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Abstract	8 
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Significant developments in structural health monitoring (SHM) and in non-destructive testing (NDT) and 10 

damage identification techniques for structural timber elements have led to an increasing interest in the 11 

application of these technologies. However, specific aspects of timber structures (anisotropy, moisture 12 

dependency, high variability), the wide range and novelty of available systems, and the need to adapt them 13 

for each configuration, makes specifying and implementing a SHM system a non-trivial task, heavily 14 

dependent on previous experience. This article presents a comprehensive review of available SHM and NDT 15 

methods, case studies, and a survey on the implementation of SHM in timber structures. 16 

17 

Keywords: timber structures, health monitoring, non-destructive testing, review, case studies, survey 18 

19 

20 

1. Introduction21 

22 

1.1 Background	23 

24 

A wide variety of non-destructive testing (NDT) and damage identification techniques are currently 25 

available for the structural health monitoring (SHM) of civil structures. During the last decades, the potential 26 

benefits associated with SHM led to a substantial increase in related research. SHM is particularly suited: 27 

for important structures, subject to long-term movement or degradation; to improve future design based on 28 

experience; for new construction systems; to improve infrastructure resilience, namely of bridges; and to 29 

face the decline in construction and growth in maintenance needs [1]. 30 

Regarding timber structures, the most recent studies comprise the monitoring of moisture content and 31 

indoor climate, vibrations, strains, displacements, and loads [2]. The most comprehensive medium/long-32 

term monitoring systems have been installed quite recently and involve accelerometers, conventional and 33 

fibre-optic strain sensors, conventional and laser-based displacement transducers, moisture content 34 

meters, and image-analysis-based systems. Due to their layered nature, modern structural timber members 35 

(e.g. glued-laminated timber, cross-laminated timber) are particularly suited to the integration of sensors 36 

during production. 37 
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The anisotropy, moisture dependency, and high variability of timber properties, the wide range of available 1 

sensors, the relative novelty of some sensors, and the need to calibrate them for each new configuration, 2 

makes specifying and implementing a monitoring system a non-trivial task, heavily dependent on previous 3 

experience. An overview of current SHM strategies for timber structures was, therefore, deemed necessary 4 

to frame the current situation, assessing the scope of applicability of current approaches, and identifying 5 

methods that deserve further research and development. 6 

 7 

1.2 Scope	and	objectives	8 

 9 

This article gives an overview of available SHM strategies for timber structures and summarises the used 10 

methods and technologies. Relevant timber properties and parameters and the applicable monitoring 11 

strategies are presented and discussed. These monitoring strategies are assessed regarding operational	12 

aspects (what is monitored and how the monitoring is carried out), and data	acquisition	aspects (excitation 13 

methods, sensor type, number and locations of sensors, as well as the equipment and technology needed 14 

for data acquisition, transmission, and storage). 15 

Structural monitoring strategies usually include periodic inspections, which can also employ specific NDT 16 

and semi-destructive techniques (e.g. visual inspection, sounding, probing, resistance drilling). However, 17 

SHM is commonly associated with more automated strategies, with much shorter observation intervals, 18 

even if only during a short period. This article focuses on the latter automated monitoring strategies and, 19 

therefore, techniques specific to visual inspections are not discussed. This article does not address advanced 20 

data processing aspects of SHM (e.g. feature extraction, information condensation, optimisation of data 21 

transfer and energy consumption of data acquisition systems), even though they are the foundation of for 22 

autonomous applications. 23 

 24 

1.3 Overview	of	the	article	25 

 26 

The article starts with an introduction to SHM in Section 2 Structural	health	monitoring	(SHM), in which the 27 

main concepts and objectives of SHM are presented. Specific aspects of timber structures that are important 28 

to take into account for monitoring purposes are then discussed in the following Section (Section 3 Specific	29 

aspects	of	timber	structures). A review of the principles and instrumentation of relevant NDT-based methods 30 

for SHM are presented and discussed in Section 4 NDT	methods	–	principles	and	 instrumentation and are 31 

then referenced in Section 5 Parameters	of	interest	and	monitoring	techniques	for	timber	structures, which 32 

follows an approach of addressing relevant parameters and common damages in timber structures (e.g. 33 

moisture content, biological degradation, delaminations and cracks, etc.) and then presenting and 34 

discussing the pros and cons of available monitoring techniques, also taking into account the concept of 35 

SHM presented in Section 2. Practical applications of monitoring systems are presented in 36 

Section 6 Practical	applications of SHM, including various case international case studies and the mains 37 

results of a survey on SHM. Conclusions and research topics with high potential for future development are 38 

finally presented in Section 7. 39 

 40 
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2. Structural	health	monitoring	(SHM)	1 

 2 

2.1 Introduction	and	definitions	3 

 4 

There are several definitions for SHM. For instance, the Swiss standard SIA 260:2013 [3], which sets the 5 

basic principles for the design of structures, includes monitoring within the preservation-related activities 6 

and measures, which are “undertaken to ensure the continued existence of construction works”. This 7 

standard defines monitoring as the “determination and assessment of the condition [of constructions works] 8 

with recommendations on steps to be taken”. In other words, SHM is the process of implementing a damage 9 

identification strategy [4,5], with damage being usually associated with an unfavourable change in material 10 

properties, geometry, support conditions, or loading that influences the structure’s current or future 11 

performance or durability. Monitoring is, therefore, related to the condition	 evaluation of construction 12 

works, i.e. the “evaluation of the information on the current condition of the construction and the previous 13 

development of the condition, combined with a prediction of the further development of the condition and 14 

its consequences during the remaining service	life” [3]. This requires the definition of damage	scenarios, the 15 

measurement of damage‐related	properties, the analysis of these measurements to assess the structural	16 

health [6], and a prediction of the remaining service life (RSL). 17 

The above definition of monitoring, by including not only the assessment of the current condition (and its 18 

previous evolution) but also its consequences on the RSL, cannot usually be fulfilled by a single 19 

condition/damage assessment method. Therefore, to be effective, SHM should rely on different methods. 20 

SHM also usually comprises various technologies, from sensing to data acquisition, transmission, and 21 

processing [7]. 22 

The condition of the construction works can be related to multiple service requirements, namely regarding 23 

structural safety, serviceability, and durability. The damage	scenarios are, therefore, usually associated with 24 

collapse or other forms of structural failure (ultimate	 limit	 states), or with conditions beyond which 25 

specified service requirements are no longer met (serviceability	limit	states) [8]. The condition or damage	26 

state assessment of the structure can be analysed from a multi-level perspective (Table 1) [9,7,10]. Some 27 

experimental assessment methods might be able to address the first two levels (existence and location of 28 

damage), but models or data from damaged similar systems are required to address the third and fourth 29 

levels (type and extent of damage). The fifth level (consequence of damage) may require statistical analyses 30 

that include expected loads and material degradation, combining a global structural model with local 31 

damage models [7,10]. For common structures under typical use conditions, the assessment methods 32 

described above can be relatively straightforward to implement, because there is usually a great deal of 33 

experience regarding what and where to measure and the consequences of various degrees of damage (e.g. 34 

unprotected timber elements exposed to high moisture contents will experience irreversible decay). In 35 

these cases, the above-mentioned fifth level could be based on engineering judgement.  36 

 37 

 38 
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Table	1:	Levels of assessment of structural condition or damage state (based on [9,7,10]). 

Level 1 – Existence – The assessment method gives a qualitative indication that damage might be present in the structure. 

Level 2 – Location – The assessment method gives information about the probable location of the damage. 

Level 3 – Type – The assessment method gives information about the kind of damage. 

Level 4 – Extent – The assessment method gives information about how extensive and severe the damage is. 

Level 5 – Consequence – The assessment method gives information about the actual safety of the structure given a certain
damage state, i.e. a prediction of the remaining service life. 

 1 

The fundamental components of a SHM system are the data‐acquisition	equipment (DAE) and the data‐2 

processing	techniques. The DAE includes sensors and the hardware necessary to acquire, transmit, and store 3 

the measured data. Sensors convert physical parameters to electric signals, which are then processed by the 4 

data acquisition system (DAS). Many physical and mechanical properties of interest are not directly 5 

measurable and, therefore, proxy measurable parameters are used instead (e.g. the electrical resistance and 6 

temperature of wood is measured to assess its moisture content). Sensors have become increasingly small 7 

and nowadays many can even be integrated in the structural elements during their production. Modern 8 

structural timber products consist mostly of layered and bonded components (boards, veneers, or strands) 9 

and are particularly suited to the integration of embedded	sensors during production, which can then be 10 

connected to a DAS and log the changes of the selected parameters. However, the sensors and lead wires 11 

must be robust enough to endure the manufacturing process and, in some cases, will be exposed to harsh 12 

environmental conditions for long periods. 13 

The number and location of sensors and the measurement frequency are also a fundamental aspect of any 14 

SHM system. The DAE might include actuators to apply a predefined excitation to the structure (e.g. 15 

vibration, ultrasonic signal) so that the sensors can capture the response. The data‐processing	techniques	16 

are the algorithms used to extract relevant features from the measured data. In some cases this can be 17 

relatively straightforward (e.g. locally measuring the electrical resistance to estimate the moisture content), 18 

but other situations may require advanced numerical techniques (e.g. assessing of dynamic properties using 19 

vibration-based methods to estimate elastic properties). 20 

Many SHM applications are based on adapted NDT methods, i.e. methods that are able to identify physical 21 

and mechanical properties of a material without altering its end-use capabilities [11]. A wide variety of NDT 22 

methods are available to assess physical and mechanical properties of structural members, some developed 23 

to be applied under controlled conditions and others to be used in situ [12,13]. Implementing a NDT method 24 

in a SHM system requires its complete automation and its adaptation to different operational conditions, 25 

which might not always be possible [2]. 26 

The autonomy of SHM systems depends on several aspects, namely the measurement interval and the power 27 

requirements of the sensors, actuators, and DAS. High-frequency measurement SHM systems (e.g. vibration-28 

based SHM) need to be either directly connected to the electrical grid, or are supposed to run only for a 29 

short period. Systems designed to collect sparse measurements or to run only for short periods can many 30 

times be powered by batteries, which can make their implementation easier. Truly autonomous sensors that 31 

harvest the energy they need to operate (take measurements and transmit data) from ambient sources are 32 

still in developmental stages, particularly when applied to SHM [14]. 33 
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In practice SHM implementations can have various degrees of complexity, ranging from simple passive 1 

monitoring of a single parameter (e.g. moisture content, temperature), to semi-active systems (e.g. data 2 

collection for a short period triggered by a passing vehicle), to sophisticated active monitoring systems, in 3 

which the structure is equipped with both sensors and actuators (e.g. ultrasonic wave propagation between 4 

a transmitter and a receiver). Passive monitoring systems are used to observe the changes of selected 5 

parameters under normal environmental and operational conditions, which in some contexts is called 6 

ambient	excitation (i.e. without a deliberate action being imposed on the structure). If, in addition to the 7 

sensors, also actuators are installed in the structure, these can generate perturbations (e.g. vibrations, or 8 

ultrasonic waves) which are then measured by the sensors. Depending on whether the structure is damaged	9 

or undamaged, the generated perturbations can excite the sensors differently (e.g. a crack in a structural 10 

element might change its modal frequencies, or how ultrasonic waves propagate through it). 11 

In addition to the previous definitions, it is also useful to clarify what SHM is not. SHM does not replace 12 

quality control during production, which can rather be achieved by following quality management 13 

procedures specified in product standards. SHM does not replace a maintenance plan (e.g. in the USA, SHM 14 

alone does not suffice for the required biennial "routine inspections" of public road bridges). The 15 

maintenance plan might rely on the results of the SHM systems, but tasks (e.g. checking moisture content at 16 

predefined locations, tachymetric survey of displacements), schedules (e.g. yearly, or every n years), and the 17 

corresponding responsible individuals or entities must be defined regardless of the implemented SHM 18 

systems. SHM systems might include automatic alerts, which are triggered when predefined conditions are 19 

met, but an adequate information flow chain must be in place to assure that the necessary steps are then 20 

taken. In addition, checking the monitoring and alert systems must also be part of the maintenance plan. 21 

Finally, SHM does not compensate for poor design and/or execution, or inappropriate use of a structure, 22 

even though it might detect their consequences (e.g. ponding effect on flat roofs due to excessive vertical 23 

deformation of the structure). In fact, in some answers to the survey on experience with SHM (Section 6.2), 24 

structural engineers pointed out that instead of relying on monitoring, the goal should be to create less 25 

vulnerable (i.e. more robust) and durable constructions that do not require monitoring. This should not be 26 

interpreted as argument against monitoring, but against relying on monitoring to compensate for a less 27 

careful design, i.e. to assume that structural problems will be anyway detected by the monitoring system 28 

and that corrective measures can then be taken. 29 

Two other concepts that regularly appear in the context of structural monitoring are maintenance and 30 

inspection. The corresponding definitions in SIA 260:2013 [3] have been adopted in this article: 31 

maintenance are “simple and regular measures undertaken to preserve the serviceability of the construction 32 

works, i.e. its functionality and appearance”; inspection is the determination of “the condition by specific, 33 

and as a rule, visual and simple investigations and condition assessment” (inspections can, therefore, be 34 

part of a maintenance plan). 35 

 36 

2.2 Guidelines	and	standards	for	SHM	37 

 38 

Existing guidelines on SHM of civil engineering structures focus mostly on bridges and offshore structures 39 

