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Abstract

:

The problem of the structural failures is inextricably linked with the construction industry. A structural failure can be defined as the unintentional, violent destruction of a building object or its part, as well as structural elements of scaffolding, forming elements, sheet piling and excavation linings. Structural failures always entail financial and environmental losses that cause a big problem for companies. The analysis of the structural failures allows to indicate the causes that led to them, but also to introduce actions to help avoid them or decrease their appearance in the future. From the point of view of sustainability risk, human life, corporate responsibility, but also possible financial penalties, it is a very important element of the business process management in an enterprise. In the paper the structural failures occurring in Poland in 2015–2019 were analyzed based on data from the General Office of Building Control (GUNB). They are divided into two categories: caused by random factors and resulting from human error. Failures caused by human error were divided into those related to construction, used material and building operation (exploitation). The structural failures occurring during construction works, e.g., construction, renovation, demolition works, as well as in existing facilities, e.g., during the use of the facility but also in facilities excluded from use, were analyzed. Then, the individual causes of the structural failures were analyzed in terms of repeatability in each category. The risk priority number was calculated for the causes in the group “random events” and nine causes related to “human error”. Actions aimed at reducing the risk of future failures were proposed. The results of the analysis provide conclusions that constitute input data for the improvement of both the processes themselves and the procedures for design, construction and exploitation, or methods and frequency of inspections.
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1. Introduction


Enterprises around the world become more socially responsible due to pressure from various stakeholders such as consumers, shareholders, local society, competitors and government (Yin 2017; Kong et al. 2021), but also because the social responsibility allows to build a long-term competitive advantage and relations with the enterprise’s social environment, as well as with the aforementioned stakeholders. It consists of voluntary action for positive changes in the immediate social environment and the involvement of a person or organization in creating a better social reality.



Social responsibility plays an important role in the development and well-being of society. It is defined “as the ethical care and obligation that an individual in society pays to others mentally and sensuously, the ethical responsibility and feeling people have experienced that they should give to the society or others” (Zhang 2012; Suffari et al. 2019).



Corporate social responsibility (CSR) means generally to perceive the enterprise as an integral part of a socially responsible society, i.e., fulfilling specific obligations towards society. CSR activities as a result of globalization and internalization have proved that without them, a business may lose potential staff, value for employees and its attractiveness for society. Enterprises are forced to remain profitable and act responsibly at the same time (Chwistecka-Dudek 2016). Wołowiec (Wołowiec 2004) defines CSR as a philosophy of running a business that includes building stable, transparent relationships with all partners. In his opinion, the implementation of CSR leads to building a competitive advantage strategy based on ensuring lasting value for both shareholders and other partners—stakeholders. This means that the principle of competition focused on the interests (goals) of the owners should be replaced with the principle of social responsibility towards interest groups associated with the enterprise (Ingaldi and Klimecka-Tatar 2020).



From an operational management point of view, traditional non-CSR activities are less costly than CSR activities, but may be assessed negatively by public opinion (Bian et al. 2021). It should be remembered that being responsible does not only mean that enterprises meet all formal and legal requirements, but it is also associated with increased investment in human resources, in environmental protection and relations with stakeholders who may have a real impact on the effectiveness of the economic activity of these enterprises and their innovation. Therefore, this type of expenditure should be viewed as an investment and a source of innovation, and not only as a cost.



The concept of CSR is common and accepted by management practices around the world (Shilu Sun et al. 2020). It has become a well-established management element for various types of enterprises and organizations to solve social and environmental problems that pose a challenge to the modern world (Bhattacharyya 2010).



The reason why enterprises participate in CSR activities is to achieve sustainable development by improving competitiveness on market and improving the condition of the environment (Tang and Tang 2012). Engaging in activities for the benefit of local communities and natural environment, operating in accordance with the assumptions of social responsibility, is one of the assumptions of the sustainable development concept. Sustainable development means that the enterprise should establish cooperation with partners from the environment and find synergy between its interests and the interests of its social, economic and political partners, but also that it must derive economic benefits from these activities (Lazar et al. 2021).



