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Abstract: The conservation of heritage structures is pivotal not only due to their cultural or historical
importance for nations, but also for understanding their construction techniques as a lesson that can
be applied to contemporary structures. Timber is considered to be the oldest organic construction
material and is more vulnerable to environmental threats than nonorganic materials such as masonry
bricks. In order to assess the structural vulnerability of heritage timber structures subjected to different
types of risk, knowledge about their structural systems and configurations, the nature and properties
of the materials, and the behavior of the structure when subjected to different risks, is essential for
analysts. In order to facilitate the procedure, different assessment methods have been divided into
the categories in situ and ex situ, which are applicable for vulnerability assessments at the element
and full-scale level of a case study. An existing methodology for structural vulnerability assessments
and conservation of heritage timber buildings is reviewed and a new methodology is proposed.
Keywords: heritage timber buildings; risks and their effects; structural vulnerability assessment;
in situ assessment methods; visual inspection; data analysis; ex situ assessment methods; numerical
simulation; experimental test; assessment and conservation methodology

1. Introduction
Timber has been utilized in construction for thousands of years, and as an organic material is
susceptible to decay in aggressive environments [1]. Since the environmental conditions affect the
organic nature of timber, the structural vulnerability assessment of historical timber buildings is
complex compared to other types of construction materials [2].
The conservation of heritage structures is not only important from a cultural or historical point
of view, but also because of their distinct features, such as architecture, ornaments and the valuable
objects they contain [3]. Historical timber structures are witnesses to a rich tradition of craftsmanship,
structural and material knowledge. Heritage construction techniques are not only essential to investigate
as a pattern for contemporary construction, but also to find the best conservation techniques.
Nowadays, environmentally friendly and sustainable buildings are gaining momentum.
By assessing their behavior and interpreting the properties of historical timber structures,
valuable information can be obtained about construction techniques that can be used to live more
in harmony with nature rather than in conflict with it. The Boathouse in Nordmøre, Norway, is an
example of a building where the walls, as illustrated in Figure 1, are clapped with pine boards in such
a way that the boards are nailed towards the upper edge, which is below the overlapping area. As a
result, in dry weather, the outer edge bends outward allowing dry air into the building, while in wet
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conditions, the boards close again. The wall therefore provides a form of sustainable natural
weather conditions, the boards close again. The wall therefore provides a form of sustainable natural
ventilationventilation
at no cost
[4].
at no cost [4].

Figure 1. A traditional environmentally friendly construction technique in Norway, reprinted from [4].

Figure 1. A traditional environmentally friendly construction technique in Norway, reprinted from
[4]. 1.1. Risks and Their Effects
In order to assess the vulnerability of heritage timber structures, potential risks and their
effects
should
be investigated. Timber as a source of food is susceptible to insect or fungi attacks,
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The aim of this paper is to provide a summary of different types of methods for structural
vulnerability assessments of heritage timber buildings in a structured and organized manner, with
relevant references for each method. Firstly, in situ methods are presented. Preliminary surveys as the
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basis for vulnerability assessments of the structures is the first essential step. Afterwards, detailed in
situ methods including NDT and SDT are presented. Ex situ methods, which are recommended for
evaluating the behavior of buildings subjected to different risks, are then described and divided into
experimental and numerical analyses. Finally, the existing methodology concerning the conservation
of heritage timber buildings is presented and further developed to build a new procedure. The new
methodology will be utilized in “HYPERION”, a European project related to the preservation of
cultural
heritage.
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change in loading conditions during its lifetime [20,21], in addition to past exposure to different risks,
must be identified and recorded.
In Situ Methods
The identification of wood species, any indications of biological or fire damage, cracks or
delamination and the working conditions such as safety, lighting, accessibility (for further assessments)
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[5,20,22–24].

urvey, which are used to evaluate the current condition and mechanical properties of timb
2.1.2. Geometric Survey
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A geometric survey consists of precise drawings, which are helpful tools in the assessment work.
elation to heritage
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Common
two-dimensional
(2D) drawings from different views (see e.g., Figure 5a), and of timber

.1.

members and joints details are required at this stage. Moreover, the inspector can easily indicate
Preliminarydamaged
Surveyareas in the drawings.

