviour of wood, its operational life, mechanical properties, and fatigue [29]. This
moisture content study, with all thermo-hygrometry parameters and how its variations
affect wood properties, has also been studied more recently by Kim et al. [38]. However,
it was Argüelles et al. [24] who provided the main relation between moisture content and
mechanical property reduction, allowing the reproduction of the real state of wet timber.
This important relation was also published but in a simpler manner by [39].

In the case of the resistography test, the first publication applied to structural timber
was very relevant [40], and it was applied later to the specific use of heritage timber build-
ings [41,42] and more recently applied to specific mechanical properties [43,44]. In addition,
Ref. [39] recommends the resistography test in these cases, as it appeared to be the least
sensitive test to moisture variations among others.

On the other hand, visual classification techniques are needed as research indexes that
are capable of providing essential information about the theoretical mechanical properties
of timber pieces. Relevant to this issue is the research of Arriaga et al. [45], who studied the
possibilities of applying the visual classification standards of commercial timber elements
in old pieces observed on site, although it is not a tool designed for this purpose.

The combination of both visual classification and NDT permits linking different
data [46,47]. In the same manner, Benedetti et al. proposed the use of specific NDT
based on the ultrasonic wave propagation test [48] while also obtaining good results when
comparing the mechanical properties of real timber.

The standard normalization used in this study is the Spanish visual classification
standard UNE 56544:2011 [49]. Concerning the assessment of existing timber structures,
there is no international standardization feasible. Some national regulations were studied
and compared in the literature [45,50], concluding that the combination of NDT data is
favorable for obtaining more accurate values.

When carrying this out, in addition to relying on the broad literature base of scientific
publications, it is essential also to take notice of the regulation frame as a reference where
the minimum requirements that any structure should meet are collected, at least with the
current parameters. The applicable regulations to this study, the Spanish CTE building
code [51], contemplate the recognition and calculation of the new structures to be designed
and built but not the existing one. However, it considers the use of the visual classification
standards [49]. On the other hand, the European Structural Code and the Eurocode [52]
were also consulted, as the Spanish Code is based on it in several aspects.

Data obtained through the NDT, visual classification index, and structural evaluation
can be combined, enabling the analysis of the state of conservation. In the same manner,
a definition of the safety conditions of the building structure is available. This point is
crucial as these structures use to be affected by different degrading agents. For this purpose,
a structural evaluation is required. The method to calculate and model the structural
behaviour of historical timber frames has been treated by Argüelles [24] and Verbist [27],
who considered the damages caused by the different degrading agents in order to be able
of make structural simulations of the real wood behaviour, obtaining safety factors values.
Other numerical assessment models were performed in [21,26], where a comparison was
developed between the structural state at the beginning and the current time. However,
they did not provide a simplified process to simulate and reproduce the timber state and its
structural performance. These simulations have been developed in specific case studies and
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timber elements, such as timber joints [53], or at a full-scale structure [54,55], also obtaining
successful results.

When performing structural assessment simulations on historic timber structures, the
existing literature rarely specifies in detail the calculated method followed. Only studies
based on the finite element method (FEM) [27,53,56] provided full boundary conditions.
This powerful tool is commonly used for these studies and simulates continuous structures
in 2D or 3D. This is because FEM is based on a meshing system that implies large matrices,
which are solved using numerical analysis procedures. It can match complex geometries
while analysing different boundary conditions [57]. They can also be applied on linear
structures, as in the case of carpentry structures. Traditional timber frames are made
up of lineal beams and punctual joints. That is why the complexity involved in a FEM
computational modelling provokes the use of a simpler calculation method. Furthermore,
the computational power required to obtain accurate results involves long calculation
periods. This is not within the reach of all refurbishment teams. Therefore, the Matrix
Calculation System (MCS) is proposed as a more synthetic method to be applied in these
case studies.

MCS, also known as Direct Stiffness Method, is a simplified form of FEM, where the
boundary conditions are reduced, and the calculation equation system is simplified. This is
why MCS is only operational with one-dimensional structural elements, such as the beam
and nodes. It provides information on the behaviour of the element as a whole, but not on
the internal, three-dimensional, and finite state of the structural section in each case [57].

Considering that timber frames are made with simple geometric linear, this calculation
method is perfectly operational in these cases, as confirmed. It represents an important
reduction in calculation time, as well as human and economic resources. There are no
available matrix calculation models applied to historical timber frame structures in the
literature. The present research provides a detailed calculation process by implementing
and explaining the following guideline, which is therefore the main novelty of this study.

When working on a heritage case study, by implementing this comprehensive process,
some standardized instructions or guidelines are needed. In this sense, Riggio et al. [8]
propose the use of standard templates; they proposed it by conducting an analysis of
several codes, regulations, or official recommendations. However, these templates could
not be flexible enough to cope with the different and specific structures.

Other authors [58] suggest more adaptable methodological proposals based on the
heritage evaluation workflow. However, work such as [9,21] was more useful to provide
this case study assessment. They establish a logical and rational way according to the NDT
and structural evaluation this paper proposes.