The activities of enterprises should aim at the improvement of the quality of life and management of economic processes in a way which ensures the simultaneous minimization of the risk of interference with the natural environment. Where sustainability is not ensured, there can be negative consequences that can lead to ecosystem depletion or a variety of catastrophes (Oláh et al. 2019). Sustainable development strategies over the last two decades have focused on eco-efficiency, stakeholder involvement and social responsibility in the existing basic areas of the enterprise or organization’s operations, i.e., the environmental side of the business has been the main focus. Today, enterprises face the challenge of going beyond eco-performance and developing breakthrough innovations that will directly address not only the problem of the environmental degradation, but also increasing inequalities in society (Šnircová Jana et al. 2016).



Risk management can be considered as the main driver of commitment to the sustainable development (Anderson 2005; Schulte and Hallstedt 2018). The sustainable risk has previously been defined as a risk arising from environmental or social justice issues, and numerous examples have highlighted how they can affect businesses at existential levels, both better and worse. There are many definitions of sustainability risk in the literature. Heinrich et al. claimed that it is ethical concerns related to environmental and socio-economic impacts of our business transactions and the reputational risks they may entail (Heinrich et al. 2010). According to Anderson, sustainability risk management deals with risks emanating from the environmental and corporate social responsibility areas (Anderson 2007). This means that each enterprise’s activity should also be analyzed in terms of its impact on the natural environment and the local community, so that the enterprise can gain trust of its stakeholders (Ulewicz and Ulewicz 2020).



Sustainability risk management (SRM) aims to improve awareness in three important areas: corporate risk as a threat and opportunity, risk management for corporate sustainable development, climate change and global warming, risk culture, the basic philosophy of the mentality “think globally, act locally.” The framework of sustainability risk management in the enterprise provides guidance for managers on how to establish a holistic and systematic sustainability risk management process that generates the risk indicators, risk sources, targets and reporting systems needed to ensure that sustainability and threats are effectively addressed and improve the overall performance of the organization and its value (Yilmaz and Flouris 2010). SRM is a process that addresses and manages a broad spectrum of unknown and new threats to achieve sustainable value for long-term survival of the enterprise (Aziz et al. 2016).



There are many methods that can be used for risk analysis, including that related to sustainable development. Lindahl proposed to include environmental aspects in the Failure Mode and Effects Analysis (FMEA) (Lindahl 1999). This method allows for the determination of actions to minimize the risk of various types of problems (Yang et al. 2015). It is a technique that enables the identification of mistakes or problems and helps to eliminate or limit them. FMEA analysis is used to identify and assess the risk of potential mistakes, as well as their consequences. The method is based on analytical determination of the cause-and-effect relationships of potential defects and taking into account the criticality (risk) factor (Lolli et al. 2015; Wolniak 2019).



Construction enterprises deserve special attention in the fields of CSR and SRM. Unfortunately, this subject is often overlooked in the case of the aforementioned industry. What is more, it should be remembered that the construction industry has a very large impact not only on the economy, but also on the natural environment and local residents. It is up to the individual enterprise whether this impact will be positive or negative. It should be remembered that the constructed structures must be in harmony with the surroundings, not have too much impact on the flora, fauna and local community, they must be approved by this community and make it benefit from them in various ways.



The construction industry significantly contributes to the economic growth and social development of individual countries around the world (Boadu et al. 2020). Anaman and Osei-Amponsah (Anaman and Osei-Amponsah 2007) said that there is a significant relationship between the growth rate of the construction industry and the rate of macroeconomic growth in developing countries. Other economic sectors rely to a great degree on the construction industry; for example, the construction of production halls, office buildings, roads, infrastructure, water and power lines can increase the production of goods and services, while being an important means of increasing employment. That is why this sector is so important.



As mentioned before, the construction sector has a very large impact on the natural environment or the local community; unfortunately, sometimes it is also negative. This is related not only to the acquisition of materials, but also to the ever-larger areas intended for development. Depending on the type of facility which is constructed, this impact may be greater or smaller. In addition, an important issue is the occupational health and safety, because work in the construction sector is one of those with higher risk. Hence, it is important that this sector also takes into account the principles of sustainability risk and corporate responsibility in its operation. CSR and SRM activities in the construction sector should focus on two important elements, i.e., occupational health and safety, but also on sustainable construction and appropriately ecological buildings (Zhelykh et al. 2020). The policies of corporate social responsibility in the construction industry should set a good example in public procurement processes, set standards, and enforce the implementation of existing standards and regulations (Ulutaş Duman et al. 2016).