A preliminary survey is the simplest method of the vulnerability assessment process and form
he basis of the vulnerability assessment of different types of structures. A preliminary surve
omprises different steps, as described in the following.
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damage and their causes are included in the template, and it includes different types of assessment
methods. This template still needs to be upgraded to cover all types of heritage timber structural
systems [22].
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and their causes are included in the template, and it includes different types of assessment methods.
This template still needs to be upgraded to cover all types of heritage timber structural systems [22].
2.2. Detailed Survey
Data about the history of the buildings and any previous interventions, types of damage that
are detectable by the experts’ eyes, and configuration of the building including 2D or 3D maps, are
gathered and recorded during the preliminary survey stage. In the next step, a detailed survey of the
buildings’ elements is required in order to investigate any defects inside the timber elements that cannot
be detected from the previous step. Performing destructive tests in heritage buildings is practically
impossible and detailed survey methods therefore need to be based on the NDT and SDT to derive the
mechanical properties of timber that are essential for numerical simulations. Moreover, accelerometer
sensors can be utilized in order to investigate the dynamic characteristics of the building through
operational modal analysis, which can then be used to verify the numerical model of the building.
Different types of the NDT and SDT that are applicable to heritage timber buildings are categorized
in Table 1. For more information, the interested reader is kindly referred to [36–38]. Test setups of two
SDTs
illustrated
in Figure
6.
Forestsare
2020,
11, x FOR PEER
REVIEW
8 of 20

(a)

(b)

(c)
Figure6.6.(a)
(a)Schematic
Schematic drawing;
drawing; (b)
(b) Overview
Overview of
Figure
of the
the test
test setup
setupof
ofthe
thecore-drilling
core-drillingtechnique;
technique;(c)
(c)Test
Test
set
up
of
the
tension
micro-specimen.
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set up of the tension micro-specimen. Reprinted from [38].

Data Analysis
In many cases, it is not sufficient to use one NDT or SDT to evaluate material properties and
different types of sensors are therefore required. After obtaining data from different sensors, a large
amount of data is available that are related to each other. Multivariate analysis can be utilized to
extract valuable facts from big data by knowing the underlying relations. Moreover, multivariate
analysis methods can be employed to predict the mechanical properties of timber elements for long-
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Table 1. Non-destructive test (NDT)/semi-destructive test (SDT) applicable for in situ assessment of heritage timber buildings with the outcome of each test and
relevant case studies.
Test Type

Test Name

Brief Description of the Process

Output

Case Studies

NDT

Operational modal analysis

Accelerometers are installed at different heights of the
building in order to detect ambient vibration

Dynamic characteristics of the building

[39–41]

NDT

Drilling resistance

A small-diameter needle-like drill penetrates the element in
order to investigate its resistance as a function of depth

Density, biological defects, voids

[42–46]

NDT

Hardness

The penetration depth of a small needle with an applied
constant load is evaluated

Density, biological defects, voids

[47]

NDT

X-ray radioscopy

X-ray penetrates the elements and reflects to produce
several types of photographs from inside the wood

Density, biological defects, voids

[48–54]

NDT

NIR spectroscopy

Near infrared light invisible to the human eye is emitted
onto the element, causing vibration in the molecules,
which is detected

Mechanical properties, chemical properties, decay

[55–59]

NDT

Ultrasonic velocity

Propagation velocity of longitudinal and transversal waves
of sound plays a key role in this method

Elasticity modulus, shear modulus, voids

[59–62]

NDT

Ground penetrating radar (GPR)

Electromagnetic waves are utilized, which can penetrate
and propagate through timber elements in order to produce
several types of photographs from inside the wood

Biological defect, voids

[63–67]

NDT

Thermography

This method is based on differences between heat
conductivity of wood and defects

Delamination, voids

SDT

Core-drilling technique

A compression test is performed by a concave head by
applying a load parallel to the grain of the specimen

Compressive strength, elasticity modulus in compression

SDT

Tension micro-specimen

A tensile test is performed by attaching the ends of the
specimen to two blocks of the test equipment