2. The Case Study: Santa Cruz Church

To carry out this study, we have taken advantage of the course of repair work on
the roofs of the Santa Cruz Parish Church in Ecija, a town in Andalusia (Spain) (location
(WGS84): 37.543, −5.080).

The building object of this study is the result of the cultural evolution suffered by
the town of Ecija throughout its history. Some indications [59] suggest that the primitive
mosque of the Muslim era was placed where the Santa Cruz church is located today.
Later, on its remains, a catholic church of mudejar style was built, of which there is
still some vestige [59]. According to historical documentation [60], this primitive temple
was severely damaged by the Lisbon earthquake (1755); it was later demolished; finally,
the subsequent construction of the current temple occurred, which has endured to the
present day (see Figure 2a). Demolition and reconstruction work began in 1775, reusing
part of the foundations of the previous construction.
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The traces of the current temple were commissioned by Antonio Matias de Figueroa,
although with contributions by Jose Alvarez [60]. The new construction was proposed as a
large rectangle of neoclassical style with three longitudinal and five transverse naves (see
Figure 2b). The construction process was very long and eventful; there were numerous
constructive and structural problems: movements in the foundation, opening of walls,
disaggregation of mortars, and rotting of the woods. In addition, there were disagreements
between the different master builders. This gave rise to continuous interruptions of the
works, as well as changes in the original traces. The works were terminated in 1836 when it
was decided to end the temple with three of its transverse bays covered and to leave the
first two uncovered, giving rise to an open space in the form of an atrium (Figure 3a,b).

Thanks to this process, the parish of Santa Cruz currently stands as a large rectangle
(see Figure 4) with all its main walls, arcs, and pilasters raised, but not all are covered.
Nine of its fifteen original sectors are dedicated to worship, which possess a sloping roof
cover with a timber frame structure that surrounds the central dome of stone, and all are
covered with Arabian roof tiles. These roofs are located at an altitude of between 13.20 and
18.55 m without any access to them, making their maintenance and cleaning very difficult,
as observed in Figure 5.

In 2018, problems were observed on the roofs that posed a threat to the stability of
the structure. In a first inspection, the structural wooden frame presented very degraded
and semi-collapsed areas. For this reason, an emergency action was ordered and the
development of a master plan to address this and other interventions that the building
demanded.

Due to the urgency of the state of the roofs, the intervention proceeded, and it was
during course of these works, beginning in July 2020, that the access and inspection facilities
led to this study’s occurrence.
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covered space.

The roof has a traditional timber frame structure with a rafter-collar beam system (see
Figure 6a,b). This typology is widespread in the Andalusian region. It consists of a pitched
roof that has two slopes that converge on a ridge line, called a ridge beam. In addition,
a series of parallel beams supports roof sheathing, which is called rafter. All rafters range
from the ridge beam at the top to the wall plate at the bottom, which rests on the stone wall
and is parallel to the ridge beam. At a third of the height, the rafters are joined with smaller
pieces, the collar beams, and compensate for the deformation produced by the weight of
the roof sheathing. This frame is located in the spaces under the roofs (see Figure 7), which
are separated from the church by a thin suspended vault made of bricks.
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There are different ways to solve the joint between the rafters and the wall plate and
the support of these on the wall. The literature [19,62] shows us how medieval builders
made details of this joint because it is one of the critical points of these structures. In this,
it has been solved with a wall plate that rests directly on a square made on the upper
face of the stone wall that discharges the rafters on the wall plates. This constructive
solution, although it is very simple to build, entails a problem, which is that the wall plate
is set with two hidden faces. These faces are recessed against the wall and are neither
visible nor ventilated, which, as seen below, hinders their inspection, maintenance, and
also contributes to the appearance of humidity.
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3. Materials and Methods
3.1. Scope: Implementation of the Methodological Framework in the Case Study

The repair works carried out in the Church of Santa Cruz addressed the intervention
in four roof sectors (EV4, C5-AM, EP4, and C3) (see Figure 8a,b). EP4 was the first to
be restored because it was severely damaged and at risk of collapse. The other sectors
underwent tasks of conservation, repair, and replacement with the intention of avoiding
future problems arising from the deterioration of the structural elements.
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The present study focuses on the EV4 area, a sector that was found to be unchanged at
the beginning of this investigation, enabling the collection of data and comparison with
what was observed in the intervention of the other sectors, in addition to the subsequent
intervention in the study area itself.

Therefore, the approach is to propose a process to obtain data on the constructive
and structural behaviour of a structure, as well as on the state of conservation of its
elements. In this manner, we are able to know the pieces’ structural utilization ratios, which
indicate the safety level (by obtaining the safety factor (SF)) of the entire structure, which
facilitates decision making in elucidating the need or not of an intervention on a historical
structure, without the requirement of destructive tests. By collecting data, thanks to the
implementation of NDT, and with the processing of these data in a structural calculation
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program, relevant information has been found on the state of conservation and safety of
the studied set.