The development of various types of infrastructure and construction industry are essential for the proper economic development of the country, thus reducing the poverty of the community. However, it should be remembered that climate change may pose various types of threats to this infrastructure, especially during the construction and maintenance of sustainable infrastructure (Gilbert et al. 2020).



When designing or constructing various construction projects, different undesirable situations may occur, which are caused by various reasons, e.g., natural phenomena, sociopolitical conditions, due to technical reasons and due to the mistakes of inexperienced workers, etc. (Anthopoulos et al. 2013). Unwanted situations may also appear at the stage of exploitation of a given construction. Any undesirable situation may cause damage to the facility, which may result in delays in construction, higher construction costs, but also have a large impact on the natural environment and people (employees working during construction of the facility, people using it or living in the neighborhood). These undesirable phenomena are referred to in the literature as disasters, crises or failures (Loosemore 1999; Kerzner 2011). Therefore, it is worth analyzing such structural failures using many available techniques, while promoting uncertainty control and avoiding the risk of the structural failures to which a given structure is exposed.



The authors want to treat the subject of the structural failures comprehensively and analyze all their aspects. A construction disaster can be considered in social, financial and economic terms. As is known, a structural failure is an accident in which the rapid destruction of structural elements results in losses on many levels. It does not always involve loss of life, but it is always a big loss, for example financial. The connection of the risk of the structural failures with the safety of users, environmental impact and the financial aspect is the subject of research. The authors, by analyzing the structural failures, and in particular the causes and frequency of their occurrence, want to propose actions that will limit their occurrence or their influence in the future. The authors look for methods, the use of which can bring closer to the knowledge of the most common causes of the structural failures, which will allow to assess the risk of their occurrence and introduce monitoring, control and prevention measures. The limitation of the structural failures is associated with the increase of users’ safety and meets the needs of sustainable construction.



The aim of the paper is to identify the main sources of risk of the structural failures and to propose actions that will reduce the risk of similar problems in the future. In the paper, the structure of the structural failures for 2015–2019 in Poland were analyzed, with particular emphasis on their causes, which allowed to identify the most frequently occurring ones. Next, with use of the risk analysis method (in this case Failure Mode and Effects Analysis-FMEA), the risk of occurrence of particular causes was determined and if needed the corrective actions were proposed, which could help to minimize their occurrence or minimize their effects in the future. This analysis was carried out for catastrophes caused by human errors, because in a certain sense people have an impact on their occurrence and their consequences and changing their behavior can have a positive effect in reducing the occurrence of certain structural failures.




2. Framework for Construction Industry and Construction Risk Management


2.1. Structural Failures and Risk Analysis


The development of various types of infrastructure has been defined as one of the sustainable development goals (SGDs) in the 2030 Agenda for Sustainable Development (United Nations General Assembly 2015), which proved the importance of a balance between new investment in infrastructure and sustainable development. It is necessary to understand the individual SDGs as a collective global development strategy with an international scope, but it must be undertaken primarily at the regional level, hence the importance of construction industry and new investments (Surówka et al. 2021). It should be kept in mind that the quality of life of inhabitants, both in large agglomerations and in small rural areas, depends to a large extent on the existence of technical, economic and social infrastructure (Surówka et al. 2021).



Buildings and structures, and various types of infrastructure are therefore important to achieving the SDGs for different main reasons (Kloosterman et al. 2020) and must meet local needs in a sustainable and environmentally friendly manner (Choguill 1996). Sustainable development focuses on creating or maintaining natural areas to survive for generations to come; it involves creating added value between different areas, potentially allowing cooperation and the exchange of experiences between other isolated areas, and also underlines the importance of rural areas. Technical infrastructure has been recognized as the main instrument for the implementation of the sustainable development strategy (Surówka et al. 2021).



Sustainable infrastructure supports the buildings, engineering and infrastructure that are essential to the survival of society (Boyle et al. 2010). This is why sustainable infrastructure matters most to human, economic and land welfare, including consideration of natural hazards (Padgett et al. 2009; Thomé et al. 2016).



