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Abstract

:

Construction is a powerful industry that is not indifferent to the environment. Neither the maintenance of buildings in a proper technical condition nor their eventual demolition is indifferent to the environment. The main threats to the environment are still the inefficient use of construction materials and energy needed for their production and installation, as well as the emission of harmful substances to the environment at the stage of operation of buildings and their demolition. This article discusses the importance of wood as a renewable material in terms of its physical and mechanical properties. The restoration of forest areas is of great importance to the global ecosystem and the sustainable development system, reducing the threat of global warming and the greenhouse effect by reducing CO2 levels. In addition, demolition wood can be reused in construction, can be safely recycled as it quickly decomposes, or can be used as a source of renewable energy. The preservation of existing timber-framed buildings in good condition contributes to a lower consumption of this raw material for repair, which already significantly reduces the energy required for their manufacture, transport, and assembly. This also reduces the amount of waste that would have to be disposed of in various ways. Both at the stage of design, execution, and then exploitation, one forgets about the physical processes taking place inside the partitions and about the external climatic influences of the environment (precipitation, water vapor, and temperature) on which the type, intensity, and extent of chemical and biological corrosion depend to a very high degree. This paper presents examples of the influence of such impacts on the operational safety of three selected objects: a feed storehouse and an officer casino building from the second half of the nineteenth century and an 18th century rural homestead building. The research carried out on wooden structures of the above-mentioned objects “in situ” was verified by means of simulation models, which presented their initial and current technical conditions in relation to the type and amount of impact they should safely absorb. Moreover, within the framework of this paper, artificial intelligence methods have been implemented to predict the biological corrosion of the structures studied. The aim of the paper was to draw attention to the timber already built into buildings, which may constitute waste even after several years of operation, requiring disposal and at the same time the production of a substitute. The purpose of the research carried out by the authors of the article was to examine the older and newer buildings in use, the structures of which, in whole or in part, were made of wood. On a global scale, there will be considerable demand for the energy required to thermally dispose of this waste or to deposit it in landfills with very limited capacity until its complete biological decomposition. These energy demands and greenhouse gas emissions can be prevented by effective diagnostics of such structures and the predictability of their behaviour over time, with respect to the conditions under which they are operated. The authors of the article, during each assessment of the technical condition of a building containing wooden elements, analysed the condition of their protection each time and predicted the period of their safe life without the need for additional reinforcements or replacement by others. As the later reality shows, it is a very effective method of saving money and energy.
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1. Introduction


Wood is commonly regarded one of the least durable building materials. Very often, it does not show outward signs of biological degradation or other forms of excessive technical wear, regardless of its age, which is not an interpretation of its generally understood usefulness in terms of construction and use. Contrary to appearance, the problem is very wide and important, and its importance is increased by the social unawareness of the existence of the above-mentioned threats in our surroundings, mainly in buildings that appear massive and safe. The poor technical condition of wood is often the cause of construction disasters. Most often, the danger, which is not visible, concerns, e.g., ceiling joists that have lost their support on the walls due to corrosion of their ends. In these places, these elements are practically not examined, and these are the locations of the greatest threats to them, while the extent of the damage to the wood is usually revealed at the time of a building catastrophe or replacement of these structures with new ones (identical or different). Therefore, this problem should be considered a research problem that requires an urgent and comprehensive solution, not only because of the saving the historical value of some buildings and structures, but first of all because of the operational safety of the buildings and structures in use. The loss of secure support for beams in masonry practically entails their complete replacement, as well as the replacement of damaged adjacent beams and the bottom and top layers of floor finishes. Restricting oneself to the replacement of damaged sections runs the risk of underestimating the extent of the wood infestation. A proper diagnosis of these elements should ensure their safe operation and the savings associated with minimising the necessary reinforcement, replacement, or restoration of directly infested and adjacent elements. Therefore, the question should be asked whether prevention is preferable to salvage, replacement, or dismantling and disposal? In the opinion of the authors of the article, it is always preferable to make a thorough and detailed examination of the structure (especially in the most vulnerable places, although usually difficult to access) rather than to build in new elements, which must first be manufactured. It is undeniable that the prolonged and safe use of the structure (not only in terms of age and technology) contributes to a reduction in the need for new raw materials, which at the same time significantly reduces energy consumption, necessary in the process of transport, production, erection, repair, and recovery of entire buildings or their parts.



The operational efficiency of traditional timber structures, as well as their impact on ecology and the reduction in energy consumption, have been addressed in numerous studies, for example, refs. [1,2,3,4]. Research indicates the potential for reducing energy consumption and construction costs and confirms that low-energy wooden buildings are technically feasible and maintainable at affordable construction costs by using innovative design processes and procurement models that enable scalable and modular production. Energy efficiency solutions are also achieved through the appropriate choice of envelope insulation parameters (external and internal) and thickness based on relevant knowledge, specialist research, and analysis. Many researchers [5,6,7,8,9,10,11,12] agreed that to reduce the negative impact of buildings on excessive energy consumption and the environment, the implementation of efficient and already proven technologies, including those that use renewable energy sources, should be pursued through the careful development of detailed technical documentation [13,14]. Rey-Hernández et al. [15] analysed strategies for achieving nearly zero energy buildings (NZEB) in Spain and showed that the primary energy rate, renewable energy generation, and the renewable energy rate can be useful tools for the analysis of the energy of NZEB as required by European regulations. Garcia and Kranzl [16] analysed NZEB strategies in four EU countries and found that climate conditions, energy requirements, primary energy factors, ambition levels and calculation methodologies differ and are difficult to compare effectively.



The concept of sustainability emerged in the 1970s and is a complex relationship closely linked to environmental, economic, and social security [4,7,17,18,19,20,21,22,23]. As in other countries, EU legislation is being implemented in Poland to raise the profile of sustainable development as one of the most important objectives of the European Union [24,25,26,27,28].



The principle of sustainability in technological progress and the maintenance of existing resources means improving economic and social living conditions and preserving natural resources for future generations. Resource efficiency mainly involves the use of renewable energy sources and a high degree of recycling of demolition materials [29,30,31,32,33,34,35,36,37].



Sustainable construction is a movement that seeks to create energy-efficient buildings, in harmony with nature and the environment, and in efficient management of resources [35,36,37].



Global business models increasingly embrace social responsibility and sustainability. A sustainable renovation and investment process encompasses the creation of a complete life cycle of a building or structure—from the production, transport, and assembly of materials, to maintenance during operation, and then to the Life Cycle Assessment (LCA) group [18,19,20,21,38,39,40]. An essential aspect of sustainable development is the concept of sustainable energy, defined as an energy efficient way of producing and using energy that has less harmful effects on the environment [23,41,42,43,44,45,46,47,48].



Sustainable development meets the needs of the present without compromising the ability of future generations to achieve their goals. The building sector is responsible for the largest share of total energy consumption, and here are the greatest opportunities (reserves) to reduce energy consumption. Buildings account for more than 30% of total energy consumption. Due to rising energy prices and environmental pollution, energy savings has become one of the most important economic and political objectives since the late 1980s, so numerous efficiency-related regulations and support schemes have been introduced [23,37,40,44,46,48,49,50,51,52,53,54,55,56].