These results have been validated by what was observed in the course of the work,
where, due to the advance of the great deterioration of the elements, several materials
retrieval had to be made and several structural elements replaced. This enabled us to
study and observe structures similar to those studied at different levels of progress in
deterioration.

3.2. Methodological Framework

The method of analysis (Figure 9) of the timber structure under study was then
launched and consisted of the following:

• Organoleptic inspection: First, a visual inspection was carried out to determine, in a
preliminarily manner, the state of the structure.

• Measurements: The possible deformations of the elements of the structure were
measured with a digital inclinometer and a laser meter to check some possible risk
indicators.

• Application of NDT:

- Resistography allowed knowing the state of the internal parts of the elements
against the wall.

- Thermo-hygrometry: Temperature and humidity were recorded, as well as the
hygrometry of the timber pieces.

• Modelling and structural calculation: Data were transferred to the calculation program.
• The analysis of the results provided decision-making outlines for refurbishment pro-

cesses.
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3.2.1. Organoleptic Inspection

First, a preliminary visual inspection was performed. The purpose was to obtain
a global idea of the state of the structure and the attic space. This first visual search
involved the finding of damage areas, moisture-affected elements, or large displacements.
In conclusion, by the naked eye, we obtain general knowledge about the damage level.
For this purpose, statistical incision sampling was also conducted with a manual punch.
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3.2.2. Measurement of Possible Deformations

Data were taken on the relative position of the elements that make up the frame,
as well as possible existing deformations.

To make these measurements, a laser distance meter and a GLM-120C Bosch digital
inclinometer model were used. This equipment was calibrated according to the manufac-
turer’s instructions. It has a measurement range of between 0.08 m and 120.00 m, with a
degree of accuracy of ±1.5 mm/m. Measure inclinations in a 360◦ range with an accuracy
of ±0.2◦.

In addition to the case study sector (EV4) measurements, previously, other similar but
more damaged sectors (EP4 and C5-AM) were measured. These provide important data
about different state of damage advances in similar structures.

3.2.3. Application of NDT

• Resistography.

To obtain data on the state of the wood inside and the hidden faces of the wall plates,
the resistography test was applied to obtain information on a sensitive point of possible
moisture accumulation [39] and xylophage attacks [33].

The operation of this test is quite simple, it is a drill with a thin steel tip of 1.5 mm
at the stem and 3mm at the tip. This drill bit rotates and advances at a constant speed,
passing through the wood and measuring the electrical power that the system needs for
it. In this manner, it is possible to observe pieces with up to a single visible face and to
observe the integrity of its interior, detecting alterations in density, galleries, or soft matter.
This provides data on their inner physiognomy. However, as explained in [36,41], it should
be noted that the resistography test is a specific test that analyses the dimension of the hole,
so discontinuous information samples are obtained that can in no case be used to positively
validate an element. On the contrary, when detecting negative alterations or imperfections,
it determines the time to reject the pieces or weigh their intervention [43].

For this study, an IML RESI F300 equipment was used, with a rotational speed of
1200 r.p.m. and a constant advance of 30 cm/min. The equipment generates a depth/
resistance graph that shows the penetration resistance offered by the inspected part at each
point. It has a penetration range of 10 to 1000 mm with an output graphics resolution of
0.02 mm/300 mm.

• Hygrothermal study: Moisture test by electrical resistance.

In order to know what the expected hygrometric conditions of the structural timber
under normal conditions were, the air equilibrium relative humidity (RH) was calculated,
taking into account the extreme environmental conditions at the attic under the roof
sheathing. Thus, the expected maximum and minimum RH of air were obtained. Then,
using the specific wood hygroscopic abacus [63], the equilibrium moisture content (EMC)
of timber can be calculated. This is the natural moisture absorbed by timber only under the
influence of air humidity. At this point, historical climate data from Ecija city are needed.
They were extracted from Climate-Data [64], are shown in Table 1.

Table 1. Data of the maximum and minimum hygrothermal condition of Ecija at outdoor [64], and
the corresponding theoretical timber EMC.

Rainiest month (outdoor data): January

T◦ min = 9 ◦C RHmax = 76% EMCmax = 16.5% (outdoor)

Least rainy month (outdoor data): July

T◦ max = 28.6 ◦C RHmin = 35% EMCmin = 7% (outdoor)

These values correspond to the climatic conditions of the outdoor environment, but
although the roof attics are ventilated, their interior conditions are not the same. To know
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the hygrothermal conditions inside the attics, a hygrothermal datalogger was placed for
four months making periodic measurements. On the basis of these results, it is possible to
obtain the maximum, minimum, and average values of the indoor air RH. Then, a timber
characteristic equilibrium moisture content (EMCk) can be established, as the typical
maximum EMC value that timber could reach.