One of the elements that must be taken into account in sustainable infrastructure are structural failures. Of course, this approach takes into account the minimization of their occurrence, as well as the impact on the natural environment or people (employees, users or local residents). However, in order to do so, a thorough analysis of such structural failures is needed from the point of view of their occurrence, but also from the point of view of the associated risk.



The analysis of the causes of the structural failures should begin with the definition of a structural failure. According to Article 73 of the Construction Law, a structural failure means unintentional, violent destruction of a building or its parts and structural components of scaffolding, shape-forming components, sheet piling and excavation support (Act 1994; Bąk and Chmielewski 2019; Czajkowska 2019).



The problem of the structural failures is inextricably linked with the construction industry. The analysis of the causes of their occurrence is aimed at the improvement of those links in the construction process—design, construction and exploitation—which have failed. The results of the analysis give conclusions that constitute input data for the improvement of both the processes themselves and the procedures for design, construction and exploitation, as well as the methods and frequency of inspections.



The structural failures resulting from random causes are considered a group that cannot be comprehensively controlled; what is more, they are more unpredictable. However, this does not mean that preventive action cannot be taken. The results of analyses of the structural failures caused by random causes are the basis for introducing changes in the assumption of loads in the design of buildings, which is currently mentioned in the PN-82/B-02000 standard (PN-82/B-02000). Climate change and the weather anomalies observed for several decades, which cause stronger rainfall or snowfall and hurricane winds, make it necessary to introduce changes in the design principles. Most often, objects are designed for a basic load combination. The European standard PN-EN 1991-1-4:2008 and the changes introduced to the standard PN-77/B-02011/Az1:2009 tighten the requirements for the design of buildings subject to wind loads (Szymczak-Graczyk 2011).



In July 2009, the change Az1 was introduced to the standard PN- 77/B-02011. It consisted of the introduction of a new map of Poland’s division into wind load zones, new characteristic values of wind speed and pressure of this speed, correction of the exposure factor and increasing the value of the load factor (Szymczak-Graczyk 2011). The roofs of buildings, in addition to their own weight, must bear snow, wind and technological loads. The roof structure and its covering must be designed in such a way as to meet the first limit of state-bearing capacity and use. Constructions work as a whole and its individual parts must be fit for their intended use, with particular regard to the health and safety of those who come into contact with them throughout their life cycle (Blikharskyy et al. 2020). Haigh et al. (Haigh et al. 2006) proposed to conduct research on the structural failures in order to improve the life of building objects, but also to consider the need to anticipate, evaluate, prevent, prepare, respond and recover from breakthrough challenges.



Risk analysis is a process, the elements of which are identification, estimation and hierarchization of individual events (problems, circumstances) that may adversely affect the achievement of a specific goal (Dziwiński 2009). The concept of risk is closely related to the concept of “risk management” and denotes activities related to risk mitigation and protection against its effects. It is a method of identifying and then controlling areas or events that may lead to undesirable changes or effects.



Different authors (May 2014; Deptuła and Knosala 2015) distinguish three stages of risk management: risk identification; risk assessment and measurement; risk monitoring and control. In the process of managing the risk of the structural failures, the authors distinguished four stages of this process: identification; classification; measurement; monitoring and response methods (Figure 1).



The individual stages of risk management can be used to analyze the risk of the structural failures. These stages were used in this paper as follows:



Step 1. Risk identification—the threats were identified on the basis of the analysis of annual reports of the General Office of Building Control (GUNB). The data were presented on radar charts and analyzed in detail.



Step 2. Hazard classification—classification was made on the basis of the causes of the structural failures. Two main groups were distinguished—disasters caused by random causes (mainly due to the force of nature) and those caused by man (human errors). The failures from the second group (human errors) were classified into three subgroups closely related to the life cycle of a building, namely—design, construction and exploitation.



Step 3. Risk assessment and measurement—based on the FMEA method, and more precisely on the determination of the probability of a given threat (P), severity of its result (S), difficulties in its detection (D). These data made it possible to determine the Risk Priority Number (RPN). This number indicates which of the threats (causes) identified in steps 1 and 2 are the most critical from the point of view of the structural failures.



Step 4. Risk monitoring and response methods—in the fourth stage, so-called countermeasures (preventive actions), i.e., actions which introduction is aimed at reducing the risk of the structural failures in the analyzed groups of causes, are taken.