The possibility of using wood as one of the few ecologically renewable raw materials and, above all, its growing consumption place higher demands on its optimal use. The potential for European and global forest resources is steadily decreasing [57,58,59]. Wood has been a natural fuel that humans have used for thousands of years. The EU Green Book [28] “Towards a European strategy for the security of energy supply” states that “If appropriate measures are not taken, in the next 20 to 30 years approximately 70% of the Union’s energy needs, as opposed to the current 50%, will be met by imported products”. As an indigenous source of energy, wood can make a significant contribution to reducing it. The new, environmentally friendly approach is geared toward optimal forest management aimed at mitigating the effects of global climate change, including through appropriate stand regulation. Furthermore, the green economy increasingly emphasises the non-productive role of forests and the advantages of wood products in terms of carbon footprint [7,8,9,10,11,12]. Wood is one of the few building materials that is CO2 positive, which means that during its growth phase, wood absorbs more CO2 than is released during its preparation and use in actual construction processes. For this reason, wood as a renewable raw material resource will play an essential role in the sustainable economy sector. As the productive potential of forests will not increase at the expected rate, it will be inevitable to try to use the resources that are already embedded as long as possible. This approach will allow forests to be maintained as a natural carbon dioxide (CO2) reducer. The most common species of wood used in construction (in Europe) are spruce and pine, that is, coniferous species. Due to higher harvesting costs, difficulty in processing, and high susceptibility to cracking, deciduous wood is very rarely used for timber structures.



The authors of the article propose another form of raw material savings in the production of construction products and construction of entire buildings, closely related to energy savings and reduction in CO2 emissions through diagnostics and research prevention of wood-built materials (structures) and the creation of a secondary market of building materials (not only wood) intended for re-building after a prior determination of technical characteristics and degree of wear and tear [16,43,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77]. The research in [39] has led to the development of general conclusions and recommendations for investors and designers of energy-efficient and environmentally friendly houses.



Former rural and low-rise urban buildings, or parts thereof (e.g., wall and ceiling structural elements), were based mainly on uniform timber structures. At present, they are still in use, although they are mostly only exhibits in open-air museums. Recently, a return to the construction of wooden buildings using the above-mentioned technology has been observed [1,39,40,70,78,79,80]. Many authors also focus on analysing the condition of historic buildings [81,82,83], in particular, timber structures [84,85], of cultural heritage. Innovative techniques and technologies are also proposed for diagnostic monitoring of the state of preservation [86,87].



The thermal mass of wood (Figure 1) is average compared to other materials commonly used in construction. The heat capacity of wood is more than twice that of concrete, but at the same time more than 10 times higher than insulating materials such as mineral wool and polystyrene, which is both an advantage and disadvantage. During warm and cold periods, it will be an ‘average’ heat regulator of the internal microclimate of rooms, accumulating it during warmer periods and giving it away during colder periods. Wood is also not a good heat insulator in light of the current requirements for building envelopes. Its thermal conductivity coefficient λ is in the range of 0.13 ÷ 0.22 W/(mK), which depends on the direction of heat flow, respectively, across and along the fibres. The thermal insulation properties of wood are 17 ÷ 11 times more favourable than those of concrete and 4 ÷ 6 times less favourable than those of mineral wool and foamed polystyrene. Wood is a good building material, but more as a structural element than as a thermal insulation layer of a partition.



The authors of the paper decided to assess the durability of exploitation and technical aspects of objects made in timber technology, taking buildings made at the turn of the 18th and 20th centuries as their research aim.



The aim s to draw attention to the timber already incorporated in building structures, which may constitute waste even after several years of operation, requiring disposal and at the same time the production of a replacement. The purpose of the research was to examine older and newer buildings in use, the structures of which are entirely or partly made of wood.




2. Materials and Methods


2.1. Most Common Damage to Structural Timber Members


The paper discusses an essential issue of unnoticed or even ignored phenomena related to the exploitation of heated buildings, including historic buildings. They are the result of heat- and moisture–exchange processes in external partitions in which building materials susceptible to biological corrosion (elements of floors and roofs) have been incorporated. These processes can be intensified, for example, by modernisation or just thermal modernisation of buildings. In fact, not every improvement in operating conditions may turn out to be the right one; in contrast, it can adversely affect the durability of these materials and, at the same time, the safety of the structure.



Figure 2 shows, based on [88], a typical wall and ceiling layout from the 19th and first half of the 20th century in residential and public buildings. Such buildings are now thermally modernised to reduce operating costs by limiting heat loss.



Historical buildings and monuments are constantly adapted to new needs and operating conditions. However, any ill-considered interference, even a seemingly insignificant one, such as thermal insulation of partitions (although monuments are not obliged to comply with the regulations concerning their thermal insulation), could, contrary to appearance, turn out to be irreversible if the physical processes taking place inside them are neglected, which could also lead to corrosion of the materials installed, locally increased heat losses, freezing, and moulds [70,89,90,91,92,93].



Many years of research and observation of the structures mentioned above have confirmed that irreversible damage was most often caused to the ends of the wooden ceiling joists embedded in the external walls (Figure 3). Most of the time, it only became apparent during a building disaster or when ceilings were replaced.



The durability of buildings, including historic structures, will depend primarily on the technical condition of the elements, protecting them from the impact of the external environment, the corrosion resistance of the materials used in their construction, and the effectiveness of the actions taken by those responsible for their maintenance. Not every remedial action may turn out to be correct, as it is not the momentary improvement of the parameters of an object and its elements that will prove their effectiveness, but their subsequent exploitation period. The article raises the issue of the possible effects of using certain thermomodernisation techniques in older buildings, and more specifically of insulating the envelope on its internal sides. In such (exceptional) situations, this will be the only way to improve the thermal performance of the envelope, although it will not be indifferent to which side the thermal insulation is located. For the majority of historic buildings, it will be impossible to obtain a conservator’s approval to carry out thermal upgrading of buildings from the external side, although this method should be considered reasonable and correct. To illustrate the problem, a model of the external wall described in Figure 2a was used, in which the ceiling beams of wooden (Figure 4) and iron (Steel—Figure 5) were embedded, i.e., made of materials used both today and in the past centuries.



In Figure 5(1b,2b), the temperature distribution fields bounded by the 0 °C isotherm are shown. The ends of the steel beams, being good conductors of heat, are located here in a temperature range of +10 °C in the uninsulated wall and +9 °C in the internally insulated wall. This isotherm configuration is very favourable for unprotected beams, although these areas generate considerable heat losses (Figure 6). The problem may be that the outer layer of masonry covering the ends of the beams is too thin and may not be sufficient to protect the iron (steel) from rainwater penetration and hence corrosion. However, leaving such buildings without adequate protection leads to significant and uncontrolled heat loss. There are still many such buildings in Central and Eastern Europe, which, due to their historical character, cannot be, e.g., insulated from the outside, while insulating the partitions in which they are located (from the inside) increases the problem of heat loss.



Figure 4 shows the temperature distribution in the cross-section of the facade wall of the 19th century with windows, in which the ends of the wooden ceiling joists were embedded for two variants: in the unaltered state and after internal insulation with a material with a thermal conductivity of λ ≤ 0.045 W/m2K and a thickness of 10 cm at an ambient temperature of tz = −10 °C and an internal air temperature of tw = +20 °C. Figure 7 shows the results of thermal imaging of an external wall, insulated inside with 10 cm thick mineral wool and finished with drywall, where its fixed steel frame is clearly visible (a model of the above wall is shown in Figure 4).



Figure 8 clearly shows the linear thermal bridge between two external walls, one insulated inside and the other outside. The temperature difference between the fully insulated surface and the corner (where the insulation is discontinuous) is approx. + 3.4 °C (the thermovision test was performed at tz = 0 °C, tw = +20 °C and φw = 50%).