Accordingly, the usual timber moisture content (MC values under the EMCk value)
provides information about how timber properties can be modified and even if they are
under decay risks. According to [24], as the timber moisture content increases, mechanical
properties decrease. This ratio is almost linear for MC of between 8% and 20%, attenuated
to higher contents (see graph in Figure 10a). Timber that has reached its saturation point
for a long period of time (MC > 28%) has diminishing mechanical properties by up to 40%
over its dry state (MC = 8–12%) [24]. In addition, timber elements over 18–20% MC are at
risk of xylophage attacks [22].
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To obtain on-site real timber’s MC and not the theorical one induced by air humidity
conditions, the MC by electrical resistance test was carried out. This is based on the rela-
tionship between the MC (so relative humidity) of wood and the electrical resistance [22]
(Figure 10b). The test was carried out with Protimeter Surveymaster SM equipment, with a
measurement range between 6% and 28% MC, a value above which it is considered satu-
rated and with an accuracy for the temperatures of 15–25 ◦C of ±0.5 ◦C. The apparatus and
the measurements obtained were calibrated according to the manufacturer’s instructions.
(Figure 11). Several spaced measurements were performed on the different elements (wall
plates, rafters, and collar beams) every certain distance, and this sampling was intensified
in areas with visual signs of moisture or rot. Furthermore, the test was repeated twice,
under different conditions outside the atmosphere.

In addition, indoor hygrothermal environmental conditions were measured on site
to establish a relationship between the theoretical expected timber EMC (according to
the RH of air), and the real measures taken with the MC by electrical resistance test.
Differences between both may indicate unplanned liquid water contributions. For on-site
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environmental conditions, DOQAUS digital thermohygrometer was used, which performs
measurements every 5 s, with a measuring range of −50 ◦C to 70 ◦C and 10% RH at 99%
RH. It has an accuracy of ±0.5 ◦C and ±2% RH.
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3.2.4. Structural Simulation

In this study, CYPE 3d software version 2021 [65] has been used, a matrix calcula-
tion software [57] specialized in bars and nodes. The structural method process is thus
established as follows:

• Original model construction:

First of all, the geometry survey is implemented over a CAD model by using the
AutoCAD 2016 program of Autodesk [66]. Then, the three-dimensional CAD model
of lines (beams) that converge in points (nodes) is elaborated by reflecting the timber
frame according to the axes of its elements. This CAD model is exported to the CYPE
3d calculation program [65], where it served as the basis for model development. Inside
the CYPE 3D software, lines and joints are transformed into beams and nodes. This is
performed using the size and geometry survey.

The structural model will reflect the start inputs:

- Original timber characteristics will be obtained by implementing the visual classifica-
tion of timber elements [49,51].

- Calculation conditions: Class of the wood service referred to in the regulations [51].
In this case, the structure is in a Class of Service 2.

- Loads to be applied: Adapted to the existing construction materials in the case study
and the related overloads contemplated in the reference code CTE [67]. The applied
loads are shown in Table 2.

- Timber structural safety parameters are provided by the structural Spanish code and
implemented by the CYPE 3D parameters options.

This first structural model represents the starting point and unaltered point of the
structure frame. Thus, the previous status provides the theoretical design conditions. This
state is compared to the current status.

• Current model construction:

The current timber conditions must be simulated in the structural model. For this
purpose, a second model is needed with modified and current inputs.

Current status model inputs:



Buildings 2022, 12, 935 14 of 28

- Timber elements modification sizes: These are obtained by the geometrical survey
and organoleptic and NDT inspection results.

- Timber conditions: These are obtained by the NDT data results and the literature
knowledge implementation. It reflects the possible decay, moisture variations,
or deterioration.

• Calculation and comparison of results:

Once both models have been set, they are calculated by CYPE 3D software. Their
results are analysed and compared. Therefore, the utilization ratios of timber elements are
discussed, and the original and current safety conditions are compared.

Table 2. Loads applied over the roof structure model.

Load Duration Safety Factor Magnitude (kN/m2)

Own weight Continuous 1.35 Calculated by software

Dead loads (roof sheathing) Continuous 1.35 2

Maintenance overload Variable 1.50 0.5

Wind Variable 1.50
Pressure = 0.96
Suction = 0.45

4. Results and Discussion
4.1. Organoleptic Inspecion Results

The EV4 sector structure had a lot of dirt, especially due to biological remains (pigeon
guano, insects, and dead animals) (Figure 12a). The dirt, although widespread, accumulated
in large deposits on the sides of the vault, in the gaps between the bracing partitions, and on
the wall plates. The timber beams were covered with a patina of dirt that had accumulated
over time. However, unlike other sections, no serious signs of deterioration were observed,
and significant deformations were not observed, including broken or collapsed elements.
There were certain areas: ridge beam points, some joint of the rafters with the ridge beam
or with the wall plates (Figure 12b), and some wall plate sections, which presented active
areas of moisture damage. Thus, almost 50% of the joints between rafters and wall plates
seem to be affected by moisture, but with a nonuniform distribution. Only two pieces were
affected by biological attacks, with actual nonactive termite signs. In addition, two small
areas with signs of brown rot were found. Despite all this, the structure presented at first
sight an acceptable condition, without risk to its integrity signs. The results of this first
inspection are represented in Figure 13.
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(b) joint between the rafter and wall plate with pigeon guano, moisture, and colouration changes.
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A statistical sampling was carried out through incisions with a manual punch. Pen-
etrations of about 3–5 mm were obtained in most of the apparently healthy areas, while,
in the areas that presented humidity damage or colour changes, penetrations of up to
17 mm were obtained.