As mentioned before, the Failure Mode and Effects Analysis (FMEA) method was used to analyze the process of managing the risk of the structural failures. The FMEA method was introduced in the late 1940s by the armed forces of the United States. In the 1960s, it was used in the aerospace industry as a design methodology for reliability. This method can be used to analyze various products and processes in many industries such as the automotive, aviation and electronics industries (Yang et al. 2015; Muzakkir et al. 2015; Su et al. 2014; Bhattacharjee et al. 2020). The detailed methodology of FMEA analysis is presented in Section 3. Materials and methods.




2.2. Requirements for Construction Objects


For normal maintenance, construction works must meet the requirements of Annex 1 included in Regulation (EU) No 305/2011 of the European Parliament and of The Council (Regulation 2011, 2003, 2010, 2019). Requirements for construction objects during an economically justified period of use are presented in Figure 2.



	
Mechanical resistance and stability






The design and construction of the facility must take into account the loads that, both during construction and exploitation will not lead to collapse of the whole or part of the facility; major deformations to an inadmissible degree; damage to other parts of the facility or its equipment; damage by an event to an extent disproportionate to the original cause.



	2.

	
Safety in case of fire







The design and construction of the facility must assume the risk of a fire breakout. Buildings must be designed in such a way that the load-bearing capacity of the structure is maintained for some time during a fire. The designer and contractors are obliged to meet the technical and construction requirements relating to fire protection. The design, taking into account the possibility of a fire, must ensure restrictions on the spread of fire and smoke in the building and to other objects, the possibility of evacuating people at risk, the safety of rescuers.



	3.

	
Hygiene, health and the environment







The facilities must not pose a threat to employees, users or neighbors throughout their entire life cycle. They must not emit harmful volatile, aqueous or solid substances in any way.



	4.

	
Safety and accessibility in use







The facilities must be safe for its users. There must be no risk of falls, burns or electric shock. Moreover, public utility buildings must ensure safe use for people with disabilities.



	5.

	
Protection against noise







Protection against noise is one of the seven basic requirements. People want to live quietly, have a quiet neighborhood and work quietly. Unnecessary noise is distracting, stressful and a source of discomfort. In Poland there are many standards and regulations (PN-B-02151-4:2015-06; PN-EN-12354-1:2017-10; PN-B-02151-5:2017-10) that deal with the acoustic requirements of building materials and the buildings themselves.



	6.

	
Energy economy and heat retention







It is very important to equip buildings ensuring energy economy and heat retention. Optimum energy consumption also applies to the construction and demolition phase.



	7.

	
Sustainable use of natural resources







Throughout the life cycle of the facilities (design, construction, demolition), it is important to ensure sustainable use of resources (sustainable design), sustainable construction and sustainable demolition. Sustainable design includes the reduction of energy, water, raw materials, greenhouse gas emissions and waste production (Czajkowska and Ingaldi 2019). There are many ways to reduce the negative impact on the environment in the construction industry. One of the solutions is use of passive houses, energy-efficient houses, the use of safe building materials, modernization of heating systems, recycled materials, etc.





3. Materials and Methods


In the study, the level and causes of the structural failures in 2015–2019 were analyzed. The analysis was made based on data from the General Office of Building Control (GUNB). The data concerned the structural failures registered throughout Poland.



During the analysis, the individual causes of the structural failures were classified, and its results were presented on radar charts, perfectly presenting the level of occurrence of each cause in particular years. These charts presented the results of the quantitative data. This analysis allowed to indicate which causes of structural failures were the most common.



The aim of the analysis presented in the paper was also to propose some preventive actions that would help to reduce the frequency of the structural failures in the future. Risk analysis was used for their implementation. The individual causes of structural failures were analyzed in terms of repeatability in each category. In this case the structural failures cause by man (human errors) were analyzed because these are causes that people have an influence on. Actions aimed at reducing the risk of future failures were proposed.