Calculations carried out on a model of the envelope based on the standard [94] using Physibel Trisco v.12w software clearly indicated the possibility of cyclic loading of the ends of floor joists embedded in external walls with negative temperature (Figure 4(1a,b,2a,b)). The condensation of moisture within the envelope caused by the temperature difference on both sides during the autumn–winter period and its subsequent drying out during the spring–summer period will not be indifferent to the wood embedded in the masonry, which is at risk of biological corrosion. Furthermore, soggy timber in the low temperature zone of −6 °C (Figure 4(1a,b)) and −8 °C with an insulated wall (Figure 4(2a)) will be exposed to frost damage and its fluctuating moisture content causing swelling and shrinkage may permanently damage it. Wood may also undergo brown decay caused by basidiomycosis, followed by brown staining and spalting (Figure 3).



Temperature distribution and moisture migration within a building envelope will always be the determining factors for its serviceability and durability. Current European regulations require complete elimination of moisture, the probability of surface condensation of moisture in rooms, the moisture caused by condensation over the years, and corrosion of materials installed in partitions. Insulation of partitions on their internal sides will considerably improve their thermal insulation parameters and the microclimate of rooms, but an incompetent application of this method, without justification by appropriate thermal and moisture calculations, will lead to the opposite effect than expected, with a high probability of their damage and built-in materials with low resistance to biological corrosion. Physical phenomena occurring inside building envelopes, including historic buildings, should always be taken into account to protect them from partial or total degradation (Figure 3).




2.2. Structural Timber Testing—Condition Assessment


Visual examination of embedded wood by persons without adequate technical training may prove to be very unreliable. The situation described above (point 2.1.), which did not show excessive technical wear of the wood apart from the typical effects of the ageing processes, turned out to be very misleading in the evaluation, as evidenced by the excavations carried out. Such situations often occur in construction practice. Therefore, for buildings and structures, “maps” of their so-called “weak places” should be created with a special focus on vulnerable wooden structures.



Regarding the safety of buildings (both older and newer), structural building products should be characterised by guaranteed strength. The problem is already a reliable strength assessment of wood in sawmills (visual—direct and machine—direct method), while the assessment of already built structures will be a much bigger problem. According to [95] and the Polish Annex to Eurocode 5 [96], the visually graded sawn timber is described by the symbols KW, KS, KG, where:



KW—stands for election class;



KS—means the sorting class.



KG—indicates a lower quality class.



Visual classification is a non-destructive but not foolproof method of assessing the quality/strength class of the inspected timber, based on appearance characteristics (timber quality) and processing defects (processing quality).



Mechanical classification is based on the measurement of technical parameters and is often complemented by visual classification (ends of tested beam, specimens).



Sawn timber with a moisture content of not more than 20% and a defined shape should be classified.



The visual assessment concerns the concentration and size of knots (the so-called knot index), the twist (deviation) of the fibres in relation to the longitudinal axis of the element, tangential and radial shrinkage cracks, including frontal cracks passing through the entire cross-section of the element and those located in the plane of the examined element and not passing through its front. In addition, the width of the rings in the wood cross-section and the oblate (their total height and length), the perpendicular and transverse curvature in relation to the planes and sides, as well as the wurliness, should be examined. An essential element of the research is the type and extent of biological infestation of the wood.



Most of the above-mentioned tests can also be performed on already installed wooden structures. A prerequisite for the effectiveness of such tests is to see the exposed elements and to reach the infested fragments. In expert practice, these methods are not used, and the classification of wood is mostly done by the so-called “eye”. Therefore, the precision of such assessments may be very doubtful and may even lead to the risk of a construction disaster in the future.



To lend credibility to “in situ” surveys, including the aforementioned visual method, the use of equipment and techniques to support such surveys is proposed, including but not limited to



	
Tomograph,



	
Resistographs,



	
Pilodin (a device designed to evaluate the cutting resistance of wood),



	
A thermal imaging camera.






The tomograph is a device designed to measure the propagation time of sound waves in wood, using the non-invasive method of sound waves for this purpose. It is used to detect the size and location of decay and loss of wood mass. This allows a reasonably reliable assessment of the condition of the timber and a possible scope of salvage work.



A resistorograph is a measuring device that measures the resistance of wood to cutting. It is particularly useful in detecting the location of biological corrosion foci and its extent. This test can be helpful in determining the mechanical parameters of wood.



The wood sclerometer (Pilodyn) is a wood density tester that is used to determine the density and strength of dead and live wood, while allowing for the quick and objective detection of invisible soft rot without destroying the structure of the material under test (product) and to assess loss of its strength.



When examining wood “in situ”, the presence of a mycologist is advisable.



A reliable assessment of the strength class of wood and its other mechanical parameters is necessary for the safety of the structure left in service. This must not be performed by conjecture, but by reliable assessments carried out by competent and qualified persons, which in construction practice is also possible but necessary from the point of view of structural safety.



These are not the methods indicated in the standards (including [96]) for already embedded wood. The European standards only address the design and protection of new structures with specific strength parameters. For this reason, the authors have proposed a pathway necessary for the analysis of this type of structures (Figure 9).



There are no generally understood methods for diagnosing structures, including wooden structures. The authors of this article have raised this problem as essential, not only for the reason of ensuring an appropriate level of reliability but also for the reason of extending their durability to the maximum. This will allow for the implementation of economical materials management, significantly complying with the idea of sustainable development, reducing energy consumption in all forms, and reducing emissions of harmful substances into the atmosphere.



The research described above significantly reduces interference with the valuable historical substance, which will preserve its authenticity.



Therefore, so far, no methods have been developed to monitor covered timber structures built in the building envelope of existing or new buildings.




2.3. The Use of Neural Networks for the Prediction of Selected Wood Characteristics


The use of artificial intelligence methods, such as artificial neural network methods, requires the preparation of appropriate databases. In relation to wood, a database is selected and a structured set of information is provided on this material technology, its exploitation, and its characteristics and properties. The database can be presented as a matrix composed of rows and columns that are filled not only with numbers, but also with quality characteristics and names. It is important to properly define the structure of the database and to analyse the experimental data. The main task is to agree on a uniform form of data recording and transmission. Wood data consist of input data, which are information about what is known about the material and its performance, and output data on characteristics and properties, which will be further analysed and predicted. When describing different tasks, the same quantity may be recognised differently. An example is the compressive strength of wood. When predicting this feature of wood on the basis of visual sorting class operating conditions, this strength can be an output variable (i.e., searched for). In turn, when considering the mechanical properties of wood, after a certain time it can be defined as an input variable. In general, examples of the application of artificial neural networks in the field of technical sciences are as follows.



	
Approximation forecasts the prediction of outputs without having to explicitly define the relationship between these data;



	
Classification and pattern recognition;



	
Data association;



	
Analysis and processing of predictive data.






Artificial neural networks (SSN) are the general name for certain mathematical structures and their software or hardware models that perform computation or signal processing through rows of elements called artificial neurons (perceptrons). The inspiration for such a structure came from studying the structure of natural neurons and the synapses that connect them (memory carriers), as well as the entire neural circuit, which is, in fact, the domain of the brain. SSNs are sometimes also referred to as an interdisciplinary field of knowledge dealing with the construction, training (teaching), and testing of the capabilities of such artificial networks. SSNs created as computer programs (e.g., in Statistica software, neural networks are one of the available options) are generated to transform numerical data in a way that is modelled on the functioning of nerve cells in the brain. The basic building block of an artificial neural network is the processing element. It is a specific model of the actual cells that make up the nervous system, which is responsible for processing and analysing information in the human body. The actual nerve cell can be treated as a biological information processing system. The information introduced through the input (dendrites) is processed inside the cell. The processed signal is sent through the axon to subsequent cells. Each neural network consists of a large number of elements capable of processing information (neurons), which are associated with each other by connections with specific parameters (weights), which change during the learning process. The following principles of connecting neurons with each other are distinguished: connection of neurons with each other, connection between successive layers in layer networks, and connection of selected neurons, e.g., in a neighbourhood.