4.2. Measurement of Deformations Results

Previously, measures had been made in other similar but more damaged sectors.
In these areas (sector EP4 and C5-AM), significant deformations and displaced elements
were discovered. An up to 11 cm deformation was found on the wall plate of the C5-AM
sector; due to the lateral loads, the piece was displaced to the exterior.

In the area of the case study, the EV4 sector, no significant deformations or displace-
ments were observed on the roof timber frame. In contrast to what happened in other
sectors, the wall plates were perfectly aligned with the walls, the ridge beam only presented
an almost imperceptible deformation, and the joint of the rafters occurred without major
problems. The inclination of the roof sheathing, that is, of the rafters, was measured;
it always possess values between 32◦ and 32.9◦. The largest angular difference obtained
was of 0.9◦. In addition, no bending or torsion was found at the beams

The results of this measurement, as well as the results of organoleptic inspection, are
represented in Figure 13.

4.3. Non-Destructive Tests Results
4.3.1. Resistography Results

Resistography perforations were made on some points on the wall plates that can be
seen in Table 3. These were selected for presenting visible deformations, humidity, rot,
or as potential points of structural stress concentration. Moreover, these pieces had only
two visible faces. The results of the tests are in Table 3, and the graph shows the engine
consume in percentage and the progression in cm. In all tests carried out, it was found that
once the drill was introduced, the timber lost resistance to a depth of between 3 and 14 cm.
This evidences the resistant loss of the analysed areas section. Although in most cases they
had geometric integrity on the outside, the interior was found with severe alterations (rot
or attacks by xylophagous agents attacks).
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Table 3. Location and results of resistography tests.
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4.3.2. Hygrothermal Study: Moisture Results by Electrical Resistance Test

Attic hygrothermal data logger measures were taken for four months, from September
to December, which is the wettest month according to [64]. The results show that the RH of
the indoor air rarely exceeded 80%; thus, this value has been taken as a characteristic RH
(RHk). Consulting the hygroscopic abacus [63], the EMC of the timber, when air RH = 80%
is EMC = 18%, regardless of the temperature. This value has been taken as the characteristic
equilibrium moisture content; thus, EMCk = 18% in the attics. These data are above the
RH point recommended for timber of MC = 12% [22]. This means that it is expected that
the elements reach moisture levels higher than those recommended in a timely manner,
and this only takes into account the action of the air that surrounds it and not the possible
direct water leaks. This can pose a risk to the structure.

To know the actual MC of the timber, the moisture content was carried out by electrical
resistance test. The tests were performed on two days in different weeks. Firstly, on a rainy
day after several days of rain and, secondly, a week later on a sunny dry day (without any
rain for a week). The results of the test are shown in Figure 14a,b (first and second days of
measurements, respectively).
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During the first day, usually all measurements were above 20% MC. The collar beams,
which are the most ventilated pieces, had values of between 19% and 24%. The wall
plates were the pieces with the highest MC values, and they are, in many cases, above the
saturation point (MC > 28%). In any case, most of the structural frame was in danger of
attacks from degrading agents. During the second day, an average MC around 17% was
obtained in the collar beams and 18% in the rafters. However, the wall plates continued to
present numerous areas where the MC was above the saturation point not only in those
that are visually wet.
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Then, these results are compared with the timber expected EMC. This was obtained
by measuring indoor on-site hygrothermal conditions. Their results are shown in Table 4.
Repeatedly, they were taken on two different days.

Table 4. Result of outdoor and indoor measurements of environmental conditions and expected
timber EMC.

First measurement (rainy day)
Environmental conditions Outdoor Environmental conditions indoors

T = 13.0 ◦C T = 13.9 ◦C
RH(air) = 90% RH(air) = 82%

Theoretical expected timber EMC = 19%
Second measurement (sunny day)

Environmental conditions Outdoor Environmental conditions indoors
T = 20.8 ◦C T = 15.5 ◦C

RH(air) = 48% RH(air) = 63%
Theoretical expected timber EMC = 12%

It can be seen that the first day’s result is abnormally high, and a 19% EMC was
obtained. This is explained by the extreme environmental hygrothermal conditions in
the attics. However, most of the timber elements had even higher MC levels. However,
the second-day result is perfectly normal at 12% EMC. Moreover, even some elements of
the timber frame had higher MC values. Therefore, there are additional contributions of
liquid water from leaks through the roof in this case.

4.3.3. NDT Analysis

During the preliminary organoleptic inspection, everything seemed to indicate that
the structure was in good condition: No deformations or breaks were observed, the beams
appeared to be fine and only some specific areas affected by moisture or alterations were
found. However, when NDTs were applied, it was discovered that the structure presented
high levels of theoretical and real moisture, especially in the elements of the wall plates.