Tension strength, elasticity modulus in tension

[59,68–70]
[71–73]
[74]
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Data Analysis
In many cases, it is not sufficient to use one NDT or SDT to evaluate material properties and
different types of sensors are therefore required. After obtaining data from different sensors, a large
amount of data is available that are related to each other. Multivariate analysis can be utilized to extract
valuable facts from big data by knowing the underlying relations. Moreover, multivariate analysis
methods can be employed to predict the mechanical properties of timber elements for long-term
structural analyses of buildings [75–77].
A methodology has been proposed for safety assessments of timber elements by combining the
results from different tests with visual inspection, which can be used to determine the present condition
of an existing timber element. Bayesian methods are recommended in the methodology in order to
update the mechanical properties of the elements [78].
3. Ex Situ Methods
Ex situ methods for conducting structural vulnerability assessments of heritage timber buildings
can be categorized into numerical analysis and experimental tests. Experimental tests can illustrate the
behavior of full-scale buildings as well as structural components. The hybrid simulation method is a
combination of numerical and experimental analyses using the results from the tests to verify and
develop the numerical models for evaluating the building in different risk scenarios. In this section,
experimental tests and numerical simulation methods for each risk will be described. Depending on
the type of potential risks, the mentioned ex situ methods may be used separately or in conjunction
with one another to assess the structure. In this section, the application of experimental tests and
numerical simulation methods are therefore described on the basis of the relevant risk scenarios.
3.1. Seismic Vulnerability Assessment
Several experimental tests have been carried out to investigate the behavior of full-scale structures
using shaking tables (see e.g., Figure 7a) or sub-structures subjected to lateral loadings [79–94]. At the
component scale, for log houses and timber frame buildings, cyclic or monotonic tests have been
performed on shear walls as the lateral load-bearing system, while in post and beam systems with
beam-column connections that resist lateral loads, the connections are simulated as illustrated in
Figure 7b,c.
Finite element modelling (FEM) can be utilized for the numerical simulation of heritage timber
buildings subjected to seismic loads. To obtain an accurate representation of the geometry of the timber
building and accelerate the modelling procedure, building information modelling (BIM) drawing files
can be utilized, which can be imported to different FEM software packages [95–97].
After modelling the structure, linear static or dynamic analyses can be conducted to investigate
the critical elements by comparing the demand with their capacity [14,98,99]. Linear analyses do not
show near collapse behavior of structures, and they are mostly used for designing new buildings rather
than assessing existing ones.
A simplified hybrid method has been presented for nonlinear FEM, particularly for timber
frame buildings, such that the elements are modelled using the experimental testing results from the
substructures [100]. Hybrid simulation has been utilized to investigate the seismic vulnerability of
timber frame buildings [101–109], and then developed for numerical simulation of log houses [110–115]
and post and beam structures [116–121].
In the hybrid simulation method, experimental tests are performed on load-bearing structural
components to obtain knowledge about their behavior against cyclic loads (see Figure 8a) [100,115].
For timber frame buildings and log houses, cyclic or monotonic tests with specified loading protocols
have been performed on different types of timber shear walls to investigate their nonlinear behavior
(see Figure 8b). Numerical models of the walls are developed using nonlinear rotational springs
and elastic beam–column elements or rigid links for connecting them. Loads that are applied in
experimental tests are applied to the models in order to calibrate them (see Figure 8c).

3.1. Seismic Vulnerability Assessment
Several experimental tests have been carried out to investigate the behavior of full-scale
structures using shaking tables (see e.g., Figure 7a) or sub-structures subjected to lateral loadings [79–
94]. At the component scale, for log houses and timber frame buildings, cyclic or monotonic tests
have been performed on shear walls as the lateral load-bearing system, while in post and beam
Forests 2020,
11, 881with beam-column connections that resist lateral loads, the connections are simulated as 10 of 20
systems
illustrated in Figure 7b,c.
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A simplified hybrid method has been presented for nonlinear FEM, particularly for timber frame
buildings, such that the elements are modelled using the experimental testing results from the
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(c) Overview of the cyclic tests setup of a timber connection. Reprinted from [93].
Finite element modelling (FEM) can be utilized for the numerical simulation of heritage timber
buildings subjected to seismic loads. To obtain an accurate representation of the geometry of the
timber building and accelerate the modelling procedure, building information modelling (BIM)
drawing files can be utilized, which can be imported to different FEM software packages [95–97].
After modelling the structure, linear static or dynamic analyses can be conducted to investigate
the critical elements by comparing the demand with their capacity [14,98,99]. Linear analyses do not
show near collapse behavior of structures, and they are mostly used for designing new buildings
rather than assessing existing ones.

Figure
(a) Schematic
drawingofofcyclic
cyclic test
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Numerical
model of model
Figure 8.
(a) 8.
Schematic
drawing
testsetup
setup
a timber
wall;
(b) Numerical
the wall including the nonlinear springs; (c) Calibration of the substructure model based on the
of the wall including the nonlinear springs; (c) Calibration of the substructure model based on the
hysteresis behaviors of the test results and the numerical model; (d) Developing nonlinear models for
hysteresis
of the
test results
and theReprinted
numerical
model;
the behaviors
buildings with
different
configurations.
from
[108]. (d) Developing nonlinear models for
the buildings with different configurations. Reprinted from [108].
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The hybrid simulation of the post and beam structural system is different from the other two
systems because of the lack of timber shear walls. Instead of performing experimental tests on shear
walls, cyclic or monotonic tests have been performed on the connections and the building is simulated
by linear timber post and beam elements with nonlinear rotational springs, which are calibrated with
the experiment results.
The calibrated component numerical models are developed in order to construct the full-scale
nonlinear numerical models of the structures. Therefore, the seismic performance of large groups of
archetypes with different configurations, in different seismic zones and with different subbase soil,
can be evaluated (see Figure 8d). Incremental dynamic and static pushover are two common types
of analyses that can be performed to derive fragility curves showing the damage probability of each
building based on a parameter that quantifies the intensity of the seismic action. Fragility curves can
be derived from the intersection between the capacity curve and different seismic records, which are
upscaled to cover different damage thresholds. For further investigation into these two methods,
ref. [122] is recommended.
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Figure 9. (a) Linear numerical modeling of a timber roof; (b) Displacement of each part of the timber
the timber roof subjected to wind load by considering the sliding support between the
roof subjected to wind load by considering the sliding support between the timber roof and the lower
timber roof and the lower level masonry structure. Reprinted from [123].
level masonry structure. Reprinted from [123].
Structural behavior of masonry timber frames to flood and wind-driven rain exposure is
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3.3. Fire Risk Assessment
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analysis is traditionally based on loads, which are derived from the codes in a
probabilistic framework. However, in the case of fire, it is almost impossible to find a loading scenario