[15], for which major repairs or replacements that require down time are to be avoided. 40 
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The Condition	Monitoring	of	Load‐bearing	Structures. (NORSOK Standard N-005, Rev. 1), published in 1997 1 

by the Norwegian Technology Standards Institution, provides general principles of how condition 2 

monitoring of offshore load-bearing structures should be planned, implemented and documented. It is 3 

mostly focused on periodic visual inspections and provides guidance regarding inspection methods of 4 

specific offshore structures and structural components. 5 

The German document DGZfP-B 9 Merkblatt	über	die	automatisierte	Dauerüberwachung	 im	 Ingenieurbau 6 

[16] (information sheet on automated permanent monitoring in civil engineering), published in 2000 and 7 

withdrawn in 2009, gives an overview and information on the application, execution, and the evaluation of 8 

measurements for long-term monitoring of structures. It only addresses methods that were well-established 9 

at the time of publication and was intended to be used as a reference in the preparation of quotations and 10 

tenders, as well as to carry out monitoring works. 11 

The Guidelines	 for	 Structural	Health	Monitoring	 –	 Design	Manual	No.	2 [17], published by ISIS Canada 12 

(currently known as SIMTReC), focuses on techniques related to static and dynamic field testing of bridges, 13 

and periodic monitoring, but does not deal with continuous monitoring or remote data acquisition. 14 

Guidelines for selecting and protecting sensors commonly used in civil engineering applications, as well as 15 

guidelines regarding data acquisition, and application examples are also presented. 16 

The report on the Development	of	a	model	health	monitoring	guide	for	major	bridges [18], published by the 17 

Intelligent Infrastructure and Transportation Safety Institute of Drexel University, UK, describes of health 18 

monitoring tools, strategies and application scenarios, focusing on experimental tools for controlled testing, 19 

short-duration monitoring, and long-duration health monitoring. A general procedure for design, 20 

calibration, and implementation of field measurement systems for SHM of bridges is presented. The report 21 

also provides guidance on selecting sensors and presents the fundamentals of data acquisition. 22 

The Guideline	for	Structural	Health	Monitoring [19] is an outcome of a European-Union-funded project. This 23 

document focuses on the assessment of loads acting on the structure, to derive realistic load models to be 24 

used in the analysis of fatigue strength and service life of structural components. It gives an introduction to 25 

existing methods for structural condition analysis and monitoring, as well as recommendations for their 26 

application. These guidelines also cover structural damage analysis, namely procedures for damage 27 

identification and assessment. The presented application examples focus mostly on bridges. 28 

The Swiss standard for the design of timber structures (SIA 265:2012 [20]) provides some guidance 29 

regarding monitoring. In particular, it requires: that “if a structure or a component requires special 30 

monitoring or maintenance measures, the manufacturers have to provide written instructions or rules when 31 

the structure is put into service”; “changes in use, depending on the new type of use, require a new 32 

monitoring programme”; “in the case of prestressed structures, the loss of stress over time has to be 33 

monitored”; and “when monitoring deformations, in addition to the members in bending, the deflection of 34 

members in compression (e.g. compression chords in trusses) or of structural systems (e.g. frames) shall be 35 

taken into account”. 36 

 37 

 38 

 39 
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2.3 Sensors	used	in	SHM	1 

 2 

A comprehensive review of sensors for scientific, industrial, and consumer applications is presented in the 3 

Handbook of Modern Sensors, by Fraden [21]. Within the field of SHM, Mufti et al. [17] provide detailed 4 

descriptions of the most common sensors, namely to measure strains, displacements, accelerations, and 5 

temperature. Aktan et al. [18] also present a comprehensive and detailed list of sensors commonly used in 6 

bridge monitoring, as well as performance characteristics and selection criteria, including environmental 7 

and economic considerations. Rücker et al. [19] classify sensors according to mounting complexity and 8 

practical experience. Huston [22] and Xu and He [23] present the most up-to-date and extensive 9 

characterisations of sensors used in SHM applications. Huston [22] lists the most common properties and 10 

parameters that are directly measurable with sensors, describes the performance characteristic to consider 11 

when selecting sensors, describes in detail an extensive list of sensors, describes data processing 12 

techniques, and addresses the design of SHM systems. The focus of Xu and He [23] is more on vibration-13 

based methods and structural control applications. 14 

Given that SHM extends to a very broad array of disciplines, each using its own established terminology, for 15 

consistency purposes, the following definitions are adopted, even if in some specific fields they are not so 16 

common (e.g. “strain sensor” instead of “strain gauge”): 17 

 transducer – device that converts one form of energy to another [24]; it can either be a sensor or an 18 

actuator; 19 

 sensor – transducer that responds to a stimulus (quantity, property, or condition that is sensed) by 20 

producing a signal, usually electrical [21]; 21 

 actuator – device that applies a predefined excitation (e.g. vibration, ultrasonic signal) to a structure 22 

or a structural element; requires a control signal and an energy source; 23 

 gauge – instrument that measures and gives a visual display of the amount or level of the measured 24 

property. 25 

 26 

2.4 Data	processing	and	analysis	in	SHM	27 

 28 

A detailed review of data-related aspects of SHM is outside the scope of this article, but given its key 29 

importance in autonomous (also called "smart") monitoring applications it is briefly described. 30 

Recent developments in sensor technology and communication networks have led to an increase in the use 31 

of dense sensor arrays and to the consequent generation of large amounts of data. These data-intensive 32 

monitoring strategies have mostly been applied to the monitoring of dynamic properties, i.e. vibration-33 

based SHM [25], which are assumed to be correlatable with damage scenarios. In a fully automated SHM 34 

system, this data would be transmitted and analysed in almost real time, but given the amount and the 35 

inherent noisiness and faultiness of the collected data, this processing is complex and constitutes a research 36 

field of its own [26]. Compared to common threshold-based "triggered" monitoring systems, autonomous 37 

data-intensive systems should be able to capture and filter the influence of slow changes in the 38 

characteristics of the structure (e.g. due to ageing or environmental factors) and operational factors (e.g. 39 
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random ambient excitations with varying characteristics and spatial distribution, missing data, data from 1 

faulty sensors). 2 

 3 

3. Specific	aspects	of	timber	structures	4 

 5 

Wood is a highly anisotropic material, with time, moisture and temperature-dependent properties, and 6 

exhibits a high variability in its physical and mechanical properties. Wood in structural dimensions, so-7 

called timber exhibits high variability not only between but also within elements, mainly due to non-8 

homogeneities, namely defects (e.g. knots, grain deviation), which strongly influence its performance [27]. 9 

In the following sections, the specific aspects of the behaviour of timber structures (compared to concrete 10 

and steel structures) are presented and discussed. 11 

 12 

3.1 Anisotropy	13 

 14 

Wood is a strongly anisotropic material, i.e. its mechanical and strength properties are directionally 15 

dependent, exhibiting different behaviours in different directions. Particular types of anisotropy can be 16 

identified at various levels, from the scale of wooden cells and tissues to structural timber elements [28,29]. 17 

The anisotropy of wood is reflected in the distinctively different mechanical behaviour of timber elements 18 

loaded in different directions. At the scale of structural elements, wood can be assumed to be orthotropic, 19 

because the principal directions of anisotropy coincide with the longitudinal direction (mostly parallel	to	20 

the	grain and the stem), and the radial and tangential anatomical directions (mostly perpendicular	to	the	21 

grain) [30]. 22 

Given the significant difference between the stiffness properties in the longitudinal and in the transversal 23 

directions (about one order of magnitude), a further common simplification regarding the mechanical 24 

behaviour of structural timber elements is to assume that wood is transversely isotropic, i.e. that the 25 

stiffness properties are the same in any direction perpendicular to the longitudinal parallel‐to‐the‐grain 26 

direction [30]. Regarding strength, wood also displays a strong direction dependency, exhibiting lower 27 

strengths in the direction perpendicular to the grain than parallel to the grain [30]. The constitutive 28 

behaviour of structural timber members is also noticeably different in different directions, exhibiting 29 

significant deformations under compressive stresses in the direction perpendicular to the grain and a brittle 30 

behaviour under tensile stresses in the direction perpendicular to the grain or under shear stresses [27,30]. 31 

Moisture-induced deformations in the directions perpendicular to the grain are 5-10 times larger than 32 

parallel to grain [27]. 33 

Failures in timber structures are often associated with the anisotropy of wood, in particular stresses 34 

perpendicular to grain or combined shear and tensile perpendicular-to-the-grain stresses [31]. 35 

 36 

3.2 High	variability	of	physical	and	mechanical	properties	37 

 38 

Because of its natural origin, the physical and mechanical properties of timber frequently exhibit a high 39 

variability [32]. This variability occurs not only between different elements, but also within the same 40 

structural element [33], due to the semi-random occurrence of various anatomical features that influence 41 
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the physical and mechanical properties along the stem. The influence of the specific anatomical features (e.g. 1 

knots, slope of grain, reaction wood), usually called defects, on the physical and mechanical properties of 2 

timber depends on several factors, namely the wood species, the relative size of the defect, and the position 3 

in which it occurs in relation to the applied stresses. 4 

To overcome its inherent high variability, timber for structural applications is strength graded and assigned 5 

to strength	 classes or strength	grades that aim at assuring a minimum level of physical and mechanical 6 

properties in terms of density, bending or tensile strength parallel to the grain and modulus of elasticity 7 

(MOE). Therefore, since strength grading procedures for structural timber are mostly concerned with 8 

guaranteeing minimum stiffness and strength properties, the variability of physical and mechanical 9 

properties between members can be quite significant [32]. 10 

 11 

3.3 Moisture	and	temperature	dependency	12 

 13 

The mechanical properties of wood exhibit a strong moisture and a noticeable temperature dependency. If 14 

the influence of temperature can be mostly neglected under normal service conditions, i.e. not under fire 15 

exposure, the influence of moisture content can certainly not [34]. The moisture content (weight of water 16 

in relation to weight of dry wood) of a timber element changes towards equilibrium with the relative 17 

humidity and temperature of the surrounding air. The response of a timber member to changes in the 18 

surrounding climate is slower for larger members and, as a consequence, moisture gradients can develop 19 

and cause moisture-induced stresses [34]. These stresses are mostly negligible in the direction parallel to 20 

the grain, in which the strains caused by moisture changes are smaller and the strengths at the same time 21 

also higher, but can easily lead to failures in the direction perpendicular to the grain, in which the strains 22 

caused by moisture changes are higher (5-10 times larger, according to Thelandersson and Larsen [27]) and 23 

the strengths are much smaller. Below the fibre saturation point, both strength and stiffness decrease with 24 

increasing moisture content [34]. 25 

 26 

3.4 Low	stiffness	27 

 28 

As already mentioned, wood exhibits a significant difference between the stiffness properties in the 29 

longitudinal and in the transversal directions: the stiffness in the direction perpendicular to the grain is 30 

about one order of magnitude lower than in the direction parallel to the grain. When subjected to 31 

compression stresses perpendicular to grain, wood displays significant deformations even for low load 32 

levels [35,36]. Whereas an actual mechanical failure in compression perpendicular to grain might only occur 33 

for extremely high deformations, imposing such displacements on a structure can cause severe damages 34 

elsewhere (e.g. loss of verticality of columns or walls, or introduction of stresses not accounted for in design) 35 

and is a common source of not meeting serviceability requirements in timber structures . 36 

Structural timber connections, even those with metallic dowel-type fasteners loaded in shear, are known to 37 

exhibit low stiffnesses [37]. If not accounted for during design, this can influence the load paths and induce 38 

large displacements. Due to the restraints posed by stiffer elements such as steel plates, cracks due to 39 
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shrinkage of the timber member can develop in the connection area, reducing the stiffness of the connection 1 

even more. 2 

Another stiffness-related aspect of structural timber members subjected to bending by shear forces is the 3 

significant level of shear deformations (5 and 20% of the flexural value for beam height to span ratios 4 

between 0.1 and 0.05, according to [38]), due to the high ratio between the MOE in the direction parallel to 5 

the grain and the shear modulus. 6 

 7 

3.5 Duration‐of‐load	effects	8 

 9 

3.5.1 DOL	effects	on	strength	10 

 11 

Timber structural elements exhibit a severe strength reduction under sustained loading. Duration	of	load	12 

effects depend on the type of loading, but the longer the duration of loading, the greater the strength 13 

reduction [39]. The strength reduction after ten years of loading can be approximately 40% for solid timber 14 

and 80% for some wood-based panel [39]. Duration of load effects also depend on the moisture variations 15 

that the member is exposed to, with small dimension elements, which are exposed to more moisture 16 

variations, exhibiting reduced times to failure. 17 

 18 

3.5.2 DOL	effects	on	deformations	19 

 20 

A loaded structural timber member will exhibit an instantaneous elastic deformation followed by a visco-21 

elastic deformation, commonly referred to as creep deformation. The magnitude of the creep deformation 22 

depends on the combined effects of load duration, stress level, moisture content, and temperature (mostly 23 

negligible under normal service conditions) [34]. For structural timber members, the creep rate increases 24 

with the stress level, but slows down and stabilises if the applied loads remain within the levels 25 

corresponding to serviceability limit states. For higher load levels, the reduction of strength due to duration 26 

of load effects usually governs the design, and creep deformations become relatively less relevant [40]. 27 