Furthermore, by conducting the resistography test, it was known that at least some
of the walls were deteriorated inside. Some perforations carried out in other areas and by
the openings of small prospections executed in the repair works confirmed the suspicions.
Indeed, the wall plates were, as indicated by resistography, decayed by rot inside. Between
40 and 60% of their effective real section had been lost (Figure 15).
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4.4. Visual Classification

In order to obtain the resistant and mechanical values of the timber frame elements,
all the pieces were classified according to the current visual classification index (in this case,
the standard UNE 56544 [49] and the Spanish structural code: CTE-SE-M [51]).

The wood of the structure was recognized as Pinus Sylvestris L. species (Scots Pine
or Flanders Pine). The classification was made according to the procedure for “large
dimension structural wood” (MEG by his Spanish acronym). The frame was inspected,
in which the possible particularities or defects included in the standard were piece-by-piece
recorded: knots, checks, biological alterations, etc. The results of this classification can be
observed in Figure 16.
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Of a total of 79 pieces, 11 were rejected, which represented 14% of the total. Among
all rejections, more than half were due to the presence of knots (54.5%) (Figure 17a), while
checks were 36.4% (Figure 17b) and biological alteration was only 9.1%. It should also be
noted that 33% of total of the collar beams were rejected according to these standards. This,
together with the general analysis carried out for the classification, shows that pieces of
worse quality were used in the execution of these timber frame elements in the original
construction.

The remaining 86% of pieces passed the required quality standards and could be
classified as MEG wood (suitable for building structures). On the basis of the knowledge of
the species and the wood quality data, following the Spanish code [51], it was possible to
obtain the pieces (Resistant Class). For Scots pine, with MEG quality, a C-22 Resistant Class
is assigned.

This indicates the mechanical characteristics of the timber beams according to the
Spanish Construction Code (CTE) [51]. Therefore, the pieces that have not passed the
quality filter of the standard would be rejected. This would make sense in the case of
erecting parts in the new building [45], but in the case of inspection of existing structures,
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it is not logical to reject pieces, as it is proven that they are structurally working [26]. In this
case, the particularity was more remarkable because one of the rejected pieces was a main
ridge rafter (Figure 17c) that collects the joints of numerous rafters reaching the ridge
beam and configuring one of the main lines of the structural frame, which shows its good
behaviour as a bearing piece to consider.
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which is supposedly rejected by CTE standard parameters.

That is why these pieces have been assigned with the lowest of the Resistance Class
contemplated in the CTE: C-14. In this manner, they are considered in the transmission of
force, but with a lower resistance than the optimal parts according to the quality parameters.

4.5. Structural Simulation Results
4.5.1. Original Model Construction

The surveyed geometry has been transferred to a CAD file, using the AutoCAD pro-
gram of Autodesk [66]. This model was exported to the CYPE 3D calculation software [65].
Its geometry has been modelled as a structure of beams and nodes, which has been config-
ured as observed in the real structure (Figure 18a,b). The beams have been modelled as
bi-supported elements in which all joints are articulated [68].
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The original timber features have been assigned following the visual classification
results (Figure 16).

For the calculation conditions and the structural safety parameters, the model and
its elements have been configured according to the required parameters included in the
current code (CTE) [51,67], which has been taken as a reference: bending limits, lateral
bending limits, buckling and lateral buckling.

The applied load can be seen in Table 2, taken from the indications of the structural
code.

4.5.2. Current Model Construction

The NDT and visual classification results have provided data on the condition and
affections of the structural elements. These, to a large extent, reduce the timber’s original
characteristics, and the decrease in its mechanical values must be considered in the model to
truly know the current level of safety offered by the whole. In order to be able to distinguish
different areas within the same bar, for example, with higher or lower humidity, they have
been divided in length. Therefore, it is possible to discretize their characteristics as obtained
in the visual classification and MC plan (Figure 16)

Based on NDT data and previous research methodologies [9,24,27], reductions have
been applied to the characteristics and sizes of the original wood. Therefore, these resistance
losses can be simulated in the calculation software (Table 5).

Table 5. Conditions and dimensions of the structure beams. Original state and deteriorated simulation
state.

Original Conditions (cm) Simulation of Deteriorated State (cm)
Resistance Class = C-22 Resistance Class = C-14

Rafters 13 × 17 Unspecific = 12.4 × 16.4 High Moisture Content = 12 × 16
Collar beams 13 × 11 12.4 × 10.4
Ridge beam 7 × 17 6.4 × 16.4
Wall Plates 26 × 18 15 × 13.4

These reductions are the completed inspection’s results. The motives and the transfor-
mations made are explained below:

• General slight loss of surface density: By means of the punch test, it has been quantified
at an average depth of 3 mm of perimeter shape in all pieces, in line with what was
published in [26,27] (except the wall plates that will be seen later). Therefore, new
dimensions have been assigned to the beams, reducing by 3 mm on each face.