In accordance with the methodology of the FMEA, the main causes of risk (threats) that may cause the structural failures have been identified. Each threat was assessed according to its probability of occurrence (P), severity (S) and detection (D). The risk priority number (RPN) was calculated according to the formula Yang et al. 2015; Muzakkir et al. 2015; Su et al. 2014; Bhattacharyya 2010; Bhattacharjee et al. 2020)


RPN = P⋅S⋅D



(1)




where:




	
P—probability coefficient, specifying the frequency of occurrence of the structural failure associated with a given risk, on a scale from 1 to 10, where 1 means no occurrence, and 10—occurrence in each production cycle;



	
S—severity coefficient, which determines how serious the given risk of the structural failure is, on a scale from 1 to 10, where 1 means negligible importance, and 10—very high;



	
D—detection coefficient, which determines the degree of difficulty in counteracting the occurrence of a given type of the structural failure (early detection of the cause), on a scale from 1 to 10, where 1 is an easy possibility to counteract, and 10—a very difficult one.








The risk priority number (RPN) may vary from 1 to 1000. The higher the RPN value is, the greater the risk associated with the threat is.



It should be noted that the main causes of the structural failures correspond to all stages of the investment process-from investment planning (design of building), through its implementation (construction), to operation (use). The fact that all these aspects are affected by the structural failures means that every step of the process needs to be controlled. Identification of the most common causes will also allow to take appropriate, directly targeted preventive actions. The FMEA method was carried out for the following stages of the life cycle of constructions: design, construction and exploitation (Figure 3).




4. Results


4.1. Causes of Structural Failures


The causes of structural failures can be divided into two groups—those caused by random factors (random causes), such as wind, snow, storms, etc., and those caused by man (resulting from human error). The second group includes both incorrect actions and negligence. Structural failures directly related to human activity occur at every stage of the life of a building object, i.e., design, construction and exploitation. Unnoticed design errors can become visible when it is too late to revise. The use of materials of too-low quality results in serious problems both in the construction and exploitation phases. Its effects can be very severe. During the exploitation, it is important to observe and carry out periodic inspections and repairs when necessary.



The number of structural failures in the last five years ranged from 244 in 2019 to 605 in 2017. The main causes of structural failures are random causes and those caused by man. There are many more failures due to random causes than those caused by man. The largest number of structural failures resulting from random causes was recorded in 2017, and the lowest in 2018. Regarding structural failures caused by man, they were the most numerous in 2017 (69), and the least numerous in 2019 (52). Strong winds are the main cause of structural failures amongst the random causes. Over the years, it can be noted that fewer causes of structural failures are mistakes made during the construction process, and more often they are caused by random causes that are often impossible to predict. The basic classification of the structural failures with their most frequent causes is presented in Figure 4.



Although the numbers of the structural failures do not seem very high, it is important to remember what effects they can cause. There are huge financial losses associated with expenses that must be paid. These costs include not only the financial loss in the form of a damaged facility (the cost of its design and construction), but also the costs incurred after the failure, i.e., analysis of the cause of a given structural failure, possible compensation, removal of the consequences of the failure (cleaning the area), possible cost of reconstruction of the damaged facility if such an action is planned, etc.) Often, many people die because of such structural failure, for example; on 14 August 2018, in Genoa, Italy, 43 people died during the collapse of a viaduct; a loss which cannot be converted into monetary value. Yet human life cannot be converted into an amount of money, it is a moral loss which cannot be replaced.




4.2. Analysis of the Structure and Causes of the Structural Failures in 2015–2019


At the beginning, the structural failures in 2015–2019 were analyzed depending on the type of facility that had suffered the failures: residential buildings, farm or livestock buildings, other construction facilities, public utility facilities, warehouse buildings, buildings for individual recreation, collective residence buildings, industrial facilities, industrial facilities and other construction facilities. As previously mentioned, all the data on the number of the structural failures come from the reports of the General Office of Building Control (GUNB). These data are presented in Figure 5a,b. The data of this analysis, as well as the following ones, are divided into two separate figures due to the large differences in the number of failures.



The analysis of the chart showed that most structural failures concerned farm or livestock buildings (Figure 5a). Their greatest number was 329 in 2017, and the lowest in 2019—89. The structural failures in residential buildings are in second place in terms of occurrence. Here also, the greatest number of failures was recorded in 2017 (208) and second greatest in 2016 (136). Public utility facilities experienced failures in the analyzed period, on average, from 9 in 2018 to 14 in 2017 and the same number of times in 2019 (Figure 5b). Warehouse buildings faced failures between 6 times in 2018 and 27 in 2015. Buildings for individual recreation occasionally suffered from the failures in the analyzed period (from one to three times a year), similarly to collective residence buildings. Among industrial facilities, 9 facilities faced failures in 2016, 15 facilities in 2015 and 18 facilities in 2017.