Creep deformations increase with moisture content and are higher for cyclic moisture changes, with greater 28 

moisture amplitudes leading to higher amounts of creep [28]. Creep is also direction-dependent, with 29 

greater creep being observed in the direction perpendicular to the grain than in the directions parallel to 30 

the grain, for wood under tensile stresses [28]. 31 

 32 

3.5.3 DOL	effects	on	stresses	33 

 34 

If, instead of an imposed load, wood is held under an imposed constant deformation, it undergoes a stress 35 

relaxation process and the loads required to hold that deformation are reduced. This aspect influences, e.g., 36 

the behaviour of timber connections [41] and the behaviour of stress-laminated bridge decks. 37 

 38 

 39 

 40 
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4. NDT	methods	–	principles	and	instrumentation	1 

 2 

NDT methods allow examining materials or components in ways that do not impair serviceability and future 3 

usefulness in order to detect, locate, measure and evaluate flaws, to assess integrity, properties and 4 

composition, and to measure geometrical characteristics (ASTM E1316 [42]). 5 

A broad variety of NDT methods has been developed and applied to wood and structural timber [12,43]. 6 

However, not all NDT methods can be efficiently used for monitoring purposes (e.g. proof loading, or 7 

methods involving non-refracting radiation or acoustic emissions). Kurz and Boller [2] presented a short 8 

overview of applicable NDT methods to determine physical parameters, material states, and damages in 9 

timber (Table 2). 10 

 11 

Table	2.	Applicable NDT methods for determining physical parameters, material states and damages in timber (based on Kurz and 
Boller [2]). The fields marked with an “×” identify methods that have already been applied. Adapted by permission from Springer 
Nature: Springer Journal of Civil Structural Health Monitoring, “Some background of monitoring and NDT also useful for timber 

structures”, J. Kurz and C. Boller, 2015. 
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Ultrasound × ×  × × ×   ×  

Acoustic emission    × ×  ×    

X-ray  × × × × ×     

Thermography    × × × ×    

Microwave  × × ×       

Resistivity   ×        

Conductivity  × × ×       

Nuclear Magnetic 
Resonance (NMR) 

 
× × 

       

Laser optical        ×   

Visual    × × × × ×   

Drilling  ×  ×  ×     

Quasi-static testing ×        ×  

Ambient vibration ×        × × 

Forced vibration ×        × × 

 12 

To be used in a SHM system, a NDT method must not only be able to continuously and reliably assess a 13 

specified property or parameter (e.g. exhibit reduced hysteresis errors and be able to operate under varying 14 

environmental conditions), but also comply with various operational requirements (e.g. limited space or 15 

power sources). Depending on whether a SHM system is deployed in a new or an existing structure, different 16 

requirements may apply. 17 

In this section, the fundamentals of selected NDT methods, applicable to the SHM of timber structures, are 18 

presented and their advantages and shortcomings are discussed. They are also analysed considering the 19 

damage assessment levels presented in Table 1 (existence, location, type, extent, and consequence of 20 

damage). Regarding this aspect, it is important to keep in mind that the range of detection of NDT methods 21 

can vary greatly, from very local (e.g. ultrasonic methods) to global (e.g. vibration-based methods). Local 22 
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NDT methods should be able to identify and quantify the extent of the damage, but must be deployed near 1 

the “hot spots” of the structure, which means that the location of the damage must be known in advance. 2 

Global NDT methods do not require the sensors to be located close to the damaged area, but are usually less 3 

sensitive and the correlation between measured parameter(s) and damage is not always straightforward. 4 

 5 

4.1 Wave‐	and	vibration‐based	methods	6 

 7 

Wave- and vibration-based methods, also known as acoustic methods, are based on the propagation of stress 8 

waves (i.e. elastic waves, or sonic stress waves) through the structural elements and have for long been used 9 

in the characterisation of timber and wood-based elements [12,44], namely for detecting the onset of failure 10 

(e.g. by analysing acoustic emissions), for detecting discontinuities (e.g. detection of cracks and 11 

delaminations in bonded timber elements through ultrasonic methods), and to estimate mechanical and 12 

physical properties based on empirical relationships between them and stress wave characteristics (e.g. 13 

estimation of static modulus of elasticity based on the wave velocity). 14 

There are two main acoustic methods: analysis of acoustic emissions and ultrasonic methods. The former is 15 

a passive method, as it relies on naturally occurring stress waves generated by an internal failure, and the 16 

latter is an active method, in which predefined stress waves are induced on the monitored element. 17 

 18 

4.1.1 Acoustic	emissions	(AE)	19 

 20 

Principles	21 

An acoustic emission (AE) is a transient elastic wave naturally generated by the rapid release of elastic 22 

energy from localized sources within a material (ASTM E1316 [42]). NDT methods based on the analysis of 23 

signals generated by acoustic emissions are particularly suited to the detection and location of cracking and 24 

fractures inside structural elements [45,44]. These methods can be integrated in passive monitoring 25 

systems, since the energy is released from within the monitored element, rather than it being intentionally 26 

exposed to imposed acoustic signals. 27 

Monitoring of acoustic emissions has been mostly used to study the behaviour of small-scale wood 28 

specimens [46–50], but more recently also of structural-sized timber elements [51]. Depending on the 29 

number and characteristics of the sensors and their distances to the possible source of acoustic emissions, 30 

the detection volume can cover the whole specimen [49] and be used to locate the source of the acoustic 31 

emission by measuring its arrival time by different sensors [44]. 32 

 33 

Instrumentation	34 

The main requirements of an AE system are to be able to differentiate relevant signals from background 35 

noise and to produce data suitable for comparison with previous and future measurements [44]. 36 

AE are usually discrete burst signals generated inside the structural elements (Figure 1), e.g. due to micro-37 

cracking, and the stress wave then propagates to the surface, where it can be detected by appropriate 38 

sensors [52]. The selection of a sensor must consider the specific application conditions, namely the level of 39 

acoustic activity in the tested element, the background noise, and the signal attenuation [44,53]. Since 40 
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acoustic emissions usually exhibit high frequencies (above 50 kHz), piezoelectric sensors are generally used 1 

[54], but accelerometers and fibre-optic interferometers have also been applied [55]. Having a preamplifier 2 

near the sensors is common, due to the low amplitude of AE. Signal processors and a computer for data 3 

storage and signal analysis are also needed (Figure 2) [44,51]. The configuration of the system depends on 4 

various factors, namely if the location of the source of the AE is known in advance (as in small-scale 5 

laboratory tests) and on the surrounding environmental noise. For a material with high attenuation, such as 6 

wood, low resonant AE transducers should be used [54]. Also the sensitivity and frequency response of the 7 

AE sensor should be considered [54], because an inappropriate transducer in frequency response could 8 

modify the acoustic wave considerably [44]. 9 

 10 

Advantages	and	disadvantages	11 

The main advantage of AE methods is their ability to detect damage at a very early stage. The main 12 

disadvantage is the practical difficulty of implementing such methods in structural-sized elements, due to 13 

the required instrumentation and difficulty in discerning the AE signals from the background noise. 14 

 15 

	16 

Figure	1. Parameters related to acoustic emission signals. Reprinted/adapted by permission from Springer Nature: Springer 
“Acoustics of Wood”, by V. Bucur, 2006 [44]. 

 17 

	18 

Figure	2. Acoustic emission system. Reprinted from Sensors “Monitoring of carbon fiber-reinforced old timber beams via strain and 
multiresonant acoustic emission sensors”, by F. Rescalvo et al., 2018 [51] (CC BY 4.0). 

 19 

4.1.2 Sonic	and	ultrasonic	methods	20 

 21 



14/53 

Principles	1 

Sonic and ultrasonic methods use induced stress waves to detect and assess diffuse defect states, damage 2 

conditions, and variations of mechanical properties (ASTM E1316 [42]). They usually rely on an actuator 3 

that generates the stress waves and a sensor that detects them. Since some wave characteristics (e.g. 4 

propagation speed, attenuation) vary with the properties and geometry of the propagation medium, signal 5 

analysis can be used to estimate material properties (e.g. modulus of elasticity) or detect discontinuities 6 

(e.g. through reduced signal transmission) deep inside the elements. 7 

Both methods can also be used as imaging techniques (e.g. ultrasonic tomography), to provide a picture of 8 

the discontinuity, by combining measurements made in different directions, but these are hardly compatible 9 

with SHM systems [44]. 10 

 11 

Instrumentation	12 

Sonic stress waves can be generated by the mechanical impact of a hammer and by broadband ultrasonic 13 

actuators (i.e. that have a wide frequency range), namely made from piezoelectric material [56]. A sensor 14 

(usually an accelerometer) is required to detect the wave, which can then be analysed. The actuator and the 15 

sensor can be positioned on opposing surfaces or on the same surface (even in the same piece of equipment, 16 

as in the ultrasonic echo technique), but each configuration and propagation medium requires a specific 17 

calibration (Figure 3) [57]. 18 

A very important aspect of ultrasonic methods is the coupling conditions between the actuators and sensors 19 

and the surface of the inspected element. The measurement reproducibility is highly dependent on the 20 

coupling pressure, the roughness, and the alignment between the transducers and the surface [54,56]. 21 

Therefore, the transducers are usually pressed onto the surface using constant weights or springs, and a 22 

couplant (either an elastomeric material or a gel) is used to enhance sound transmission [58]. 23 

Non-contact ultrasonic methods (a.k.a. air-coupled methods), where the transducers do not need to be in 24 

contact with the surface of the material to transmit and detect the stress waves (i.e. they use air as a 25 

couplant), have also been developed and used in industrial applications, namely production of wood-based 26 

plates (fibre and particleboards, and laminated veneer lumber). More recently, a computerized scanning 27 

system using non-contact methods was developed to inspect glued laminated timber elements up to 28 

280 mm thick, using off-the-shelf 120 kHz ultrasound transducers and de-noising signal processing [58]. 29 

This system was able to detect, locate, and assess the extension of delaminations between the timber 30 

lamellas caused by excessive stresses or by inferior performance, wrong application or insufficient 31 

durability of the adhesive used for bonding. It might not be suitable for SHM applications, but it could be 32 

used in manufacturing plants, for quality control. 33 

 34 

Advantages	and	disadvantages	35 

The main advantages of ultrasonic methods are the possibility to detect internal damage or flaws over 36 

significant volumes, and the ease of use of the corresponding equipment (hand-held versions are common). 37 

The main disadvantages are the influence of the coupling conditions (e.g. surface preparation) and the 38 

difficulty of interpreting the results, namely in irregular and non-homogeneous elements. 39 

 40 
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 1 

	2 

Figure	3. Examples of ultrasonic test configurations. Reprinted and adapted by permission from Springer Nature: Springer 
“Embedded NDT with Piezoelectric Wafer Active Sensors”, by V. Giurgiutiu, 2013 [57]. 

 3 

4.2 Vibration‐based	methods	4 

 5 

Principles	6 

Vibration-based methods assume that damaged-induced changes in stiffness, mass or energy dissipation 7 

characteristics can be assessed via the dynamic response of the structure or structural element. Therefore, 8 

damage detection requires the identification of data features (e.g. modal frequencies) that allow 9 

distinguishing between damaged and undamaged states. The most common features used in vibration-10 

based methods are modal frequencies and mode shape vectors, identified from measured response time 11 

histories (usually acceleration), or spectra of these time histories [6]. 12 

Many NDT methods have a limited spatial reach and require that the area where damage is likely to occur is 13 

known in advance. Vibration-based methods are one of the few that are able to monitor global changes in 14 

the structure [6]. However, for large structures, the lower modal frequencies, which are typically measured 15 

during vibration tests, are less sensitive to damage and may not be enough to identify and locate the damage 16 

(not to mention the difficulties in making accurate and repeatable vibration measurements in situ). Higher 17 

modal frequencies, usually associated with local responses, could be used to locate damage, but are more 18 

difficult to measure and identify. The insight given by this approach, regarding damage existence, location, 19 

type, and extent (Table 1), depends on the correlation between the real damage and the model parameters. 20 

In most cases, pure signal analysis only fulfils the existence level; higher levels require additional 21 

information. Mode-shape vectors, unlike modal frequencies, allow locating damage, however they require 22 

more sensors to be accurately characterised. Another strategy used with vibration-based methods is to 23 

update a numerical model of the structure, so that it fits the structure’s response to a given excitation. This 24 

approach requires that the correlation between the model parameters and the damage is known. It is 25 

therefore necessary that preliminary tests on damaged specimens are performed [59]. 26 

 27 

Instrumentation	28 

The standard approach to assess the dynamic behaviour of a structure is to install sensors, excite it with an 29 

actuator (or use ambient excitation), and analyse the data [10]. 30 

The most common sensors in vibration testing are accelerometers. The main types of accelerometers are: 31 

piezoelectric, piezoresistive, capacitive, and force-balance. Piezoelectric-type accelerometers are very 32 

robust and stable in long-term use, but their lower-frequency limit is usually above 1 Hz (which should not 33 

be a problem since damage detection using frequencies under 1 Hz is mostly unfeasible). Piezoresistive and 34 
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capacitive accelerometers are appropriate for flexible structures, which require low-level vibration 1 

measurements. Force-balance accelerometers are suited for low-frequency and low-amplitude acceleration 2 

measurements [23], but are relatively large and heavy and consume more power [22]. 3 