Today, neural networks have a layered structure with the following layers: input, output, and hidden layers [97,98,99,100,101,102]. The neuron has a certain number of inputs, to which the input data are introduced: x1, x2, …, xn, with combined weights: w1, w2, …, wn. The process initiated by the input data is reflected by two basic information that occurs inside the neuron. The first is the determination of the aggregated input value and is carried out using an aggregating function, also known as the “postsynaptic potential function” (PSP function). The second process consists of determining the output value of the neuron, for which the activation function (transition function) is responsible. The components of an artificial neuron are, thus:




	
n input signals xi with weight wi;



	
One output signal y;



	
The excitation e of the neuron, which is the sum of the weighted input signals, is expressed as:










  e =   ∑   i = 1  n   w i  ·  x i  − Θ  



(1)




where



 Θ —threshold;



	
activation (transition) function f(e).






The activation function is particularly important, as the aggregated input value of a neuron becomes a parameter of the activation function of a given neuron. There are basic types of these functions: linear and nonlinear, and popular ones include linear, logistic, hyperbolic, exponential, sinusoidal, and Gaussian equations [97,99,103]. It is also important to note that a common feature of any neural network is a structure consisting of neurons connected to each other by synapses. Furthermore, associated with synapses are weights, that is, certain numerical values, the selection and interpolation of which depend on the adopted SSN model.



The basic feature of neural networks is their ability to self-organise and adapt to changing conditions, which results directly from the possibility of selecting weights that can change in the learning process. SSN algorithms are a tool perceived as informative, although learning in time, as they have the ability to adapt the stock of knowledge they possess to the possibility of its dynamic change. This is a fundamental feature, as this ability determines the possibility of self-learning, which significantly speeds up the execution of computations. Learning consists here in changing the coordinates of neurons in such a way that they follow a pattern consistent with the structure of the analysed data. In view of this, the calibration of the phenomenological (abstract) model created by the network consists in an adequate selection of weights in the learning process. An important element of SSN is the process of learning the network. There are two basic ways of learning: supervised or unsupervised. During the learning process, some connections (weights between neurons) become more important, and some do not participate in solving the problem (this could be compared to the disappearance of connections in the brain), so it is possible to determine which variables are important to solve the existing problem [98,99,101,104,105,106,107,108,109,110]. The characteristics of a neural network depend to a large extent on how the neurons are connected, the so-called network architecture. Due to this characteristic, one can distinguish:




	
Unidirectional networks;



	
Recurrent networks;



	
Self-organising maps.








In unidirectional networks, there is only one direction of signal flow. The selected single signal passes in such a network through each neuron exactly once in its cycle. Such networks can be divided into single-layer, two-layer, and multilayer networks. The most effective networks are multilayer networks consisting of an input layer, hidden layer, and an output layer.



Recurrent networks and self-organising maps are in fact multidirectional networks characterised by feedback or learning by competition, among others. Selected types of neural networks are presented below:




	
Layered linear networks (Adaline/Madaline, Multilayer Perceptron).



	
Layered nonlinear networks.




	◦

	
Networks learned by back-propagation (BP) algorithm.




	◦

	
Networks with circular symmetry function (RBF).









	
Feedback networks.




	◦

	
Hopfield networks.




	◦

	
Networks with bidirectional associative memory (BAM).









	
Competition learning networks.




	◦

	
Kohonen Network (LVQ).




	◦

	
Self-organising network (SOM).









	
Resonance networks (ART).



	
Hybrid networks.








Wood structures and wood as an anisotropic material have thus far been analysed, among others, using the following software [111,112,113,114,115,116,117]:




	
Obtained through the implementation of the FuzzyARTMAP network;



	
Based on the BP back-propagation network concept;



	
Based on networks that use connections between neurons and other nearest neighbour neurons, the nearest neighbour method.








In the case of the Fuzzy ARTMAP (resonance network) solution, two systems based on the Adaptive Resonance Theory (ART) concept work together in the supervised learning mode. Individual ART systems are unsupervised systems. Consecutive observations are analysed in parallel and independently in the input and output layers. The Fuzzy ARTMAP system expands a separate memory block of links between input and output categories, thus recalling which data sets correspond to which material properties. As stated in [118], correct computational results have been obtained using this type of network for highly heterogeneous data (e.g., wood technology). This type of software is not available to the Statistica user.



An example of software based on the concept of back-propagation of error are one-way Multilayer Perceptron (MLP) networks, available as one of the options of the Statistica software. The operation of MLP network consists of input data, determination of the output values of hidden neurons, and determination of the output value of the output neuron. The result of the network depends on the value of the weights of hidden and output neurons and the structure of the network. Learning of unidirectional networks is performed by a “teacher”. This means that the values entered as input to the network together with the corresponding output values enter the learning set. Therefore, the aim of the learning process is to generate such values by determining the weights for which the network outputs will coincide with the real values. The learning process is expected to result in a reduction in network error, which is an aggregated measure of the differences between actual output values and calculated values [106,119,120]. Due to the direction of the flow of error information, the learning algorithm of this network is called the Back Propagation (BP) error propagation algorithm (i.e., each neuron locally reduces its error) and is the most common solution of artificial neural networks. This type of network learns rather slowly and tends to correctly reproduce relatively smooth representations devoid of discontinuities, i.e., with actual discontinuities these networks generate significant errors. In such a network, one can identify an information flow oriented from the input layer to the output layer, where the information necessary to calculate the output variables is transported and from the output layer to the input, the error information used during the learning process is sent.



A third type of software based on the nearest-neighbor method can be represented by Radial Basis Function (RBF) networks, available as one of the options of the Statistica software. RBF networks with radial basis functions have three layers: input (linear neurons), hidden (radial neurons), and output (linear neurons). The learning network with the radial basis function consists of three stages: determination of the radial centres, radial deviation, and lip values of the output layer neuron. The first stage is the selection of basis function centres by determining the values of weights for each radial neuron; these are the points for which the output value of the neuron will be maximum. The second stage comes down to the selection of the width of the activation function, a parameter that determines the shape of the activation function, stored as the threshold value of the radial neuron. The determination of the shape (width) of the activation function is performed using the nearest-neighbor method. It consists of taking the standard deviation of the distance between the weight vector of the considered neuron and the weight vectors of the nearest radial neurons. The number of neighbour neurons taken into account is specified in the edit box. Information about the width of the activation function is stored as a threshold value of the neuron [99,121]. The RBF network is characterised by a much simpler topology than the MLP network. Moreover, networks of this type may prove to be overly sensitive to even a few errors or anomalies in the learning data concerning quantitative and qualitative variables, e.g., mechanical parameters of wood.



The development of the database, discussed above, based on the parameters of the embedded wood, will be an element that will be further considered by the authors of this paper. After building the database, it will be possible to proceed to the determination of the neural network topology, i.e., to determine the number of input and output data, to determine the number and organisation of neurons in individual layers, and to specify the activation and error functions. The authors intend to use SSN for the prediction of physical and mechanical parameters of wood. Research will be carried out on the existing objects presented above.



Unidirectional multilayer MLP networks based on a back-propagation error propagation algorithm are selected for further analysis due to:




	
Availability of the Statistica software;



	
Global approximation of such networks;



	
More complex topology than RBF networks;



	
A backpropagation learning algorithm (more complex than nearest-neighbour networks).