An important element of the analysis of the structural failures is to find their causes in order to limit their occurrence in the future. The first and most important types that were mentioned earlier are random causes and causes resulting from human errors (caused by man). The number of the structural failures, with their classification into those caused by random causes, mistakes during maintenance, mistakes during the construction of a new facility or performing other construction works in an existing facility, and mistakes in documentation of the facility in 2015–2019 are presented in Table 1. There are many more failures due to the random causes than there are failures caused by man. The significant difference between the failures due to random causes over those resulting from direct human error and human negligence made it necessary to present the results of their analysis additionally in two separate figures (Figure 6a,b), which better visualizes the frequency of their occurrence.



The largest number of structural failures due to the random causes was in 2017 and the lowest in 2018. As it can be seen in the presented graphs (Figure 6), random causes in 2017 were responsible for the occurrence of the structural failures 12 times more often than mistakes during maintenance. The mistake rate during maintenance during all five years is very similar, and varies from 33 disasters in 2019 to 44 in 2018 (Figure 6b).



The analysis presented in Figure 6b showed that the structural failures in 2015–2019 more often result from human errors made during maintenance of a facility than during the construction of a new facility or performing other construction works in an existing facility.




4.3. Analysis of the Causes of the Structural Failures Resulting from Human Error (Caused by Man)


The results of the research showed that most structural failures are caused by forces of nature, i.e., wind, snow. As the name suggests, they result from so-called unforeseen causes, i.e., floods, winds, climate changes, weather anomalies. People have no direct influence on them, but their analysis provides information that is the basis for introducing changes in the assumption of loads in the design of buildings or planning long-term remedial measures.



The authors analyzed the causes of structural failures related to inappropriate action or negligence of man. They can be classified into three groups:




	
mistakes during maintenance of a facility;



	
mistakes during construction of a new facility or performing other construction works in an existing facility;



	
mistakes in documentation of the facility.








Among the causes of the structural failures during maintenance of the facility, the following causes can be mentioned in particular:




	
poor technical condition of the facility;



	
lack of inspection of the facility;



	
failure to take the required actions by the owner or manager resulting from the inspection of the facility;



	
use of the facility contrary to its intended purpose;



	
failure to take required actions by the owner or manager resulting from other technical documents;



	
failure to perform the required obligations by the owner or manager resulting from the actions of construction supervision authorities;



	
other circumstances.








The causes of the structural failures occurring during maintenance of the facility are presented in Figure 7. Due to the large differences in numbers of individual causes, Figure 7a,b was prepared for improved clarity.



The data analysis showed that the most common cause of structural failures in 2015–2019 was poor technical condition of the facility. In 2018, this resulted in 35 structural failures. In second place is lack of inspection of the facility, which is responsible for 6–19 failures per year.



Mistakes during construction of a new facility or performing other construction works in an existing facility are the following:




	
failure to comply with the technology of construction;



	
malfunction—breach of duty by the participants of the construction process;



	
deviation from the project;



	
other circumstances.








The causes of structural failures in a group associated with mistakes during construction of a new facility or performing other construction work in an existing facility are presented in Figure 8. In this group, the most common cause of structural failures is failure to comply with the technology of construction. This cause was responsible for 20 failures in 2017. Malfunction—breach of duty by the participants of the construction process is in second place, as it resulted in 14 failures in 2017.





5. Discussion


In the case of the structural failures, the risk results from random causes (weather anomalies, climate change), as well as human fault, i.e., exceeding competences, failure to control or unreliable control by the entities required to do so, saving on materials and, finally, failure to undertake actions in the event of the occurrence of conditions for the occurrence of a catastrophe hazard (no repairs). The greatest penalty is the structural failures resulting in temporary or permanent damage to health, sometimes even death.