Structural
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sources of uncertainties. Although huge developments have been made in methods to determine the
capacity of buildings subjected to fire risk, fire science and structural engineering need to overlap
more, and must be addressed by experts in the field [3,130,131].
For fire safety of heritage timber buildings, fire risk assessment methods through qualitative or
quantitative approaches can help to solve different issues of uncertainties, but these are not within
the scope of this paper [3]. The National Fire Protection Association (NFPA) has several codes and
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due to the many sources of uncertainty The building material and other ignitable non-structural
elements, which may be considered available fuel, and charring and water vapor are some of the
sources of uncertainties. Although huge developments have been made in methods to determine the
capacity of buildings subjected to fire risk, fire science and structural engineering need to overlap more,
and must be addressed by experts in the field [3,130,131].
For fire safety of heritage timber buildings, fire risk assessment methods through qualitative or
quantitative approaches can help to solve different issues of uncertainties, but these are not within
the scope of this paper [3]. The National Fire Protection Association (NFPA) has several codes and
standards
relating
fire risk assessment and protection of different types of buildings. NFPA 914 [132] 12 of 20
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is specially focused on heritage buildings and this code introduces a flowchart for the fire safety
assessment of heritage buildings using a performance-based design method.
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structural analyses in order to choose the best retrofitting technique.
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10. European
in Science
and Technology
(COST)
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Cooperation in Science
and Technology
(COST) action
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for vulnerability
assessment
and conservation
of historic timber
buildings.
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and conservation
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Adopted from [20].
In order to improve the COST action guidelines flowchart, a new methodology for the conservation

In order to improve the COST action guidelines flowchart, a new methodology for the
of heritage building is proposed in this study, which can be seen in Figure 11. This flowchart will be
conservation
is proposed
this study,
which
canHYPERION
be seen inproject.
Figure 11. This
used forof
theheritage
structuralbuilding
vulnerability
assessmentin
of heritage
buildings
in the
flowchart will be used for the structural vulnerability assessment of heritage buildings in the
HYPERION project.
The preliminary survey, including desk survey, visual inspection and geometrical survey, is the
first step of the vulnerability assessment, which is included in both flowcharts. Detailed in situ
methods, including NDT or SDT, comprise the next step to investigate the general defects in the
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5. Conclusions
Ex situ methods, including experimental tests or numerical FEM, are employed in order to assess
the vulnerability
of the
subjected
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future risks.
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Multivariate data analysis can be utilized in order to derive valuable data from the results of
Vulnerability assessment methods are used for risk mitigation by implementing the most
different sensors at the element scale, with the possibility of inference and updating of the mechanical
proficient and optimized strategies. In fact, it is possible to select an effective and cost-efficient
properties of the elements.
intervention strategy based only on comprehensive knowledge of the behavior of the buildings and
their structural vulnerabilities. A methodology for the conservation of heritage timber buildings has
been proposed here for detecting the best intervention method.
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Ex situ methods, including experimental tests or numerical FEM, are employed in order to
assess the vulnerability of the buildings subjected to potential future risks. For seismic vulnerability
assessments of buildings, hybrid modelling consisting of nonlinear rotational springs calibrated by
experimental tests is recommended in order to accelerate the assessment procedure and assess the
vulnerability of the buildings subjected to different seismic scenarios.
For vulnerability assessments of timber roofs that are susceptible to wind load, a linear analysis is
sufficient to investigate the critical elements based on the stress and maximum displacement of the
structure. However, a detailed nonlinear analysis can show accurate results at a near-collapse state of
the structure.
Due to the numerous uncertainties relating to fire risk, the fire resistance of heritage timber
buildings is difficult to assess, and experimental tests cannot be performed on the heritage buildings.
For this reason, fire risk assessment is recommended in order to select the best fire safety strategy for
the conservation of the building.
Vulnerability assessment methods are used for risk mitigation by implementing the most proficient
and optimized strategies. In fact, it is possible to select an effective and cost-efficient intervention
strategy based only on comprehensive knowledge of the behavior of the buildings and their structural
vulnerabilities. A methodology for the conservation of heritage timber buildings has been proposed
here for detecting the best intervention method.
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