Neural networks as a tool for the prediction and determination of physical parameters of wooden structures have been used, among others, in works [111,112,113,114,115,116,117], for example, for the prediction of the compressive strength of wood, which indicates the validity of the considerations undertaken.





3. Results


3.1. Results of “In Situ” Analyses


The “in situ” tests of the selected three buildings were aimed at determining the current structural stress of their load-bearing elements (responsible for safety), forecasting the period of their further operation, or indicating the required scope of their reinforcement, replacement, or supplementation. The selected buildings represent different types of wooden structures created in different historical periods. The buildings are located in southern Poland. The climate in this area is typical for this part of Europe. There is little precipitation, and the seasons are typical (cold winters and hot summers).



Since the end of the 18th century, the climate of southern Poland has shown a systematic tendency for an increase in air temperature, with a significant increase since 1989. Precipitation does not show unidirectional tendencies and is characterised by more or less humid periods. Instead, the pattern of precipitation has changed, mainly in the warm season; precipitation is more abrupt, short-lived, and destructive, causing increasingly frequent flash floods. At the same time, precipitation below 1 mm/day is disappearing. The consequences of a warming climate are an increase in dangerous weather phenomena.



The computational models of the buildings in question have been created on the basis of measurements “from nature” as well as on the basis of 3D laser scanning, and they have served as a starting material for discussion and formulation of final conclusions. It should be mentioned here that the authors of the article conducted successive observations and research of these objects, analysing their current technical conditions on an ongoing basis. The obtained results served as input material implemented into neural networks to determine the possible physical parameters of cross-sections of timber structures.



3.1.1. Storage of Dry Roughage


An example of the degradation of a timber structure is the 1900’s barn building shown in Figure 10. Biological corrosion processes have led to a significant weakening of the load-bearing capacity of sections, significantly affecting the load-bearing capacity of timber frames. Therefore, adequate static and strength analyses of the system were carried out. The actual view of the girders is shown in Figure 11, which shows the losses caused by biological corrosion.



The structure model (Figure 12) was created in Autodesk Structural Analysis Professional 2018 software, reflecting the connections between individual structures through redundancy in the bar joints, especially taking into account the cutoff points of the main columns of load-bearing structures, which were reflected by means of hinges and the introduction of claddings enabling the application of loads. The dimensions of the sections are presented and are in Table 1. Verification was carried out according to the set of PN-EN standards [96,122], which are generally considered up to date, but according to the authors, the set of PN standards [123,124,125] would be adequate.



The following loads were assumed in the analysis:




	
The dead weight of the structure was defined in the program by imposing on the individual members appropriate cross-sections and by defining the wood class as C24 in the first iteration and C20 in the second iteration, while reducing the cross-sectional dimensions to the real ones resulting from the in situ tests;



	
Snow was assumed as the first snow zone according to [126], so sk = 0.7 kN/m2, making it the standard load scheme as for a pitched roof;



	
Wind was assumed as for the first wind zone according to [127], so vb = 22 m/s was automatically generated in the wind tunnel. The load on the wind direction θ = 0° was omitted due to the connection with the neighboring building.








Class 3 use was adopted for the assignment of the relevant coefficients, and variable loads were assigned a medium-duration load duration class.



The static analysis (Figure 13) showed instability of the first type at the place of introduction of additional hinges, which means the presence of an element of zero value on the diagonal of the stiffness matrix. In the case under consideration, this type of instability is caused by the mechanical instability of the structure because part of the structure has become a mechanism—the parameters of the structure supports (number, type, and position of supports) are not sufficient.



Despite the reduction in the active sections of the building structure as a result of advanced biological corrosion, the calculations carried out for the most unfavourable load combination did not show any exceeding of the load capacity of the columns, while during the verification of the sections, they were assessed as incorrect as the nodes experienced excessive displacements and therefore the serviceability limit state conditions were not fulfilled. This was due to the instability described above caused by the introduction of additional hinges at the column cutoff points. In addition, the column structure doid not indicate a serious risk of exceeding the load-bearing capacity, but in the roof truss members, the load increased by about 140%, which led to exceeding the limit state. The fact that the serviceability limit states of the structure were exceeded is also evidenced by the roof deformation diagnosed during the on-site inspection, as well as considerable clearances in the joints. The roof truss of the building shows traces of alterations, reinforcement, and replacement of structural elements. Its previous repairs were made without a previously prepared project; therefore, they should be regarded as accidental, not improving the safety of the roof structure or the whole building.



In the case in question, under the influence of biological corrosion, the stress on the cross-sections increased considerably and caused the ultimate limit state to be exceeded, despite the fact that historical buildings of this type were not designed for high stress on the cross-sections (in the first iteration, only 10% was achieved here).




3.1.2. Military Casino


The casino building was constructed in 1885 for the purposes of the training ground headquarters and served as the officers’ casino (Figure 14 and Figure 15). It contained and still contains a hall (previously used as a dining hall) and facilities. It served various functions during the First and Second World Wars. Currently, it has a cultural and educational function, belonging to the Communal Culture, Sports and Recreation Centre in Łambinowice. It was built in light “half-timbered” technology with wooden ceilings and a wooden roof frame. It was founded on brick feet at a depth of approximately 0.80–1.0 m. The building has a segmental construction, one and two storeys. It has a partial basement.



All segments of the building have roofs with a slight slope (approximately 14°) covered with roofing paper on the boarding. Above the main segment (former consumption hall), a two-story wooden structure was built, based on brick and timber load-bearing walls of a “half-timbered” type. The remaining part (segments) of the building was constructed similarly, the only difference being that the roof was based on wooden rafters and purlin trusses. The bottom finish of the ceiling over the main hall of the building is a light suspended ceiling, insulated with mineral wool about 20 cm thick on a light wooden grid, finished with wood from below. In the rest of the rooms, there is a layer of top on the ceiling of the attic, which is finished with plaster underneath.



The 3D HDS scanner used proved to be an excellent tool for obtaining a detailed inventory of the object. The device created a point cloud, which, when processed, gave a very accurate, three-dimensional image of the object. The inventory made in this way was used for further work. The observed deflection (Figure 16) of the roof structure is caused by many years of use of the object.



Most of the elements showed signs of insect feeding, technical construction, wood pests, and mechanical damage (loose joints, defects in the elements, excessive sagging). These structures required bevelling and cleaning of the outer layers (insect-damaged) down to “healthy” wood, impregnation with an agent against fungi (mould), insects, and protection against fire. In addition, all damaged connections had to be reinforced without disturbing the geometry of the roof structure and without allowing the knots to become stiff. The lowest perimeter foundations were in the worst condition. The wear and tear of the foundations was estimated to be approximately 50%.



In Figure 17a, a structure calculation diagram is given, together with an indication of elements that may not meet the load-bearing capacity condition. Furthermore, the calculation results clearly show that the displacements are considerably exceeded, especially for the columns, but the ballast provided by the brick fill is not taken into account in the calculation model.



The conducted research has shown that despite the reduction in the active cross-sections of the building structure as a result of advanced biological corrosion (Table 2), based on the calculations carried out for the most unfavourable load combination, the exceeding of the load capacity was not found in the columns, while the exceeding of the load capacity may occur in the elements of the roof truss, in some cases even by 2.5 times. The exceeding of the limit states is also evidenced here by the roof deformation, shown in Figure 17b. The roof truss of the building shows traces of alterations, reinforcement, and replacement of structural elements. The repairs carried out thus far were made without any preliminary design, so they must be considered accidental and do not improve the safety of the roof structure or the whole building.