Various types of actuators are used to impose forced	vibrations on a structure. Impact hammers and drop 4 

weights are typical actuators and they can to some extent simulate an impulse with a very short duration, 5 

which results in all modes of vibration being excited with equal energy. However, an impact hammer is 6 

hardly compatible with automated SHM systems. A shaker, on the other hand, is an actuator that applies a 7 

given excitation to the structure, with a certain frequency, during a predefined period. For examining 8 

building structures, the most commonly applied actuators are rotating mass shakers, electro-dynamic 9 

shakers, and electro-hydraulic shakers. Depending on the excitation to be applied to the structure, the 10 

weight of the shaker, namely its oscillating mass, will vary from 1-10 to several hundred kilos. The shaker is 11 

attached to the structure and usually operated in white noise mode or in sine sweep mode, i.e. continuously 12 

sweeping from low to high excitation frequencies [60]. An example of application of a horizontal shaker to 13 

identify the dynamic properties of a multi-storey timber structures is described by Steiger et al. [61]. 14 

Ambient	 vibrations generated by local atmospheric conditions, traffic or human activities in the 15 

surroundings can also be used, in some cases, to characterise the dynamic behaviour of a structure excited 16 

by low amplitude vibrations. Operationally, this is the easiest way to excite a structure, because no actuators 17 

are required, and is therefore particularly suited for SHM. However, it requires special modal parameter 18 

identification techniques that can deal with small magnitude ambient vibration, contaminated by noise, 19 

without knowledge of the input forces [23]. These techniques assume that the excitation is a white noise 20 

process, which requires that measurements are taken over relatively long periods, so that wider frequency 21 

components are included in the excitation and the data acquisition. 22 

 23 

Advantages	and	disadvantages	24 

The advantage of vibration-based methods is the possibility of eventually detecting damage through global 25 

changes in the structure, even based on ambient excitations. The main disadvantages are the high number 26 

of sensors required to locate the damage which may be causing the changes in the dynamical properties of 27 

the structure, and the difficulties in extracting relevant data based on ambient excitations. 28 

4.3 Optic	methods	29 

 30 

Optic methods allow contact-free determination of displacements, surface deformations, and even 31 

vibrations [62]. These methods have a large variety of uses, including measuring over very long distances 32 

(e.g. displacements in bridges) and very short distances (e.g. surface strains and cracks on structural 33 

elements), and comprise a wide range of global (e.g. topographic surveying) and local techniques (e.g. digital 34 

image analysis). Global techniques can be used to assess damage that has an impact on the deformation of 35 

the structure (e.g. support settlements, creep), whereas local methods are limited to defects that reach the 36 

surface of the members or, at least, significantly influence surface strains (e.g. cracks). 37 

 38 

 39 

 40 
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4.3.1 Classical	topographic	surveying	methods	1 

 2 

Principles	3 

Classical topographic surveying methods use the principles and instruments of geodetic surveying to 4 

measure angles and distances to target points, and therefore their relative coordinates. These methods are 5 

commonly used for structural monitoring purposes, namely to determine relative displacements of selected 6 

target points, on the surface of the structure, to reference points that are assumed to be stable. 7 

 8 

Instrumentation	9 

A total station is an electronic-optical instrument that allows determining the coordinates of a target within 10 

direct line of sight, either relative to another point with known coordinates or to the total station itself. 11 

Because displacement monitoring frequently requires repeated surveys of the same points, a computer-12 

controlled robotic	 total	 station can be programmed to automatically perform predefined measurements 13 

according to a predetermined schedule. The measurement accuracy of robotic total stations depends on the 14 

type of target (geodetic prisms offer higher accuracies than other reflective target systems) and the 15 

environmental conditions (which affect the signal used to measure the distance). Accuracy of total stations 16 

is up to ± 0.1-0.2 mm at close range, i.e. less than 50 m. The measurement frequency depends on the number 17 

of target points to be surveyed, since the total station uses servomotors combined with automatic target 18 

recognition systems to align itself with the measurement targets. For most practical conditions, the 19 

measurement frequencies of robotic total stations are below 0.5 Hz (i.e. more than 2 s per measurement), 20 

which is enough to assess short term displacements (e.g. during a load test). 21 

Image‐assisted	 robotic	 total	 stations have an image sensor integrated in the telescope, which allows 22 

observing natural features or simple non-reflective targets on the object at greater distances. Feature-23 

matching algorithms then track these natural features or targets (e.g. with well-defined edges or patterns 24 

that can be easily detected by the algorithms) and compute their new coordinates. There are total stations 25 

capable of performing reflectorless electronic distance measurements, i.e. using directly the surface of the 26 

object as a reflective surface without using a special target, but they might not be adequate if low accuracy 27 

tolerances are required [63,64]. From a SHM perspective, the main problem of these systems, is the 28 

behaviour of the feature-tracking algorithms under changing environmental conditions, therefore active 29 

LED targets are often used [65,66]. The accuracy of image-assisted robotic total stations is reported to be 30 

0.5 mm at 100 m, but under outdoor conditions it can be 1.6 to 3.1 mm at 100 m[65]. 31 

Using highly optimised image-assisted total stations under well-controlled in-situ conditions, measurement 32 

frequency can be as high as 20 Hz, which is enough for vibration monitoring [66–69]. A similar system 33 

named QDaedalus, developed at ETH Zurich, was able to monitor sub-mm displacements of a prototype 5-m-34 

long Tensairity beam [70] (maximum height of 0.5 m) and estimate its modal frequencies up to 30 Hz, for 35 

monitoring distances below 30 m [71]. 36 

 37 

Advantages	and	disadvantages	38 

The main advantages of classic topographic surveying methods are that they are reliable, can provide very 39 

accurate results, and might not require direct access to the structure. The main disadvantages are the need 40 
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of a direct line of sight to the target, the dependence on lighting conditions, and the high cost of the 1 

equipment, which in most cases is too expensive to be used in long-term monitoring systems. 2 

 3 

4.3.2 Terrestrial	laser	scanning	(TLS)	4 

 5 

Principles	6 

Current terrestrial laser scanning (TLS) systems stem from the continuous development of total stations 7 

(Sub-section 4.3.1), namely the introduction of laser-based reflectorless distance measurements. TLS 8 

systems are equipped with laser-based distance measurement devices and can collect large volumes of 3D 9 

data (point clouds), with relatively modest data processing requirements. The resolution and accuracy of 10 

the point cloud generated by TLS depends on the sampling interval and the laser beam width [72], the 11 

incidence angle, the surface characteristics, and the distance to the target. Depending on the scanned object, 12 

several scans made from different locations may have to be performed, which are afterwards combined 13 

using common reference points. 14 

Laser scanning has been mostly used to generate 3D models of existing constructions, namely historic 15 

buildings and tunnels, but recently it has also been used to assess deformations and, to some extent, damage 16 

in structural elements [5,73–76]. 17 

 18 

Instrumentation	19 

A TLS is usually a tripod-mounted equipment. The principle of 3D coordinate extraction with a laser-based 20 

distance measurement device is either based on the time-of-flight measurement of a laser pulse or on the 21 

phase comparison between a transmitted and a reflected continuous laser beam [77]. The accuracy of the 22 

point clouds generated by TLS scans is usually not good enough to assess structural deformations, ranging 23 

"from centimetre to millimetre" [75], depending on the scanner, measurement set-up and environmental 24 

conditions, and the method of point cloud data processing employed for deformation analysis [75]. There 25 

are various TLS point cloud processing methods [14,75]. Typical methods involve modelling the point clouds 26 

obtained at different stages, by fitting functions or surfaces (e.g. planes, or lines defined by the intersection 27 

of two planes) to predefined areas of the point cloud (e.g. bottom and side surface of a structural beam) and 28 

comparing the distances between them. 29 

 30 

Advantages	and	disadvantages	31 

The main advantages of TLS are the independence of natural light sources and no direct access to the 32 

structure is required. The main disadvantages are the costs of the equipment and the relatively lower 33 

accuracy of TLS compared to other methods. 34 

 35 

4.3.3 Photogrammetric	methods	36 

 37 

Principles	38 

Photogrammetric methods are based on extracting geometric measurements from two-dimensional digital 39 

images, through adequate image-analysis techniques. These methods comprise obtaining images of the 40 
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surface of the object, storing those images in digital format, and running image analysis algorithms to extract 1 

deformation and/or motion measurements. Photogrammetric methods can be applied to very small and to 2 

very large objects (e.g. cracks in small scale test specimens and displacements in bridges) [78]. 3 

Signalized	target	measurement	techniques involve placing discrete targets on the surface of the monitored 4 

elements and then tracking these points in consecutive images. This can significantly simplify the data 5 

processing, if suitable illumination techniques are used, and can be achieved with commercial 6 

photogrammetric measurement systems [78]. These techniques are used to measure the displacements of 7 

the targets. Image‐matching	techniques use natural or artificial surface texture (e.g. a speckle pattern) to 8 

track areas in consecutive images. These techniques require significantly more complex image-analysis 9 

algorithms, but are able to deliver full-field measurements, namely surface strain fields, in the observed 10 

areas. Cross-correlation is a specific image-analysis technique, but the increasingly popular name digital	11 

image	correlation or DIC is sometimes used to refer to all image-matching techniques, not only those based 12 

on cross-correlation. 13 

Regarding structural monitoring, photogrammetric methods have been used to measure displacements 14 

[78–80], surface strain fields in critical components [81], and even vibrations of cables in cable-stayed 15 

bridges [82]. 16 

 17 

Instrumentation	18 

Photogrammetric methods require a digital camera (or more, for 3D measurements) and hardware to store 19 

and analyse the obtained images. These digital cameras are often equipped with charge coupled device 20 

(CCD) sensors [83], but cameras with complementary metal oxide semiconductor (CMOS) sensors are 21 

becoming more common [79]. When discrete targets are used, these are either easily distinguishable, to 22 

facilitate the image analysis, or have integrated light-emitting diodes (LED), which also allow for 23 

measurements to be taken at night. LEDs emitting in the infrared range have also been used, to avoid 24 

interferences from other light sources, but the cameras must then be equipped with adequate filters [79]. 25 

Photogrammetric methods have been used for deformation monitoring in bridges, most of which reaching 26 

accuracies of about 1 mm [84]. Local monitoring of bridge components using 2D-DIC systems has also been 27 

used to evaluate strains [81], but the errors of in situ measurements are potentially too large, because of the 28 

small strains to be expected under service loads and the high uncertainties regarding the measurement 29 

conditions [85]. 30 

The use of unmanned aerial vehicles (UAVs), commonly known as "drones", to assist in structural 31 

inspections of high rise buildings and bridges is recently emerging and promising field [86–88]. In this case, 32 

digital cameras are mounted on UAVs that are then used to access remote parts of the structure. In case the 33 

UAVs are also equipped with computer vision systems, they can automatically align themselves with the 34 

structure and capture images for DIC analyses [87]. At the current stage, development of these systems is 35 

focused on increasing measurement accuracy and repeatability and in automatic damage detection. 36 

However, most studies have only been carried in laboratory conditions. 37 

 38 
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Advantages	and	disadvantages	1 

The main advantages of photogrammetric methods are that direct access to the structure may not be 2 

required, the large amount of information recorded in a short time period, and the possibility of using lower-3 

cost components than TLS or classic topographic surveying methods. The disadvantages of 4 

photogrammetric methods are the lower accuracy compared to classic topographic surveying methods, the 5 

usually complex image-analysis techniques required to extract relevant measurements, which often 6 

requires careful calibration. 7 

 8 

4.4 Fibre‐optic‐based	methods	9 

 10 

Principles	11 

Fibre-optic sensor technology uses light to conduct measurement of physical properties in remote sensing 12 

applications. Fibre optic sensors are based on modifying an optic fibre so that the property or condition 13 

being measured modifies the characteristics (intensity, phase, polarisation and wavelength) of light 14 

travelling in the fibre [23]. 15 

Current fibre-optic sensors are mostly wavelength or frequency-based, which includes fibre Bragg gratings 16 

(FBG) [89]. FBG-based sensors have been popularised and used to directly measure strain and temperature, 17 

even though they can also indirectly measure other properties by measuring the induced strain. The 18 

periodic gratings inscribed in the fibre reflect only a specific wavelength and straining or heating the fibre 19 

changes this wavelength, as well as other properties [62]. 20 

 21 

Instrumentation	22 

Optic fibres can serve as both sensor and signal transmission medium, which allows having the 23 

instrumentation located away from the measurement locations [89]. Several fibre-optic sensors can be 24 

inscribed in the same fibre (multiplexing), allowing for simultaneous distributed sensing over large 25 

distances, using a single channel, with measurement frequencies up to thousands of Hertz (making them 26 

suitable for dynamic measurements). One optic fibre can accommodate up to 6-10 FBG sensors [23]. Optic 27 

fibres are typically 0.25 mm in diameter and rather fragile, requiring careful handling during installation. 28 