• General high humidity: According to the hygrothermal study carried out, timber can
reach the value of MC = 18% at different times of the year. This leads to a resistance
loss of up to 30% in relation to a timber MC = 12% conditions [24]. To simulate this
characteristic loss and following the indications of the reference code [51], all timbers
have been reassigned to a C-14 Resistant Class. Then, always according to the code,
their mechanical characteristic values are 30% lower than those considered for the
C-22 Resistant Class timber. In this manner, a generalized 30% properties decrease has
been simulated in all elements due to the action of their high MC levels.

• Rafters, high moisture contained in a localized manner: In certain areas of some
rafter, the observed MC rises up to 20–24%. For these values, the losses of mechanical
properties are up to 35% over the originals at 12% MC [24]. The properties of all
beams have already been reduced by a general margin of 30% by reassigning them
as C-14 timber classification. To consider the additional 5% (35–30% properties loss
already applied), it was decided to reduce the most MC affected beam area dimensions.
The equivalent section has been calculated as 95% of the originally contemplated one,
leaving a final rafter’s dimension of 12 × 16 cm applied into the affected areas.
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• Wall plate-lost section due to decay: As obtained in the resistographies made and
corroborated by the prospections, the wall plates have lost on average 50% of their
effective section due to rot (Figure 19a,b). To simulate this, an effective section half
from the original one has been transferred to the modelled beams.

• Wall plates, saturation of still healthy wood fibre: The remaining wood that has not
rotted has a high MC above the saturation point (MC > 28%) Again, according to [24],
saturated timber has lost up to 40% of its mechanical properties compared to one with
a standard MC level. To simulate this reduction, the wall plates had already been
applied by the C-14 Resistant Class (which makes a 30% reduction) and the effective
section reduced by an additional 10% (on the section already reduced by half because
of rotting). In this manner, simplifying to a square shape, the final dimensions of the
wall plates have been configured with 15 × 13.4 cm.
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Figure 19. State of the wall plates: (a) the hidden face is completely decayed due to rot; (b) a section
of the piece is extracted and analysed.

4.5.3. Calculation

Both models, previous and current status, were set to calculate and obtain results
from the CYPE 3D 2022 structural software. The previous status model has no complexity;
however, the current status model presents a critical sensitive point to consider. This
point is the joint between the rafter beams and the perpendicular wall plate, which is
supported on the wall. The massive stone walls represent a confinement element that
practically fits the timber frame. This could represent a problem when calculating the
current structural state that provides added rigidity to the structure because the massive
stone walls restrict the possible lateral displacement. Thus, even if the structure was
deteriorated and the wall plates rotten, the wall link will contain the frame and counteract
with the displacements. Therefore, two hypotheses have been set to be able to analyse the
current resistance utilization ratios and the possible displacement without taking the wall
into account.

• Hypothesis 1: (Figure 20a) The timber frame and its wall plates rest on the wall.
It has been modelled as a structural sheet; a rigid element in its plane that can be
characterized according to the parameters of the existing wall [68]. In this manner, it is
possible to observe the most reliable behaviour with respect to the structure, in which
the resulting thrust of all the elements rests on the wall plates and solidarity on the
walls. This means that there are no significant lateral displacements of the whole.
However, this hypothesis does not consider the possible internal deformation of the
section of the wall plates, which is considered a dimensionless bar. To also contemplate
this possibility, the second hypothesis has been modelled.

• Hypothesis 2: (Figure 20b) In order to reproduce the structural behaviour, if wall plates
sections deformations occur, the structure has been modelled without the external link
of the wall. This had previously been already observed in other sectors produced by
the rotting of the pieces. Therefore, to this end, the supports of the wall plates have
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been configured as supported external links, but with only one degree of freedom of
movement in the rafter beam direction. In this manner, if there are resulting efforts
from lateral thrust, it implies the wall plate’s rigidity and the tie beams coercing the
movements. Therefore, the tie beams were responsible for withstand those thrusts,
as if there were no walls. This allows the study of wall plates displacement behaviours,
a critical piece of this structure, if the internal rot leads to deform it to the point that its
inner face moves as if it were not linked to the wall.
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Figure 20. Different hypotheses modelled: (a) hypothesis 1 with the massive wall link; (b) hypothesis
2, with freedom of movement.

4.5.4. Results Comparison

At this stage, structural results can be obtained and compared. When the previous
and current status is compared, structural performance changes and damage evaluation
can be observed and discussed. For this purpose, the previous and current structural
utilization ratios (UR) are shown in Figure 21. They have been considered as the most
representative values of the structural situation of the element and, in the same way, their
safety conditions. To clarify, Figure 21a represents the previous status of the structure
without any modification or damage or alterations. While Figure 21b represents the
current status of the structure, this is observed with the wall link in hypothesis 1 by
obtaining the actual frame contention state. Both models represent the most damaging
loads combinations, in this case, with wind loads applied from the left to the right side.
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On the other hand, the collar beams have not been represented because they do not
have representative values. Their previous status UR is always less than 8%, while for the
current status, it is less than 15%.