3.1.3. Granary


The walls of the buildings in question (Figure 18) (internal and external) were constructed in the rim technology without the use of nails, with horizontally positioned beams connected in the corners mainly by locks with or without the so-called extensions. Individual layers of beams (ring beams) were joined with oak dowels to prevent movement. The remaining gap between the beams (about 2 cm thick) was filled with straw, string bundles, dried moss, or the so-called tongue and groove joints.



Figure 19 shows the principle of creating wall connections on the beam. Particularly noteworthy here are the tightness of the connections of the individual beams and the uniformity of the partitions in the corners (nodes) of the buildings, even after 200 years of use. The walls made in this way constituted a uniform structure throughout their entire surface, with small thermal bridges at the horizontal joints of the beams (Figure 20).



The moisture of the wood mass was measured using a Protimeter MMS2 moisture meter (Figure 21a). The moisture mass content of the wood did not exceed 15% at any of the measurement locations. Examination of the wood using a resistograph did not show any loss in its structure greater than 10% of the active cross-section of the elements (Figure 21b).



Figure 22 shows the distribution of temperature and moisture in a homogeneous tie wall made of wooden logs. A homogeneous (parallel) adiabatic pattern of heat flux can be clearly seen, indicating the stability of the wall structure (Figure 22a). Furthermore, the moisture level in the interior of the wall and its internal surface showed small variations (Figure 22b). Simulation calculations were carried out for a wall approximately 20 cm thick using Physibel Trisco 13v software (temperature distribution) and WUFI 2D software (moisture content).



The described objects served only as “starting material” for the study of wooden structures. The parameters of the natural material used and the technology of erection of these objects confirm the durability of such structures, limiting the necessary scope of interference in their structure and thus the frequency of repair work, recycling of technically worn-out structures, and making new supplementary and replacement elements. The problem of lower thermal insulation of the partitions of wooden buildings can be solved in a very simple way by leaving their external façade unchanged and installing thermal insulation layers on the internal sides. In this case, the movement of low- and sometimes negative-temperature zones towards the layer of new thermal insulation should not cause any problems with maintaining the internal temperature of the room at a safe level and with the required microclimate. This can be proved by the described granary building in the open-air museum, which is not heated and in winter the whole cross-section of its envelope is in the range of low temperatures. Tests have confirmed the high durability and resistance of wood as a construction material to variations in temperature and humidity. Insulating partitions from the inside with low-density materials (foamed polystyrene, mineral wool, mineral thermal insulation panels) reduces the thermal inertia of building partitions but at the same time will reduce the energy consumption for space heating, such as such elements as preheating of the partitions themselves in winter, and their cooling in summer is eliminated. Thermal insulation materials and wood accumulate heat to a very low degree. The heat capacity of wood as a building material is 2.6 times less than that of concrete and twice as low as that of brick and silicates. Therefore, it can play an essential role in the rapid stabilisation of temperature and humidity in rooms; thus, these parameters can be maintained more easily by using, for example, recuperation. Wood construction based on tie beam wall structures should be considered as low energy consumption during production, exploitation, and recycling. Moreover, it can “guarantee” over two hundred years of safe technical life with full thermal and moisture stability and without the need for major repairs or replacements. Biological corrosion caused by fungi is not a problem in these buildings, except in their foundation parts. The walls of these buildings have smooth external surfaces and are protected from precipitation by properly extended eaves. In their lower parts, the corrosion was caused by splash water, which consequently led to the decomposition of brown wood (Figure 23c). In the so-called rests of the walls, there were numerous delaminations of fibres and locally an infestation of blue stain of wood, i.e., a much milder type of fungus than in brown decay. No fungal infestation was found on the elements and structures within these buildings. There are numerous now defunct insect feeding sites, including Common Furniture Beetle (Anobium punctatum) (Figure 23a) and House Longhorn Beetle (Hylotrupes bajulus) (Figure 23b), but due to the considerable weight of the timber used to make the partitions, no major damage or threats to the building structures were found here. The resistograph test showed small losses in the mass of the wood, up to a maximum of 10%. In conclusion, it should be considered that wood, in terms of durability and energy efficiency with full thermal stability, is a suitable material for wooden structures and entire buildings.





3.2. Prediction of Selected Characteristics of Biologically Corroded Wood


A distinguishing feature among other computer methods is that artificial neural networks specifically generate relationships between input information and output information in the form of a data matrix (Table 3). SSNs differ in an important way from conventional computer programs, which can be described as sequential; that is, to solve a computational problem, an algorithm must be created consisting of a given sequence of instructions. They are executed in a preset order, so in such a programme, all eventualities to which the programme is to react must be foreseen, e.g., how strong the relation between the degree of reduction in the actual cross-section and the compressive strength of the wood is, and they must be appropriately located in the preset instruction. In the operation of the neural network, we can distinguish the learning stage, when the network collects the information needed to determine what to do and how (this stage also includes validation), and the stage of normal operation during which, based on the acquired knowledge, the network solves specific tasks. The MLP network that was built for forecasting, for the problem under consideration, has the following topology:




	
Number of inputs: 5.



	
Network type: multilayer perceptron (unidirectional multilayer networks, MLP networks).



	
Learning algorithm—BFGS (variable metric method).



	
Number of neurons in the hidden layer: 4–6.



	
Error function: sum of squares.



	
Output function linear.








The characteristic of the problem for the network under consideration is regression. This description of the relationship is used to build models showing the actual relationship between the input data (explanatory) and the output variable (explained). Then, the events are performed in the following sequence: values of explanatory variables (type of element, nature of work of the element, primary dimensions, primary cross-section, primary flexural strength index, real effective dimensions, real effective cross-section)—neural network—value of the explained variable (real flexural strength index).



The characteristic problem of the network considered is regression. This description of the relationship is used to build models showing the actual relationship between the input (explanatory) data and the output (explanatory) variables. Then, the events are performed in the following sequence: values of explanatory variables (type of element, nature of work of the element, primary dimensions, primary cross-section, primary flexural strength index, real effective dimensions, real effective cross-section); neural network; value of the explained variable (real flexural strength index). The test results (Figure 24) were analysed according to the defined network topology. The results obtained as a result of the network operation explain the problem with high precision, as the validation (quality of prediction, understood as a comparison of the predicted value with the values from the validation set (Figure 25), i.e., the one on which the program did not learn or test) was 98 %, which should be considered as a correct result at this level of neural network creation. Example results of the prediction (for individual networks and for the set of the networks) of mechanical characteristics of wood are presented graphically in Figure 26.



Based on the above calculations, a code can be generated in Statistica software to predict the true strength index at a convergence level of 98% (compared to the presented data matrix, as SNS do not have extrapolation capability). On average, there was a 19% reduction in cross-section and a 26% reduction in strength index (Figure 27).



The simulation data subjected to the SNN section were validated (prognosis quality, understood as a comparison of the predicted value with the values of the validation set, i.e., the one on which the programme did not learn or test).



SSN algorithms (artificial neural networks) are a tool perceived as informative, although learning in time, as they have the ability to adapt the amount of knowledge they possess to the possibility of its dynamic change. This is a fundamental characteristic, as this ability determines the possibility of self-learning, which significantly speeds up the execution of calculations. Learning consists of changing the coordinates of neurons so that they follow a pattern consistent with the structure of the data analysed. Therefore, the calibration of the phenomenological (abstract) model created by the network consists of an adequate selection of weights in the learning process. During the learning process, some connections (weights between neurons) become more important and some do not participate in solving the problem, so it is possible to determine which variables are important in terms of solving the problem.