The fibres are not vulnerable to electromagnetic interferences and less sensitive to vibrations or heat than 29 

traditional gauges. They also do not need often recalibration, being quite immune to ageing. FBG sensors 30 

typically exhibit strain resolutions of 10 microstrains [62]. FBG sensors are affected by temperature 31 

variations, which should be appropriately accounted for, e.g. by including an additional parallel cable that 32 

exclusively measures the wavelength variations due to temperature. 33 

 34 

Advantages	and	disadvantages	35 

The advantages of using fibre-optic sensors are the possibility of adapting to measure various parameters, 36 

the possibility of having multiple sensors in a single optic fibre, their resistance to harsh environments, and 37 

their ability to be used for high-frequency measurements. Having multiple sensors in the same cable can 38 

allow detecting and locating the damage. The disadvantages are the high costs for producing the sensors 39 
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and of the data acquisition instrumentation and the requirement of expert knowledge on how to install and 1 

use these sensors, e.g. in comparison with traditional strain sensors. 2 

 3 

4.5 Measurement	of	electrical	properties	4 

 5 

4.5.1 Conductance/electrical	resistance	method	6 

 7 

Principles	8 

The most commonly used method for monitoring purposes is based on measuring the electrical resistance 9 

of wood. The relationship between the electrical resistance of wood and its moisture content is logarithmic: 10 

approximately 10000 MΩ for moisture contents between 9 and 10% and 10-100 MΩ for moisture contents 11 

between 15 and 20%, for Nordic pine (Pinus	sylvestris L,) and Norway spruce (Picea	abies, (L.) H. Karst.) 12 

[90]. 13 

 14 

Instrumentation	15 

The electrical resistance method uses two electrodes, between which the electrical resistance is measured 16 

(Figure 4). This allows assessing the moisture content at predefined depths, by adjusting the penetration 17 

depth of the electrodes. However, since the electrical resistance is measured through the path of the least 18 

resistance (i.e. with higher moisture content), if there is a significant moisture gradient along the 19 

uninsulated length of the electrodes, only the highest value is measured. Measurements depend on the type 20 

of electrode and on the contact between the electrodes and the wood. For long term measurements, swelling 21 

and shrinkage of wood around the electrode can lead to micro cracks, which then allow water to enter 22 

through the capillary interstices along the electrode. For this reason, the electrodes should usually not be 23 

aligned with the grain [91]. Also regarding the measuring direction, James [92] states that the electrical 24 

resistance of wood in the direction parallel to the grain is approximately half of that in the direction 25 

perpendicular to the grain, however, Forsén and Tarvainen [90] did not observe any influence of the 26 

measuring direction when testing hand-held resistive moisture meters. Therefore, the direction of the 27 

electrodes should be consistent with the direction used to derive the electrical resistance curves. 28 

 29 

Advantages	and	disadvantages	30 

The conductance/electrical resistance method is very simple to implement and is adequate for moisture 31 

contents between 8 and 24%, which is the expected range for most timber structures. Forsén and Tarvainen 32 

[90] report measurement accuracies of ±1.5-2.5% in laboratory tests and ±2.0-5.0% in industry tests, for 33 

hand-held moisture content meters. The electrical resistance of wood is significantly influenced by 34 

temperature, decreasing with increasing temperature, and the estimation of moisture content has to take 35 

this parameter into account. Therefore, temperature must be measured simultaneously with electrical 36 

resistance measurements. 37 

There is some dependency of the electrical resistance on the wood species and also on the presence of 38 

water-soluble salts or other electrolytic substances (e.g. from preservative or fire-retardant treatments) and 39 

the electrical resistance curves (relationship between measured electrical resistance and moisture content) 40 
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should be adjusted accordingly. Therefore, the electrical resistance method has to be calibrated for each 1 

wood species. 2 

The main disadvantages of the conductance/electrical resistance method is that since it only provides a very 3 

localised measurement (Figure 4), many sensors are needed to accurately map moisture gradients and 4 

detect moisture peaks. 5 

 6 

	7 

Figure	4. Conductance/electrical resistance method for moisture measurement. 

 8 

4.5.2 Dielectric	method	9 

 10 

Principles	11 

The dielectric method is based on the influence of the moisture content on the dielectric properties of wood. 12 

The two fundamental types of dielectric moisture meters are the capacitance type meter, based on the 13 

relationship between moisture content and the permittivity of wood, and the power-loss type meter, based 14 

on the relationship between moisture content and the dielectric loss factor of wood [92]. The logarithm of 15 

the relative permittivity of wood increases roughly linearly with increasing moisture content and the slope 16 

of the relationship increases as the frequency of the applied field decreases. Woods with higher density 17 

exhibit a higher increase of relative permittivity for higher moisture contents, because the relative 18 

contribution of the cell wall is greater than for the low density woods. Relative permittivity of wood 19 

increases with temperature, except at very high moisture content where the reverse can occur [90,92]. The 20 

relationship between the loss factor and moisture content is more complex and depends on temperature 21 

and frequency of the applied field, exhibiting maximum and minimum values at various combinations of 22 

these variables. The loss factor is the product of two quantities that increase with density (relative 23 

permittivity and the dissipation factor, the latter commonly referred to as tan δ) and, therefore, also 24 

increases with density, at least for lower frequencies. Regarding temperature, the loss factor can both 25 

increase and decrease with increasing temperature, depending on the frequency and moisture content 26 

[90,92]. 27 

 28 

Instrumentation	29 

Dielectric-type meters use contact electrodes (i.e. applied only on the surface of wood) and their 30 

measurement range is limited in depth (Figure 5), because the electric field generated between the 31 

electrodes decreases rapidly with depth of penetration. Therefore, measurements are predominantly 32 

influenced by the outer layer. Wood with a significant moisture gradient or a wet surface will give inaccurate 33 
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results [90], as will a bad contact between the capacitor plates and the wood surface (e.g. in case of rough 1 

surfaces). 2 

 3 

Advantages	and	disadvantages	4 

Dielectric-type meters are very easy to use, and the dielectric method is adequate for moisture contents 5 

between 5 and 30%, which covers the expected moisture content range for most timber structures. Forsén 6 

and Tarvainen [90] report measurement accuracies of ±2.0-5.0% in laboratory tests and ±3.0-5.0% in 7 

industry tests, for hand-held moisture content dielectric-type meters. The measurements of dielectric-type 8 

moisture meters must be adjusted for wood density and the high variability of this parameter, even within 9 

the same species, can lead to erroneous estimations of the moisture content. In addition, even though 10 

species with similar densities have approximate dielectric properties this is not always the case and the 11 

correction factors should also be species dependent. The presence of water-soluble salts or other 12 

electrolytic substances might also influence the dielectric properties of wood. The electrodes used in 13 

dielectric-type meters are designed for each instrument and are not interchangeable between different 14 

equipment, as the electrodes for electrical resistance meters. 15 

The main disadvantages of the capacitance/relative permittivity method is that since it only provides a 16 

localised measurement close to the surface. 17 

 18 

	19 

Figure	5. Capacitance/relative permittivity method (open plate capacitor) for moisture measurements. 

 20 

4.6 Hygroscopicity‐based	methods	21 

 22 

Principles	23 

The hygrometric method is based on the relationship between the equilibrium moisture content of wood 24 

and the ambient relative humidity, at constant temperature and steady-state conditions. This relationship is 25 

called moisture	sorption	isotherm and exhibits a highly non-linear behaviour, is temperature dependent (the 26 

slope of the isotherms decreases with increasing temperature), exhibits hysteresis between adsorption and 27 

desorption, and is dependent on the wood species. Due to the complexity of sorption processes, moisture 28 

sorption isotherms are determined experimentally. 29 

 30 

Instrumentation	31 

Based on the temperature and relative humidity measurements of the air in a confined space inside the 32 

timber element, the equilibrium moisture content of the surrounding wood is estimated using the 33 
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corresponding moisture sorption isotherm (Figure 6). This requires the installation of temperature and 1 

relative humidity sensors in a small confined cavity, which might be difficult due to the dimensions of 2 

relative humidity sensors (common temperature and relative humidity probes have diameters larger than 3 

1 cm). In addition to the size of the sensors, the path through which they are installed must be sealed, to 4 

reduce the wood surface that can exchange moisture with the confined volume of air. Given the significant 5 

size of the probes and the fact they are made of metal or plastic, if they are positioned too close to the surface, 6 

the disruption they cause in moisture transport and the exposure to more transient conditions (moisture 7 

sorption isotherms are derived for steady-state conditions) can lead to results which are not representative 8 

of the real moisture content at those depths. 9 

The widely used relations between ambient temperature and relative humidity and the equilibrium 10 

moisture content of wood [93], determined by exposing a piece of wood to various steady-state temperature 11 

and relative humidity conditions, might not be adequate to estimate the moisture content of wood 12 

surrounding a small enclosed cavity [94]. This seems to be related to the air temperature inside the cavity, 13 

which has a high influence in the calculated equilibrium moisture content of wood, but the source of the 14 

observed deviations is not completely clear. It could be that heat conduction through the measurement 15 

probe induces faster temperature changes in the air inside the cavity than would occur in the wood at the 16 

same depth; or that heat builds-up in the sensors during the measurements. Therefore, this measurement 17 

method might require a previous calibration under controlled conditions. 18 

 19 

Advantages	and	disadvantages	20 

The main advantage of this method, in comparison with the electrical resistance method (Sub-section 4.5.1), 21 

would be that it is also applicable in timber elements pressure-treated with products that significantly 22 

increase the electrical resistance. 23 

The main disadvantages seem to be related to the type and size of the sensors. As mentioned, the sensors 24 

seem to influence the conditions inside the cavity, which requires calibrating each new system, and the 25 

installation of the sensors is also not straightforward, namely applying a sealant and creating a small 26 

confined cavity (Figure 6). 27 

 28 

 29 

	30 

Figure	6. Hygrometric method for moisture measurements in wood. 

 31 

 32 
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5. Parameters	of	interest	and	monitoring	techniques	for	timber	structures	1 

 2 

According to Mufti et al. [17], the first part of a SHM system usually involves the measurement of: strains, 3 

deformations, accelerations, temperatures, moisture, acoustic emissions, time, load, or other attributes of a 4 

structure. In the following sections, relevant properties and parameters regarding the monitoring of timber 5 

structures and the corresponding monitoring techniques are presented and discussed. 6 

Since SHM is mostly focused on capturing changes in material properties, obtaining precise estimates of 7 

some timber properties that are of key importance in other contexts (e.g. modulus of elasticity, density, 8 

inhomogeneities) might not be so relevant for SHM purposes. Obtaining precise estimates of the modulus 9 

of elasticity (MOE) of timber members is maybe not so interesting from a SHM perspective, even though it 10 

can be relevant for structural assessment purposes (e.g. in situ assessment of the mechanical properties of 11 

a structural member, upon which a load higher than the member had been designed for will be applied), or 12 

from a production quality control perspective (e.g. strength grading of timber boards). Changes in stiffness, 13 

on the other hand, are relevant for SHM purposes, as they can serve as a proxy for damage. In addition, NDT 14 

techniques that can be used to estimate the MOE (e.g. propagation of an ultrasonic wave along the wood 15 

fibres [95]) might not be usable in the context of SHM, due to lack of accuracy to detect changes or because 16 

they provide only very localised information. Accurate estimations of density are also not so relevant from 17 

a SHM perspective, but can be relevant for structural assessment purposes (e.g. to estimate strength) or 18 

production quality control (e.g. strength grading of timber). Nevertheless, changes in density of timber 19 

structural elements are usually associated with fungi damage, but this can be monitored using other 20 

techniques (see section 5.2.1). The monitoring of displacements/deformations has no particular 21 

specificities in the case of timber structures and common monitoring techniques used in other contexts can 22 

also be directly implemented. Even though pilot projects on novel monitoring strategies have been 23 

incidentally conducted on timber structures (e.g. based on digital imaging analysis [79]), they were in no 24 

way restricted or particularly adapted to timber structures. Displacements are, nevertheless, of extreme 25 

importance in timber structures, since deformation rather than strength is often the limiting factor in the 26 

design [40]. The specific aspects regarding displacements in timber structures which should be accounted 27 

for when developing a monitoring system are: periodic seasonal variations due to moisture content 28 

fluctuations; settlements in areas where timber members are under localised compression in the direction 29 

perpendicular to the grain; and creep-related displacements. Monitoring of loads has also no specificities 30 

regarding timber structures, even though load levels and moisture variations are key aspects regarding the 31 

long-term behaviour of timber (see sections 3.5 and 3.5.2). Specific sensors for traffic or snow loads are 32 

available and can be used in timber structures. 33 

 34 

The parameters of interest and monitoring techniques for timber structures presented and discussed in the 35 

following Sub-section are summarised in Table 3. Even though some monitoring techniques are better suited 36 

than others to monitor certain parameters, no qualitative differentiation between applicable monitoring 37 

techniques is made in Table 3. 38 

 39 
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Table	3.	Parameters of interest and corresponding monitoring techniques for timber structures. 