4.6. Discussion

Software calculations results allow quantifying the behaviour observed in the timber
structure sector under study. These results are also compared to the other similar church
sectors.

On the one hand, considering the previous status, the timber structure was, in origin,
widely oversized. Practically, all beams have a UR below 45%. Moreover, most of them are
under 30% UR. After the damage observed in the other sectors, this oversized structure
could be one of the reasons why the structure did not collapse.

On the other hand, considering the current status, a higher UR was obtained. Most of
the rafter beams reach 45–60% UR, while some specific pieces near the mean node at the
ridge beam reach a 75–90% UR, almost wasting the structural timber section. Moreover,
some sections of the wall plates, in the convergence with rafters and tie beams, have reached
a UR higher than 100%. Therefore, their sections are overloaded, even, one point has a
130% of UR. This would mean that theoretically the timber element cannot withstand the
tensions that reach it. Thus, the section would begin to crush, leaving everything contained
by the massiveness of the wall (Figure 22a).
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(b) displacements of the studied wall plate (orange line) in the freedom movement simulation
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Based on structural Spanish regulations, the safety factor in case of failure (ELU by
Spanish acronym for Ultimate Limit State) has been measured [51]. For the previous status,
considering the main elements, a 3.5 safety factor has been obtained. This means that the
structure was designed three and a half times above this failure situation. Then, the same
safety factor was obtained but with the current deteriorated status. Despite applying the
quantified structure deterioration, a safety factor of around 2.1 is obtained. That is, the
structure as a whole, in its current state, is not subject to risk of collapse. However, it has
been verified that the main risk of the structure occurs in certain localized areas of the wall
plates as local severe damage.

Taking into account the lateral deformations, if only the roof sheathing loads are
considered, a small bending in the rafters is obtained, which with the action of the wind
load would increase up to 15 mm, which is within the admissible levels. On the other
hand, considering the displacements of the wall plates, when the wall link is considered,
the deformations are almost negligible. However, to check the timber frame stability and
the capacity to contain the rafter thrust, hypothesis two has been considered. Then, if the
binding action of the wall is not considered, the displacement of the wall plate would suffer
(Figure 22b). In this case, if only vertical loads are considered, the structure as a whole
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would remain almost without deformation, with a side bending of 9 mm at the wall plates.
However, if the lateral wind load is considered, in the current status case and without the
wall link, unaffordable deformations of up to 120 mm would be reached.

In the real structure, these thrusts are finally supported by the walls, but considering
the wall plate’s deterioration conditions, this will lead to a progressive crushing of the
section, as already observed in other damaged church’s sectors.

These outputs provide important information about the timber frame’s structural
behaviour as well as the safety level and critical points. At the first step, the literature
noted the importance of knowing the timber real state, mostly when some faces are hidden.
The danger of water and moisture is a general topic at the historical timber interventions
literature. In this study, by conducting an organoleptic and NDT survey, it was possible to
achieve knowledge of the timber pieces’ current status.

The calculation simulation carried out, following the existing literature, has been a
necessary tool to confirm and quantify the deterioration observed and to know how the
structure’s safety was affected. The numerical results support the hypotheses set and the
behaviour observed in other church’s sectors with higher deterioration levels. Thus, it can
be stated that this simplified ND and structural assessment methods of the approach to the
real state and safety conditions of the historical timber frames are confirmed.

5. Conclusions

The importance of NDTs has been reaffirmed when a historical timber structure, as
well as their application, is surveyed, based on the specialized literature. It is the best way
to obtain real knowledge of the whole without increasing the damage that the structure
already has. For this purpose, this diagnosis method has been established considering the
entire decision-making process that architects must face in this type of repair works.

Another important conclusion to be pointed out has been the quantification of UR and
the safety factor, which is required to quantify structural utilization or eventual oversizing
factors. At those times when calculations were not possible, designing the elements with
major dimensions that could be thought a priori was the method to provide the whole
with security in unexpected cases or eventual deterioration. Therefore, despite the damage
already suffered by the pieces, the safety factor obtained for the main beams is still around
2.1 times its critical point.

However, the overloaded state of some wall plates areas was also observed, for which
its failure could lead to progressive total collapse of the timber frame. This leads to another
conclusion about the importance of constructive detail, especially in carpentry and timber
construction. The definition of these details was already available in the medieval carpentry
manuals (Figure 1b), where the correct situation and ventilation of all pieces are shown as a
vital factor when designing these types of structure. The decay caused by moisture due to
the lack of ventilation of the wall plates hidden faces has been demonstrated to be the most
important structural stability risk. Therefore, the construction detail, the pieces’ placement,
and the maintenance lack, are sources of the risks, and do not include dimensions, natural
progression of time deterioration, or loads.

In conclusion, this study, by applying a few-step approach and including this new
calculation process, makes it possible to deal with this kind or repair work in a more
conscious manner and with better knowledge of the structure. Thus, this approach leads to
greater efficacy with human, material, and economic resources. This is crucial considering
that many historical structures remain unrestored and the resources to intervene them are
limited.
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