4. Discussion


This article discusses the subject of facilities that have been in operation for many years, as well as newer ones that are now being built using more modern technologies. The results obtained as a result of the network operation explain the problem with high precision because the validation (quality of forecasting, understood as a comparison of the forecasted value with the values from the validation set, i.e., the one on which the program did not learn or test) was 98%, which should be considered a correct result at this level of neural network creation. This means that it is possible to generate a code, which can then be implemented for the prediction of selected wood characteristics at the level of convergence of 98% compared to the presented data matrix, because SSNs do not have the possibility of extrapolation beyond the set interval. The prediction of wood properties is a difficult task (due to the structure of wood, anisotropy) and requires taking into account a number of factors (time, temperature, working conditions, etc.). The expansion of the database created by the authors to both quantitative and qualitative data may allow the development of a non-destructive diagnostic method for timber structures.



It should be emphasised that the average reduction in section size was 19% and in strength by 26%. The maximum cross-sectional reduction was 27%, where the cross-section decreased from 150 × 150 mm to 150 × 110 mm. The obtained results, subjected to visual inspection confirmed by optimisation performed with the use of neural networks, show that embedded wood materials can be successfully used as load bearing elements as well as thermal insulation and cladding elements in terms of environmental load throughout their life cycle. It was also confirmed that it is possible to use building components made of recycled materials in the construction of wooden buildings as a full substitute for standard building materials from nonrenewable sources. It must be said that wood, in terms of durability and energy efficiency with full thermal stability, is the right material for wooden structures and entire buildings.




5. Conclusions


The cases described in the article are very interesting from a structural and conservation point of view. The results of the investigation, mainly regarding wooden elements in objects in a pre-failure condition, whose external examination did not raise any objections, indicated the possibility of easy but significant mistakes in the assessment of the technical condition of buildings, which may have a significant impact on their future safe exploitation. This indicates that it is reasonable and even necessary to conduct a thorough examination of the technical condition of buildings before taking a final decision on the scope of the repair works planned for them. In technical assessment, their authors, especially those with a short professional experience, are too often based only on their own superficial visual inspections, while the whole conclusions are based on the results of calculations obtained with the use of universal computer programs. Such an assessment often does not reflect the actual technical condition of the object. Reliable assessment of technical conditions should be worked out on the basis of detailed object inventory (including material inventory), inventory and assessment of damages, and the degree of wear of building elements determining their safety and its causes. At the same time, it should take into account the significant influence of the physical processes that take place inside the partitions on the durability of the materials built in them. From the summary of conclusions from such studies and analyses, the experience and knowledge of the expert should aim to develop such repair methods which, supported by an appropriate calculation apparatus, can be implemented. The static strength calculation in the assessment of technical conditions of buildings should not be an end in itself, but only a tool to assist in the practice of construction and conservation.



A professional approach to carrying out technical inspections of buildings and structures will not only keep them in good technical condition and prolong their lifespan, but will also reduce the need to obtain and process new raw materials in this case construction timber, to replace damaged structures with new ones, to strengthen them locally, or to fill cavities. Such preventive measures will also significantly reduce the energy required to produce the replacement of materials and will certainly minimise the costs of their manufacture, transport, and installation. Wood, which is in constant decline in the natural environment, is an excellent and very effective filter for removing CO2 from the air. Acquiring new wood without simultaneous afforestation of areas degraded by logging may disturb the ecological system of the environment even beyond the region. Appropriate sorting of demolition timber (parts of which are damaged) will make it possible to recover some of it and rebuild it, which will reduce disposal costs and thus save space in landfill sites, which are already shrinking.



The authors of the paper based their observations and conclusions on several dozens of exploited buildings, mainly historic ones, whose structures were partly or fully made of wood. The basis for technical assessment was the analysis of the technical inspection protocols (expert opinions) of these buildings, in which experts, limiting themselves only to visual inspection of buildings and structures, did not detect the factors that cause their actual degradation. Corroded elements of pillars, ceilings, or roofs required their complete replacement, even if only partially; that is, they had to be removed from the building, used, and replaced with new ones. At the time of an energy and material crisis (progressing shortages of timber in Europe and Asia), it is already becoming a serious regional environmental problem on a large scale.
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Figure 1. Thermal mass—thermal capacity of building materials. 
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Figure 2. Principles of anchoring floor beams in the walls of 19th century buildings: (a) wall cross-section, (b) details of setting the wooden beams (c) details of setting the wooden beams, (d) central heating installation (19th century), based on [88]. 






Figure 2. Principles of anchoring floor beams in the walls of 19th century buildings: (a) wall cross-section, (b) details of setting the wooden beams (c) details of setting the wooden beams, (d) central heating installation (19th century), based on [88].



[image: Energies 14 05975 g002]







[image: Energies 14 05975 g003 550] 





Figure 3. Examples of a damaged floor in the support and buttress zones: (a) no externally visible damage, (b,c) advanced brown decay of wood inside the same beam. 
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Figure 4. Models of temperature distribution in the external wall in the place of the support of wooden ceiling beams: (1,2) model of the partition in its original state (after thermal insulation from the inside), (1a,2a) temperature distribution field, (1b,2b) temperature distribution field limited by an isotherm of 0 °C, (1c,2c) lines of density of heat fluxes in the zones of support of ceilings on the wall. 
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Figure 5. Models of temperature distribution in the external wall, in place of the support of iron or steel ceiling beams: (1,2) model of the partition in its original state (after insulation from the inside), (1a,2a) temperature distribution field, (1b,2b) temperature distribution field bounded by an isotherm of 0 °C, (1d,2d) lines of density of heat fluxes in the zones of support of ceilings on the wall. 
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Figure 6. Location of point thermal bridges where steel beams are embedded in the external wall—the ends of the beams are clearly visible. 






Figure 6. Location of point thermal bridges where steel beams are embedded in the external wall—the ends of the beams are clearly visible.



[image: Energies 14 05975 g006]







[image: Energies 14 05975 g007 550] 





Figure 7. Thermogram of half-temperature distribution in the external front wall, insulated from the inside with 10 cm mineral wool and finished with plasterboards, (a) south-west corner of the first floor, (b) south-east corner of the second floor, (c) north-west corner of the second floor with an attic ceiling insulated from the outside on both sides with a layer of 10 cm foamed polystyrene. 
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Figure 8. Diagram of the temperature distribution at the junction of the external walls of the building (Figure 5a), with the front wall insulated from the inside and the gable wall from the outside: (a) view of the wall, (b) thermal bridge system in the place of the grate and in the corner, (c) temperature diagram covering the corner—ΔT = 3.4 °C. 
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Figure 9. A pathway for the analysis of timber structures. 
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Figure 10. External view of the granary. 






Figure 10. External view of the granary.



[image: Energies 14 05975 g010]







[image: Energies 14 05975 g011 550] 





Figure 11. View of the bearing structure. 
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Figure 12. Construction model. 
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Figure 13. Static strength analyses, bending moment distribution. 
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Figure 14. Casino elevation 3D scan. 
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Figure 15. Casino south elevation. 
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Figure 16. Section through the roof with deflection measurements. 
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Figure 17. Skeletal structure model of the main segment (a), and elements with exceeded bearing capacity (b). 
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Figure 18. Old granary building. 
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Figure 19. Method of making wooden beam walls. 
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Figure 20. Wall beam connections in traditional construction: (a) north site, (b) south site, (c) east site. 
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Figure 21. Wood testing: (a) by moisture measure meter and (b) by resistograph. 
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Figure 22. Results of simulation calculations for an average wall made of wooden logs: (a) isotherms of temperature distribution from −20 °C on the external side to +20 °C on the internal side, (b) humidity distribution on the wall in summer and winter. 
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Figure 23. Biological infestation of wood: (a) exit hole of the insect, Common Furniture Beetle (Anobium punctatum); (b) exit holes of the insect, House Longhorn Beetle (Hylotrupes bajulus); (c) brown decay of the sill beam (part of which has been replaced with a new one) and the beam immediately above it. 