Monitoring technique 
Parameters of interest 

Moisture  
content 

Decay 
Insect 

damage 
Delaminations  

and cracks 
Deformations and 

displacements 
Strains 

Electrical resistance method x x     

Dielectric method x x     

Hygrometric method x x     

Wave- and 
vibration-based 
methods 

Ultrasonic methods  x  x   

Acoustic emissions   x x   

Vibration-based methods    x   

Optic methods 

Digital image correlation 
(DIC) 

   x x x 

Signalized target 
measurement techniques 

    x  

Laser-based systems     x  

Other   x    

Fibre-optic based methods    x  x 

Resistive strain sensors      x 

Self-healing materials    x   

 1 

5.1 Moisture	content	2 

 3 

Prevalent damages in timber structures are related to the moisture content of wood [31,96]. Sustained 4 

exposure to ambient conditions that lead to moisture content levels above 20% can lead to damage by wood-5 

decay fungi or subterranean termites, whereas in-service drying can cause the development of cracks. A 6 

review of indirect methods to assess the moisture content of wood has been presented by Dietsch et al. [97]. 7 

These methods are based on the measurement of physical properties that, amongst other parameters, are 8 

also dependent on the moisture content. 9 

 10 

5.1.1 Measurement	of	electrical	properties	11 

 12 

Dry wood, as most polymeric materials, is an electrical insulator [98], but given that water has a much higher 13 

electrical conductivity than wood, the presence of bound water in the cell walls will increase the electrical 14 

conductivity of wood and change its dielectric properties [93,99]. Therefore, the electrical properties of 15 

wood are commonly used as proxy variables of the moisture content and methods based on measuring	the	16 

electrical	properties	of	wood (Sub-section 4.5), are widely used for monitoring the moisture content. 17 

The most commonly used method, by far, is the electrical	 resistance	method using two electrodes 18 

(Sub-section 4.5.1 and Figure 4). Monitoring systems based on this method are commercially available, 19 

including data-loggers and remote data transmission equipment, are very simple to install [91,97,100–107], 20 

and are adequate for the moisture contents expected in most non-submerged timber structures. Since this 21 

method only provides very localised measurements, a significant number of sensors is usually required (in 22 

different locations and at different depths) and these have to be placed in locations in which moisture 23 

increase is expected to occur in case of damage to non-structural elements (e.g. close to construction joints) 24 

or in areas in which increase in moisture can have serious consequences (e.g. zones under high 25 

perpendicular to the grain stresses). For some timber species and/or pressure treatments, moisture-26 

conductivity relationships might not be available, which would require a prior calibration of the system. 27 
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Systems based on measuring the dielectric	method (Sub-section 4.5.2) are virtually never used for 1 

automated monitoring, mostly due to the limited reach of the sensors (Figure 5). However, the method could 2 

easily be used in cases in which only the moisture in the periphery of the cross section is of interest. The 3 

dielectric method only provides localised measurements, even though covering slightly larger volumes of 4 

wood than the electrical resistance method. 5 

 6 

5.1.2 Hygrometric	method	7 

 8 

Monitoring systems based on the hygrometric	method (Sub-section 4.6) are not very common but have 9 

been implemented (Sub-section 6.1.3). In comparison with the electrical resistance method (Sub-10 

section 4.5.1), the hygrometric method should also be applicable in timber elements pressure-treated with 11 

products that significantly increase the electrical resistance, which can be the case in exposed structures. 12 

However, the complexity of the sorption processes in the confined measurement cavity (Figure 6) and the 13 

different types of sensors require a prior calibration of the system, not only under steady-state, but also in 14 

transient conditions. 15 

 16 

5.2 Biological	degradation	17 

 18 

Under appropriate conditions, wood can be damaged by bacteria, fungi, algae, insects, marine borers and 19 

other biological agents. In Europe, the most common causes of biological degradation are decay-causing 20 

fungi, boring insects and marine borers [108]. Some of these biological agents required damp/wet wood 21 

and, therefore, the conditions for their development can be monitored via the moisture content and 22 

temperature of wood (Section 5.1). Only beetles, hymenoptera (namely wood wasps and carpenter ants), 23 

and dry-wood termites do not required damp or wet wood and, therefore, their activity has to be monitored 24 

using other methods. 25 

Pest monitoring techniques have not been implemented in structural monitoring applications, but pest 26 

sensors have been developed that could be further developed and integrated in SHM systems. 27 

 28 

5.2.1 Wood‐decaying	fungi	29 

 30 

Wood-decaying fungi (brown-, white-, and soft-rot fungi) destroy the main chemical components of wood 31 

(cellulose, hemicellulose, and lignin), therefore compromising its physical and mechanical properties [108]. 32 

The development of fungi is mostly controlled by the moisture content of wood: fungal spores require 33 

moisture content above the fibre saturation point to germinate (approximately 25-30%) and fungal 34 

development requires approximately 20% moisture content or higher, depending on the species of fungi 35 

and wood. However, if wood is submerged in water, fungi cannot access oxygen and will not develop. Fungal 36 

development also requires temperatures between 10-35 °C (optimum between 24-32 °C) [109]. Since it is 37 

very likely that spores of wood-rotting fungi will be present wherever wood is used, wood will decay if the 38 

conditions to which it is exposed are favourable for fungal growth [110]. Therefore, an appropriate strategy 39 

to monitor the moisture	content and	temperature of wood (see section 5.1) is adequate to assess if the 40 
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structure is at risk of decay. Brischke and Rapp [111,112] established dose‐response	 functions between 1 

moisture content and temperature of wood (dose) and fungal decay (response) to make service life 2 

predictions of small wooden components (fence posts, pickets, and deck boards). 3 

If favourable conditions for fungal growth are maintained, significant strength loss can occur in the early or 4 

incipient stage of wood decay [109]. Strength loss due to wood-decaying fungi seems to be directly related 5 

to changes in chemical composition: the initial strength loss in wood is related to deterioration and loss of 6 

the side and main-chain hemicellulose components, followed by deterioration of cellulose and lignin 7 

[113,114]. In small-scale specimens, considerable bending strength loss has been reported to occur before 8 

measurable weight loss (strength loss of approximately 40% for a weight loss of 10%). Loss in stiffness 9 

increases less rapidly, suggesting that it is related to the cellulose rather than the hemicellulose composition 10 

[113]. However, monitoring of fungal growth in wood requires chemical analyses that are not compatible 11 

with SHM systems and, in addition, deriving wood strength from the results of these analyses is not 12 

straightforward. 13 

The best NDTs to assess fungal growth in wood are, therefore, through its effects on stiffness and mass. 14 

Ultrasonic	 methods, namely transverse transmissions (i.e. waves propagating in the direction 15 

perpendicular to the fibres), can be used to map deteriorated regions through wave	 velocity, wave	16 

attenuation, or frequency	spectrum	analysis [56]. Wave velocity is highly correlated to the stiffness of wood 17 

and slower velocities can be a sign of deterioration, as are higher levels of wave attenuation [115]. Stress 18 

waves with longer wavelengths are not so sensitive to small defects, since only defects larger than half the 19 

wavelength are detected, and are better suited to identify large deteriorated zones. Decayed wood also 20 

exhibits lower natural frequencies, which depend on mass and stiffness, and different frequencies are 21 

observed depending on the level of deterioration in the member. Even incipient decay, which might not be 22 

detected through wave velocity measurements, can be detected through frequency spectrum analyses[56]. 23 

These assessment methods, however, can be influenced by moisture content gradients in wood and 24 

measurements must always be compared to results obtained in sound wood. In addition, wave attenuation 25 

and dispersion limit the induced frequency and the maximum size of damage that can be detected, making 26 

inspection zones usually very small. Therefore, multiple stress wave measurement points, on opposite sides 27 

of the analysed timber element, are needed to accurately map a given area of the timber element (Figure 7). 28 

 29 

	30 

Figure	7. Transverse transmission (acoustic method). 

 31 

 32 

 33 
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5.2.2 Wood	damaged	by	insects	1 

 2 

Acoustic	 emissions have been successfully used to monitor insect activity in grain and wood, mainly 3 

standing trees [116]. The main issues with acoustic detection have been related to acoustic signal 4 

attenuation and difficulties in identifying weak insect signals in environments with high background noise 5 

(Section 5.3.1). Robbins et al. [117] observed that the spectrum of termite-caused acoustic emission signals 6 

has substantial ultrasound content (frequencies above approximately 10-20 kHz), with peaks at 7 

approximately 50 and 80 kHz. Mankin [116], citing various studies, states that since wood has a relatively 8 

low attenuation coefficient, ultrasound generated from termite activity could be detected up to 2.2 m from 9 

the sensor, along the grain. However, given that the attenuation coefficient is about 2-5 times higher in the 10 

direction perpendicular to wood fibres, termites could only be detected approximately 8 cm from the sensor 11 

across the wood grain. 12 

The most common pest sensors used to detect acoustic signals produced by insects comprise contact 13 

electret microphones, accelerometers, and piezoelectric sensors. Farr and Chesmore [118] report that 14 

piezoelectric sensors performed better than electret microphones at detecting the presence of wood-boring 15 

insects. But electret microphones, due to their greater spectral range, performed better at discriminating 16 

between species. These sensors were used alongside with filtering and feature extraction algorithms and 17 

trained artificial neural networks. 18 

Optical	techniques have also been used to detect termite infestations, based on the variations of reflected 19 

light induced by the presence of these insects [119,120]. The developed pest sensors comprised a light 20 

emitter (LED) and a receiver (light sensor), positioned inside a small tube, which is then inserted in a wood 21 

element, and through which the termites should eventually pass. The detection algorithms were designed 22 

to adapt to changing conditions, such as dust and temperature effects. Both studies used subterranean 23 

termites (Reticulitermes genus), which exhibit a well-known light-avoidance behaviour and, therefore, built 24 

mud tube trails inside the sensors, to shield themselves form the light emitter, rendering the sensors 25 

obsolete after some time. 26 

 27 

5.3 Delamination	and	cracks	28 

 29 

Delamination (debonding) and longitudinal cracks of timber-based structural members are a recurrent 30 

trigger of failures in timber structures [96]. Their causes range from underperforming adhesives, to 31 

restricted shrinkage, over-loading and exposure to climatic conditions not foreseen during the design. The 32 

detection of defective glue lines during production and in structures in service is therefore critical for the 33 

structural safety. Delaminations might be difficult to detect by visual inspection, but other NDT detection 34 

methods have been developed [58,121]. 35 

 36 

5.3.1 Acoustic	methods	37 

 38 

Acoustic methods have for long been used to characterise timber and timber-based elements. They are very 39 

sensitive to material and mechanical properties and to the presence of defects, such as delaminations and 40 

cracks. The equipment used for acoustic testing has usually relatively low costs and small size. 41 
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Monitoring of acoustic	emissions (AE) has been mostly used to detect failure in small scale test specimens 1 

[46,48,50,121,122], even though it has also been used in full-scale timber beams [51]. The results show that 2 

AE signals coincide with the onset of failure, even before it can be visually detected, and can be used to detect 3 

and locate cracks within timber elements. However, the attenuation of AE signals and the influence of 4 

ambient noise requires that the zone where failure is likely to occur is known in advance, or the use of many 5 

sensors [51], and the use of advanced data processing techniques. Interpreting AE signals is also very much 6 

dependent on the experimental conditions and experience of the operator [121]. Due to the nature of the 7 

source of the signal, reproducibility of test results is also difficult. 8 

Ultrasonic	methods, on the other hand, have been widely used to detect cracks and delaminations in timber 9 

elements [123], since they induce significant changes in the propagation of stress waves. These methods 10 

have been traditionally based on discrete point measurements using sensors and actuators that are pressed 11 

onto the timber surface with a couplant and have been used successfully to detect delaminations [124,125], 12 

but require repetitive and time consuming measurements to go through large elements. The results also 13 

depend on the coupling between the sensors and actuators and the surface. A single sensor/actuator may 14 

be used, depending on the specific method. Non-contact ultrasonic methods are used in industrial 15 

applications, namely the production of wood-based panels, and give a more continuous overview of 16 

delaminations and cracks [123]. The non-contact system described in [58] allows inspecting glued 17 

laminated timber elements with thicknesses up to 280 mm. 18 

Acoustic methods are widely used in the assessment of existing structures and, in theory, could also be 19 

automated and used in active SHM systems to detect the occurrence of cracks and delaminations in 20 

structural members. Sensors and actuators can be installed on structural members in service, or be 21 

integrated in them during production (e.g. in glued-laminated timber elements) if the critical zones for 22 

cracks and delaminations are known in advance (namely where high shear and/or perpendicular to the 23 

grain stresses are likely to occur). These systems, however, need to be calibrated to each specific application, 24 

because of their sensitivity to physical and mechanical properties (e.g. density, stiffness, moisture content) 25 

and geometry. Once in place, the system could generate predefined acoustic pulses at selected time intervals 26 

and compare the obtained response signals. Such a system would only work if initially there was no damage, 27 

or if it was very limited, and its long term performance would have to be studied. 28 

 29 

 30 

5.3.2 Vibration‐based	methods	31 

 32 

The use of vibration-based methods to assess the properties and evaluate the condition of timber elements 33 

is basically limited to transverse	vibration techniques [13]. These techniques are based on assessing the 34 

modal frequencies and damping properties of elements subjected to vibrations perpendicularly to the axis 35 

of the element, which are picked up by appropriate sensors. The presence of delaminations or cracks 36 

changes the dynamic behaviour of the element and this could be detected by changes in the dynamic 37 

properties. These techniques have been successful in detecting and locating damage under laboratory 38 

conditions [59], but are highly dependent on the support conditions of the members, which could change 39 

depending on re-tightening of bolts or friction in the connections. In addition, the lower modal frequencies 40 
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typically measured during vibration tests are less sensitive to damage than higher frequencies, which are 1 

more difficult to measure, and the number of sensors required to correctly identify dynamic properties and 2 

locate the crack can be quite high. Given the light-weight nature of timber structures, the required size and 3 

power of the actuator (e.g. a shaker) could be compatible with its use in practice, as long as excitation 4 

frequencies and amplitudes are moved away from the fundamental frequencies of the structure and do not 5 

have an impact in operational aspects (e.g. loosening of nuts in bolted connections, damage to non-structural 6 

components with fundamental frequencies close to the excitation frequency, or discomfort to users). 7 

5.3.3 Optic	methods	8 

 9 

Digital	 image	 correlation (DIC) analyses have been successfully used to study crack initiation and 10 

development in small-scale specimens [126] and full-scale timber elements [127]. However, given the strict 11 

requirements regarding rigid camera fixing, lighting, surface preparation, and system calibration, the use of 12 

DIC to assess crack initiation and development has been mostly limited to laboratory studies. Integrated in 13 

SHM systems, a DIC-based system has been used to monitor strains in the small area around a notch where 14 

fatigue cracks were expected to grow, in a riveted steel structure [81], but its long term performance is 15 

questionable, given the need of repeatable surface and environmental conditions to be able to compare 16 

images taken at different stages. Crack detection using unmanned aerial vehicles (UAVs) has been 17 

successfully performed in laboratory conditions using DIC [87] and image analysis techniques [88], which 18 

shows that in the future there may be SHM solutions based on these methods. 19 

 20 

5.3.4 Fibre‐optic	based	methods	21 

 22 

Fibre-optic sensors can be configured to monitor cracks and have been used in the monitoring of bridge 23 

piers during seismic tests and cracks in masonry structure [89]. The ends of the arch-shaped sensor are 24 

installed on opposite sides of the crack, or where the crack is expected to occur, and the crack width can be 25 

inferred from the response of the sensors. Several sensors can be spliced along a single cable. 26 

 27 

5.3.5 Self‐healing	strategies	28 

 29 

Capsule-based systems used in self-healing materials could potentially also be used to signal the onset of 30 

delamination. Microspheres have been added in very significant quantities to adhesives, without reducing 31 

the bonding quality of wood joints [128,129]. This opens the possibility of using spherical particles carrying 32 

encapsulated pigments that would be released if the capsules were subjected to a given stress level or 33 

delamination occurred. This would not be part of the SHM system, but could allow early detection of 34 

delamination during visual inspections. 35 

 36 

5.4 Deformations	and	displacements	37 

 38 

Deformations	 and	displacements in structural elements and structures are consequences of actions, 39 

which can vary in nature (e.g. gravity loads, climatic changes, earthquake-induced accelerations, support 40 

settlements, moisture or temperature changes), magnitude (e.g. storage loads, wetting-drying cycles), and 41 
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duration (e.g. instantaneous wind gusts, permanent self-weight). Timber structures are prone to exhibit 1 

problems related to excessive deformations and displacements (see Section 3), namely due to high moisture 2 

content, creep, low stiffness in the direction perpendicular to the grain (which can be problematic close to 3 

supports), insufficient stiffness in connections, or high E0/G ratios that induce non-negligible shear 4 

deformations. 5 

Deformations and displacements can be irreversible or reversible, depending on whether they remain, or 6 

not, after the corresponding actions are removed. Given the visco-elastic behaviour of wood (Section 3.5.2), 7 

actions with longer durations are prone to cause irreversible deformations and displacements. On the other 8 

hand, moisture content fluctuations due to environmental changes, or shorter-duration loads, usually cause 9 

reversible temporary deformations and displacements, which might not have significant consequences, as 10 

long as they remain within the serviceability limits. 11 

Deformations and displacements have implications mostly in the use of the structure, i.e. serviceability limit 12 

states, but they can also be related to ultimate limit states. The requirements concerning serviceability [130] 13 

are related to: the function of the structure or parts of it under the intended use (e.g. water-tightness, 14 

boundary conditions of non-loadbearing elements, ducts or channels of building services); the comfort of 15 

users (e.g. vibrations); the appearance of the construction works (i.e. deflections or cracking). A case in 16 

which excessive deformations are related to ultimate limit states is the ponding of water on roofs, i.e. 17 

increasing accumulation of water on a roof due to the deformation of the roof structure caused by the 18 

combination of self-weight of the roof and the weight of the water. 19 

Most deformation and displacement-monitoring techniques are based on optic methods (see Section 4.3). 20 

Signalized	 target	measurement	 techniques, using infra-red LED targets and cameras, which are not 21 

affected by the lighting conditions in situ, can be used to monitor displacements in a large span timber 22 

structure, as performed by Henke et al. [79] and Senalik et al. [131]. The system is reported to measure 23 

displacements “with an accuracy in the range of a millimetre” in laboratory tests and maximum errors of 24 

2 mm in displacements of 100 mm, at a distance of 23 m from the target. This monitoring method can be 25 

used for all types of structures and it does not need to be in any way adapted for timber structures. 26 

 27 

DIC‐based	systems focused on assessing the displacements of specific target points, also known as target	28 

tracking or vision‐based	monitoring, have been successfully applied to monitor bridge deformations and for 29 

system identification (i.e. natural frequencies and damping ratios) [132,133]. For these purposes, the 30 

targets can be artificial or natural features with a high contrast and a stable pattern (e.g. a bolt or a corner 31 

of a steel plate). The main difference to the monitoring system by set up Henke et al. [79] is that DIC-based 32 

systems may use standard cameras, but are also more prone to be disturbed by changing lighting and surface 33 

conditions. Laboratory shaking-table tests on a small single-storey timber-frame building showed that it is 34 

possible to use DIC-based systems to obtain the displacement field for a whole external shear wall [134]. 35 

The same study also mentions that the time-acceleration curve of the shake table obtained using a second 36 

derivative of the displacement field was in good agreement with the table's accelerometers, but that a 37 

significant difference was found in the peak values. However, the measurements required a high-speed 38 

camera, special lighting conditions, and a speckle pattern that covered the entire analysed wall. 39 
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A laser‐based	system was developed by Moore et al. [135,136] and used to monitor vertical displacements 1 

in timber bridges under road traffic. The system was installed inside a PVC tube, for protection, which would 2 

not be allowed in many cases due to aesthetic reasons (these concerns were also mentioned by some 3 

answers to the survey on SHM, see Sub-section 6.2). 4 

 5 

5.5 Strains	6 

 7 

5.5.1 Resistive	strain	sensors	8 

 9 

The use of “traditional” resistive strain sensors is relatively limited in timber-related research. Since these 10 

sensors provide a single-point measurement and timber elements exhibit non-uniform anisotropy, spatial 11 

non-homogeneity, and high variability, the strain measurements can be misleading and non-representative. 12 

In addition, the variability of stiffness properties and local fibre deviations makes it difficult to estimate 13 

global stresses based on local strain measurements. Moisture changes in wood can also influence the 14 

readings. Therefore, a thorough surface preparation including the application of an epoxy sealant is 15 

necessary [137]. Also the low thermal conductivity of wood can cause the strain sensors to overheat and 16 

give erroneous measurements. A way to overcome some of these aspects is to mount the strain gauges on a 17 

steel shim substrate that is then bonded to the wood surface [107]. This method of installing the strain 18 

gauges is also reported to be make them less prone to damage than FBG strain sensors, when integrated 19 

during the production of glulam members. 20 

 21 

5.5.2 Optic	methods	22 

 23 

Digital	image	correlation (DIC) analyses have been successfully used to study surface strains in small-scale 24 

specimens [138] and full-scale timber elements [139,140]. Nevertheless, as mentioned before, given the 25 

strict requirements regarding rigid camera fixing, lighting, surface preparation, and system calibration, the 26 

use of DIC to assess surface strains has been mostly limited to laboratory studies (see 5.3.3). 27 

 28 

 29 

 30 

5.5.3 Fibre‐optic	based	methods	31 

 32 

Fibre Bragg grating (FBG) strain sensors are much better suited to measure strains in timber elements 33 

[141,142]. Their advantages are the ability to have several distributed sensing areas in a single optic fibre 34 

and providing strain measurements over longer lengths. These sensors are also more resistant to harsh 35 

environments [143] and exhibit long term measurement stability [142] in timber-based elements. FBG 36 

sensors can be installed during production of the structural elements [144,142,145] or with the structural 37 

member already in place [146,141]. They have also been successfully used for static and dynamic tests, with 38 

sampling frequencies up to 100 Hz [141]. Care must be taken to assure that shear stresses in the beam do 39 

not induce strains in the FBG sensors, if they are to measure only longitudinal strains due to bending. 40 



34/53 

The use of Fibre Bragg grating (FBG) strain sensors in timber elements is still relatively new and their 1 

installation in timber elements is still being studied [146,142,145], especially regarding adhesive selection. 2 

Most of the projects involving strain measurements were done in collaboration with the sensor 3 

manufacturers, due to the need of producing specific sensors for each application and the high cost of the 4 

data acquisition instrumentation. Deza [145] and Phares et al. [147] report that FBG sensors were easily 5 

damaged when being integrated in glulam beams during production or afterwards, when handling the 6 

beams. The long-term behaviour of the FBG strain sensors installed in timber members subjected to fatigue 7 

loads, as in bridges, is still unknown. 8 

 9 

6. Practical	applications	of	SHM	10 

 11 

Most of the monitoring case studies reported in this section are relatively recent (less than 10 years old). 12 

Moisture content is the most frequently monitored parameter, due to its high correlation to the behaviour 13 

and durability of timber, but also because of the relatively low cost and simplicity of the necessary 14 

instrumentation (Section 5.1).  15 

 16 

6.1 Case	studies	17 

 18 

6.1.1 Moisture	content	monitoring	in	Germany	and	Switzerland	19 

 20 

Brischke et al. [91,100] developed a long-term moisture content measuring and data logging system, based 21 

on measuring the electrical resistance of wood, using glued-in stainless steel electrodes inside pre-drilled 22 

holes. The system is reported to have worked for five years without any maintenance. It was also installed 23 

in a pedestrian bridge in Germany, where it successfully measured and recorded values for two years. The 24 

installation of the glued-in electrodes can be problematic if it has to be done from below, which is a 25 

disadvantage in comparison with other electrodes such as pins or screws. 26 

A similar system was deployed by Tannert et al. [101], and applied in a timber bridge in Switzerland. In this 27 

case, instead of using glued-in stainless steel cables, the electrodes were screws that were electrically 28 

insulated along the shank. In addition to the moisture content, also the environmental conditions, namely 29 

air temperature and relative humidity, were recorded. The recorded data was stored locally, but also 30 

uploaded to a server, from where it could be easily accessed. 31 

Dietsch et al. [103] installed similar systems in 21 large span timber structures in Germany. In this case, the 32 

electrodes were Teflon®-insulated probe pins used with common moisture content meters, introduced at 33 

various depths. Air temperature and relative humidity were also measured. Data had to be accessed locally, 34 

since no data transmission system was set up. 35 

Franke et al. [104] monitored four timber bridges in central Switzerland using the same commercial system 36 

as Tannert et al. [101] and Dietsch et al. [103] to measure the moisture content. Air temperature and relative 37 

humidity were also monitored. The data could be accessed remotely. 38 

Koch et al. [105,106] used insulated stainless steel screws as electrodes, and the same commercial system 39 

used in the other studies, to monitor nine weather-protected timber bridges in Germany. 40 

 41 
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6.1.2 Timber	bridges	in	the	USA	1 

 2 

The Wood	 in	Transportation (WIT) program, initially the Timber	Bridge	 Initiative, was a national timber 3 

bridge program to encourage the use of wood as a structural material for highway bridges in the USA. Within 4 

the scope of this program, several rural timber bridges were built during the period 1989-2004. More than 5 

75 bridges were regularly inspected and subjected to static load tests during their initial 3 years of service. 6 

Several research reports document the structural health monitoring efforts in these motorway bridges with 7 

stress-laminated timber decks [148–168]. Seven of these bridges, namely hardwood timber bridges in 8 

Pennsylvania, were monitored over a four-year period (from 1997 to 2001), after being in service for 9 

approximately five years [169]. The load level in the pre-stressing bars (in stress-laminated decks) was 10 

monitored using load cells and the moisture content was measured using common insulated probe pins, 11 

inserted at several locations and depths. In addition, air temperature and relative humidity in the vicinity of 12 

the bridges were monitored, as well as the temperature inside the deck, to correct the moisture readings. 13 

The data was stored in a local data-logger. 14 

The follow up project, which is currently ongoing, is called Development	of	Smart	Timber	Bridge and it is 15 

focused on the evaluation and development of sensors for timber elements and on the development of a 16 

turn-key SHM system for timber bridges [170]. Regarding sensors, the initial focus was on the use of FBG-17 

based sensors to measure strains (see Sub-section 5.5.3) [145], but their vulnerability to damage during 18 

handling and production led to the use of traditional resistive strain sensors mounted on a steel shim instead 19 