Figure 23. Biological infestation of wood: (a) exit hole of the insect, Common Furniture Beetle (Anobium punctatum); (b) exit holes of the insect, House Longhorn Beetle (Hylotrupes bajulus); (c) brown decay of the sill beam (part of which has been replaced with a new one) and the beam immediately above it.



[image: Energies 14 05975 g023]







[image: Energies 14 05975 g024 550] 





Figure 24. Data selection. 
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Figure 25. Validation table. 
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Figure 26. Prediction results: (a) 3D plane distribution conditional on work type, element type and original dimensions, (b) 3D histogram conditional on work, type, element type and actual strength index. 
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Figure 27. Statistics of the dependence of the actual strength index on the original strength index: (a) scatterplot primary bending strength index, (b) correlations, (c) cumulative histogram of primary bending strength index. 
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Table 1. Cross-sectional dimensions adopted for static strength analyses in particular iterations.






Table 1. Cross-sectional dimensions adopted for static strength analyses in particular iterations.














	No.
	Type of Elment
	Primary Dimensions
	Primary Cross-Section
	Dimensions

Actual—Effective
	Cross-Section

Actual—Effective
	Reduction in the Field

Section





	
	
	[mm × mm].
	[mm2].
	[mm × mm].
	[mm2].
	[%]



	1
	beam 1
	230 × 200
	46,000
	210 × 180
	37,800
	18



	2
	rafter
	160 × 130
	20,800
	150 × 120
	18,000
	13



	3
	ticks
	160 × 130
	20,800
	150 × 120
	18,000
	13



	4
	Bolt 1
	160 × 130
	20,800
	150 × 120
	18,000
	13



	5
	Bolt 2
	220 × 200
	44,000
	200 × 180
	36,000
	18



	6
	pole
	220 × 200
	44,000
	200 × 180
	36,000
	18



	7
	foundation
	240 × 200
	48,000
	225 × 180
	40,500
	16



	8
	beam 2
	240 × 200
	48,000
	225 × 180
	40,500
	16
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Table 2. Original and real—effective dimensions of wooden elements, changes of cross-sectional area, and bending strength index.
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	Element

No
	Type of Element
	Primary Dimensions
	Primary Cross-section
	Primary Flexural Strength Index
	Actual Dimensions—Effective
	Effective Cross-Section
	Actual Flexural Strength Index
	Change in Cross-Sectional Area
	Change in Flexural Strength Index





	[–]
	-
	[mm × mm].
	[mm2].
	[mm3].
	[mm × mm].
	[mm2].
	[mm3].
	[%]
	[%]



	1
	pole
	280 × 300
	84,000
	4.20 × 106
	270 × 280
	75,600
	3.53 × 106
	90
	84



	2
	pole
	300 × 280
	84,000
	3.92 × 106
	290 × 270
	78,300
	3.52 × 106
	93
	90



	3
	pole
	280 × 300
	84,000
	4.20 × 106
	250 × 280
	70,000
	3.27 × 106
	83
	78



	4
	foundation
	150 × 150
	22,500
	5.63 × 105
	110 × 150
	16,500
	4.13 × 105
	73
	73



	5
	pole
	160 × 160
	25,600
	6.83 × 105
	145 × 140
	20,300
	4.74 × 105
	79
	69



	6
	foundation
	150 × 150
	22,500
	5.63 × 105
	145 × 140
	20,300
	4.74 × 105
	90
	84



	7 *
	-
	-
	-
	-
	-
	-
	-
	-
	-



	8
	pole
	150 × 150
	22,500
	5.63 × 105
	110 × 120
	13,200
	2.64 × 105
	59
	47



	9
	foundation
	240 × 200
	48,000
	1.60 × 106
	225 × 180
	40,500
	1.22 × 106
	84
	76



	10
	pole
	220 × 200
	44,000
	1.47 × 106
	200 × 180
	36,000
	1.08 × 106
	82
	74



	11
	pole
	160 × 160
	25,600
	6.83 × 105
	120 × 140
	16,800
	3.92 × 105
	66
	57



	12
	pole
	160 × 160
	25,600
	6.83 × 105
	140 × 140
	19,600
	4.57 × 105
	77
	67



	13
	foundation
	250 × 200
	50,000
	1.67 × 106
	210 × 170
	35,700
	1.01 × 106
	71
	61



	14
	foundation
	250 × 200
	50,000
	1.67 × 106
	200 × 170
	34,000
	9.63 × 105
	68
	58



	15
	floor beam
	230 × 200
	46,000
	1.53 × 106
	210 × 180
	37,800
	1.13 × 106
	82
	74



	16
	pole
	200 × 160
	32,000
	8.53 × 105
	170 × 140
	23,800
	5.55 × 105
	74
	65



	17
	rafter
	160 × 130
	20,800
	4.51 × 105
	150 × 120
	18,000
	3.60 × 105
	87
	80



	18
	pole
	170 × 150
	25,500
	6.38 × 105
	165 × 145
	23,925
	5.78 × 105
	94
	91



	19
	purlin
	160 × 170
	27,200
	7.71 × 105
	145 × 155
	22,475
	5.81 × 105
	83
	75
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Table 3. Prediction database.
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	Element No.
	Type of Element
	Type of Work
	Primary Dimensions
	Primary Cross-Section
	Primary Flexural Strength Index
	Actual Dimensions-Effective
	Effective Cross-Section
	Actual Flexural Strength Index
	Reduction in the Cross-Sectional Area
	Reduction in Flexural Strength Index





	
	
	
	[mm × mm]
	[mm2]
	[mm3]
	[mm × mm]
	[mm2]
	[mm3]
	[%]
	[%]



	1
	pole
	eccentric compression along fibres
	280 × 300
	84,000
	4,200,000
	270 × 280
	75,600
	3,528,000
	10
	16



	2
	pole
	eccentric compression along fibres
	300 × 280
	84,000
	3,920,000
	290 × 270
	78,300
	3,523,500
	7
	10



	3
	pole
	eccentric compression along fibres
	280 × 300
	84,000
	4,200,000
	250 × 280
	70,000
	3,266,666.67
	17
	22



	4
	foundation
	eccentric compression across fibres
	150 × 150
	22,500
	562,500
	110 × 150
	16,500
	412,500
	27
	27



	269
	shotgun
	compression with bending along fibres
	160 × 130
	20,800
	554,666.67
	150 × 120
	18,000
	360,000
	13
	35



	270
	shotgun
	compression with bending along fibres
	220 × 200
	44,000
	1,466,666.67
	200 × 180
	36,000
	1,080,000
	18
	26



	271
	pole
	eccentric compression along fibres
	220 × 200
	44,000
	1,466,666.67
	200 × 180
	36,000
	1,080,000
	18
	26



	272
	foundation
	eccentric compression across fibres
	240 × 200
	48,000
	1,600,000
	225 × 180
	40,500
	1,215,000
	16
	24



	273
	beam
	bending in compression
	240 × 200
	48,000
	1,600,000
	225 × 180
	40,500
	1,215,000
	16
	24
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