(see Sub-section 5.5.1) [107]. Fatigue laboratory tests showed that the strain sensors provided reasonable 20 

and consistent results. Regarding moisture sensors, the use of non-insulated screws as electrodes (see 21 

Sub-section 4.5.1) was observed to slightly overestimate the moisture content [107]. 22 

In 2016, a timber bridge composed of six glulam beams stiffened by transversal glulam stiffeners was 23 

erected and a wide range of sensors were installed in the sub and superstructures, including a weather 24 

station [131]. The main objectives of the SHM system were to collect and provide real-time data on the 25 

structural performance of the bridge for damage and deterioration detection. Traditional resistive strain 26 

sensors mounted on a steel shim were installed during production of the glulam girder, load cells were 27 

installed at the end of each beam, and moisture sensors were installed in the beams and in the deck. The 28 

expectation is that it will be possible to detect deficiencies and trigger maintenance actions to extend the 29 

bridge's service life. 30 

 31 

6.1.3 Timber	bridges	in	Norway	32 

 33 

Beginning in 2000, five timber bridges in Norway were instrumented with moisture sensors, air 34 

temperature and relative humidity sensors and, in some of the bridges, also load cells to measure the forces 35 

in the pre-stressing bars of the laminated decks [94,171]. Moisture content was monitored using the 36 

hygrometric method (Section 4.6), which consists of measuring the temperature and relative humidity of an 37 

air pocket in equilibrium with the surrounding wood. Measurements were not only made inside the deck, 38 

but also in dummy wooden blocks attached to it. The adoption of this monitoring method could be due to 39 

the fact that the deck was pressure treated with creosote, which could significantly influence electrical 40 
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resistance measurements made with electrodes. Nevertheless, unreasonable results were initially obtained 1 

using the hygrometric method and it had to be recalibrated, i.e. new correlations between air temperature, 2 

relative humidity and moisture content had to be established in laboratory tests [94]. This monitoring 3 

system operated for nine years. It was calibrated twice during this period and no significant changes in 4 

measurement accuracy were found, which shows the long-term stability of this moisture content 5 

measurement technique. 6 

 7 

6.1.4 Timber	structures	in	Sweden	8 

 9 

Multi‐storey	timber	buildings	10 

The Limnologen complex, in Växjö, Sweden, comprises four eight-storey residential timber buildings. The 11 

structure is composed of cross-laminated timber (CLT) floors, CLT and timber-framed walls, and continuous 12 

steel rods that anchor the building to the concrete ground floor. In some parts of the buildings, glulam 13 

columns and beams are used. 14 

The monitoring system includes monitoring of vertical deformations, storey by storey, using resistive 15 

displacement sensors [172]. These sensors are relatively easy to apply, requiring almost no additional 16 

electronic instrumentation. The sensors were attached to a small bracket fixed at the top of the wall and to 17 

a bar that was, on the other end, fixed to the top of the wall of the floor below. The air temperature and 18 

relative humidity next to the displacement sensors were also monitored. 19 

 20 

Timber	bridges	21 

Björngrim et al. [173] developed a moisture content sensor, based on measuring the electrical resistance of 22 

wood, and is composed of three thin electrodes. The first electrode is uninsulated and inserted up to a depth 23 

of 50 mm from the surface, the second electrode is also uninsulated and installed up to a depth of 100 mm, 24 

and the third electrode is insulated (except for the tip) and also installed up to a depth of 100 mm. Therefore, 25 

the moisture content in the outer 50 mm is obtained by measuring the electrical resistance between the first 26 

and second electrodes and the moisture content at a depth of 100 mm is obtained by measuring the 27 

electrical resistance between the second and third electrodes. 28 

These sensors were installed in two road-traffic bridges. In one case the electrodes were installed after the 29 

bridge had been erected and in the other they were installed during the production of the glulam elements. 30 

 31 

A timber pedestrian bridge was equipped with various wireless sensors for long-term monitoring 32 

[174,175]. The sensors include accelerometers, GNSS (geo-spatial positioning) receivers to measure 33 

displacements, moisture content sensors (based on the electrical resistance method), strain sensors in the 34 

steel cables, and a weather station. The data loggers are located in a cabinet with controlled temperature in 35 

one of the abutments. The use of wireless sensors working at the same frequency is reported to have caused 36 

severe communication problems and data loss. Even wireless sensors in an adjacent building caused 37 

communication problems between the sensors in the bridge and had to be turned off when the bridge 38 

sensors were measuring and communicating with the data logger. This shows another issue with wireless 39 
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sensors, in addition to the need to access them to change batteries, and the limited data-transmission 1 

capabilities. 2 

 3 

6.1.5 Post‐tensioned	office	buildings	4 

 5 

House	of	Natural	Resources	in	Switzerland	6 

 7 

An innovative post-tensioned hardwood timber-frame office building, named House of Natural Resources 8 

(HoNR), was erected in the campus of ETH Zurich, in Switzerland. The building was extensively 9 

instrumented [60] and subjected to vibration-based tests during construction and after completion [141]. 10 

The measured parameters include air temperature and relative humidity, moisture content, tendon forces, 11 

deformations, strains, and modal parameters. Moisture content was monitored using common insulated 12 

probe pins inserted at several locations and various depths (electrical resistance method). Tendon forces 13 

were measured using load cells mounted at the anchorage of each tendon. Deformations were measured 14 

using traditional topographic surveying methods, namely a robotic total station, during construction. Strains 15 

were measured using FBG sensors attached to the surface of some columns and beams. These sensors were 16 

400 mm long and, therefore, provide average strains over this length. In addition to the FBG sensors, two 17 

distributed optical fibre sensors were installed, which allow making strain measurements every 20 mm. Due 18 

to space constraints, these sensors had to be installed with a slight curvature and this is reported to have 19 

led to significant discontinuities in the data [141]. These measurements were only taken during a short 20 

period due the cost of the equipment. 21 

 22 

Trimble	Navigation	Office	in	New	Zealand	23 

The Trimble Navigation Office is a post-tensioned timber building completed in 2013 in New Zealand (the 24 

original building was destroyed by a fire following the 2011 Christchurch earthquakes). Like in the previous 25 

case study, the objective of the post-tensioning system was to provide moment capacity to timber beam-to-26 

column, wall-to-foundation and column-to-foundation connections. Being in an area of high seismic risk, the 27 

structure also included energy dissipation systems and damping devices. Despite extensive laboratory 28 

testing and numerical modelling, there were still questions regarding the long-term behaviour post-29 

tensioned timber frames and, therefore, a monitoring system was installed [176]. The monitoring system 30 

includes: seven triaxial accelerometers (to measure floor accelerations) and one triaxial forced-balanced 31 

borehole accelerometer buried in the soil next to the building (to measure the ground-level acceleration); 32 

six load cells (to measure tendon forces); strain gauges (to monitor deformations in the dissipaters); and 33 

thermos-hygrometers (to measure environmental conditions inside the building). Data acquisition relied on 34 

a REF TEK 130-MC multichannel recorder that allows continuous or triggered data collection. The 35 

monitoring system was in place for 3 years and the collected data allowed to analyse the building’s 36 

behaviour under operational conditionals and even its response to a moderate seismic event, confirming 37 

the design assumptions regarding post-tensioning losses, damping, influence of environmental conditions 38 

in the dynamic properties and seismic behaviour. 39 

 40 
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6.2 Survey	on	the	expectations	of	Swiss	structural	timber	engineers	regarding	SHM	1 

 2 

A questionnaire related to the structural health monitoring of timber structures was sent out to 22 3 

engineering offices in Switzerland. The open-ended questions allowed the survey participants to freely 4 

articulate main issues according to their experience and to better frame their answers. However, they also 5 

make the survey more difficult to summarise and report. 6 

The main conclusions that can be drawn from the answers are listed below. 7 

 Only one company had not applied monitoring yet. 8 

 Monitoring is essential for special and/or important structures. 9 

 Instead of relying on monitoring, the goal should be to create less vulnerable (i.e. more robust) and 10 

durable constructions that do not require monitoring. 11 

 The implemented monitoring systems and strategies greatly depend on what is being monitored. 12 

Inspection intervals are planned in accordance with the Swiss standard SIA 469 [177], i.e. main 13 

inspections carried out by an expert every five years or after incidents and interim annual 14 

inspections by the owner, usually visual inspections. 15 

 Damage avoidance: 16 

o monitoring may prevent small or localised damages from spreading and limit potential 17 

consequences; 18 

o monitoring may also help in taking urgent safety measures in due time (e.g. removing snow 19 

from roofs). 20 

 The most important parameters to be monitored are: 21 

o moisture content of wood (continuous monitoring) 22 

o deformations (including creep deformations) (continuous or periodic monitoring) 23 

o indoor and outdoor climate (continuous monitoring) 24 

o pre-stressing forces (continuous or periodic monitoring) 25 

 If there are changes in the use or occupancy of a building: 26 

o monitoring is a good instrument for early damage detection if compromises had to be made 27 

in construction/design; 28 

o monitoring of deformations, loads, and ambient climate should be considered. 29 

 Regarding costs: 30 

o it is often not clear if clients are willing to pay the costs related to monitoring; 31 

o designers should include monitoring activities and costs in the quotations. 32 

 Relationship between the designer, the owner, and the contractor: 33 

o proposing a monitoring system might raise questions about the quality of the design; 34 

o monitoring shall not be mandatory, but a choice of the owner and the designer, depending 35 

on the structure/building and expected actions/exposures; 36 

o even with well-intentioned owners, only limited financial resources are usually available 37 

for monitoring. Therefore, a project-specific overall concept with efficient measures should 38 

always be aimed at. 39 

 40 
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7. Conclusions	1 

 2 

A broad variety of NDT methods has been developed and applied to wood and structural timber. However, 3 

not all NDT methods can be efficiently used for monitoring purposes and even fewer can be integrated in 4 

automated SHM systems. To be used in a SHM system, a NDT method must not only be able to continuously 5 

and reliably assess a specified property or parameter, but also to cope with various operational constraints 6 

(e.g. limited space or power sources). This gap between research on NDT and practical applications can 7 

explain, in part, the reduced number of reported long-term monitoring studies of timber structures. 8 

In the last 10 years, some long-term SHM studies have been conducted. Most of them are focused on 9 

monitoring the moisture	content of wood and the indoor/outdoor climate, due to its significant correlation 10 

to the behaviour and durability of timber and the low cost and simplicity of the necessary equipment. This 11 

has proven to be a reliable and effective strategy that is able to detect damage at an early stage, if the location 12 

of the sensors is adequately chosen. 13 

Acoustic	methods can be divided in ultrasonic and acoustic emission methods. Ultrasonic	methods are widely 14 

and successfully used in non-destructive assessment of timber, namely to detect cracks and delaminations 15 

in structural members. The main disadvantages are the influence of the surface preparation and the 16 

difficulty of interpreting the results, namely in irregular and non-homogeneous elements. Acoustic	emission	17 

methods are able to detect damage at a very early stage. Their main disadvantage is the practical difficulty 18 

of implementation in structural-sized elements, due to the required instrumentation and issues in 19 

separating the acoustic emission signals from the background noise. 20 

Vibration‐based	methods are one of the few NDT methods that could be able to monitor global changes in 21 

the structure, even using only ambient excitations. Their main disadvantage is that the lower frequencies 22 

that are typically measured are less sensitive to damage and might not be enough to locate it, unless a high 23 

number of sensors is used. 24 

Optic	 methods allow a contact-free determination of displacements, surface deformations, and even 25 

vibrations. The use of optic methods in the automated monitoring of deformations and displacements is 26 

undergoing quick developments, namely through the use of photogrammetric methods based on image-27 

analysis techniques. These methods do not require direct access to the structure, can provide large amounts 28 

of information, and can be set up with lower-cost components. However, they usually still exhibit lower 29 

accuracies than traditional surveying methods. Progress in this field is under heavy development, both 30 

regarding hardware (including the use of "drones") and image-processing algorithms, and improved 31 

accuracies at lower costs should be possible. 32 

The use of fibre‐optic	sensors is also a promising field, namely for monitoring strains in timber structural 33 

elements. The advantages of using fibre-optics sensors are the possibility of adapting them to measure 34 

various parameters, the possibility of having multiple sensors in a single optic fibre, their resistance to harsh 35 

environments, and their ability to also be used for high-frequency measurements. The disadvantages are 36 

the high cost of producing the sensors and of the data acquisition instrumentation, and the general lack of 37 

experience on how to properly install these sensors in timber elements 38 

The main results of the survey on the monitoring of timber structures show that monitoring is already widely 39 

used, especially for important or special structures and that monitoring strategies are mostly decided on a 40 
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case-by-case basis. It is recognised that monitoring may assist in preventing damage and the most important 1 

parameters to be monitored are the moisture content of wood, the indoor and outdoor climate, 2 

deformations and displacements, cracks and delaminations, and pre-stressing forces. It is usually not clear 3 

who should bear the costs of monitoring (the owner of the building, the designer, or the main contractor). 4 

It was also mentioned that proposing a monitoring system might raise questions about the quality of the 5 

design and/or the execution of the works. The most important features monitoring systems should provide 6 

were wireless data transmission, ease of use (installation, operation, and interpretation of the results) and 7 

low cost. This is in agreement with the most recent SHM case studies and supports the need to bridge the 8 

gap between research on NDT methods and their use in practice. 9 
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