The causes of structural failures as risk factors can be considered during individual stages of the investment process, during which a failure may occur, namely, design, construction and exploitation. The analysis shows that design mistakes and documentation mistakes are relatively rare. Perhaps this is due to numerous analyses and assessments of project documentation. Most often, however, it is possible to deal with negligence during the construction process and during the exploitation of finished buildings. Often, the structural failures of the residential buildings are due to the lack of control during their exploitation.



For the causes of structural failures resulting from human error, risk assessment and analysis according to the FMEA method were used. This method is described precisely in Section 3. The purpose of the risk assessment and analysis of the structural failures is to propose actions aimed at preventing their occurrence or to minimize their effects in the future. The results of the analysis are presented in Table 2.



In the table, the causes of the structural failures that took place were analyzed, therefore, their severity for the victims (S) is high. It should be remembered that a structural failure is a construction accident involving the unintentional, violent destruction of a building or its parts and structural components of scaffolding, shape-forming components, sheet piling and excavation support (Gilbert et al. 2020; Anthopoulos et al. 2013; Loosemore 1999). Probability (P) is determined based on the frequency of occurrence according to data from the General Office of Building Control (GUNB).



Additionally, the Priority Risk Number (RPN) analysis was performed graphically (Figure 9). In the literature, the limit value for the RPN = 100 is assumed. According to the assumptions of the FMEA method, if the LPR value is less than 100, it is assumed that the failure does not pose a significant threat to the process, and attention should be paid to the RPN value greater than 100. Two reasons were omitted in the analyzed data: P8. Deviations from the project (RPN = 112) and P5. Design mistakes and errors (not detected during the design process) (RPN = 160), the value of which is greater than 100, but at the same time they have very low probability of occurrence (P = 2). That is why the causes for which RPN is greater than 240 were further analyzed, which is closely related to the analyzed topic and the collected data. Based on the conducted analyses, the authors concluded that, from the point of view of the analyzed problem, it is important to select for further analysis those causes whose value is greater than 240. The paper focuses on the analysis of those causes that occur more frequently. The RPN values for individual causes of the structural failures are provided, and the red line marks the limit level (240). In case of the causes for which the RPN was above 240, preventive actions were suggested in Table 2. As can be seen, it concerned 7 out of 11 causes.



From the analysis of the Figure 9 it can be concluded that the greatest risk of structural failure concerns two causes, e.g., P10. Improper exploitation of ready-made facility (RPN = 720) and P11. Lack of periodic inspection of the facility (RPN = 640). Based on the risk analysis, preventive actions were proposed for the causes with RPN above 240:




	
controls at the construction stage of a new facility;



	
regulations including the minimum parameters with which the material must comply;



	
legal provisions preventing unprofessional actions of all participants of the investment process;



	
compliance with the inspection deadlines;



	
conducting regular inspections of the technical condition and regular renovation of the facility;



	
clearly defined rules for periodic inspection;



	
sanctions for failure to carry out technical inspections and renovations.








As it is known, the owners and managers of single-family residential buildings, farm buildings and holiday houses are exempt from performing an annual periodic inspection which aims at checking the technical condition of the construction elements and installations exposed to harmful weather conditions and damaging factors occurring during the exploitation of the facility. Such a service can, of course, be ordered individually, but unfortunately it is paid. Certainly, there would be fewer such failures of these types of the constructions if the abovementioned controls were required by law.




6. Conclusions


The purpose of the analyses of the occurrence of the structural failures, their frequency, significance and effects, was to better understand these phenomena and their causes in order to develop ways and methods of controlling them (if not completely, at least partially). The purpose of obtaining this knowledge was to develop methods and actions that can allow to prevent structural failures or limit their influence, albeit only to a certain extent, and the effects they entail. Experiences related to the structural failures, and above all its causes, plus recording data on the condition of the facility, can provide a lot of information about the risk of a failure. This applies to both failures caused by random events and those resulting from direct human error.



From the conducted analyses it can be concluded that structural failures are most often caused by random causes. Their monitoring and analysis are very important, because despite the fact that natural phenomena are responsible for them and they are difficult to predict, their analysis makes it possible to propose some preventive actions. They result in changes to design standards, as well as implementation of long-term remedial measures, e.g., flood prevention measures.



The structural failures caused by human error are often implied by the desire to save on materials and execution works during the construction stage of a facility, as well as avoiding control, not responding to signals informing about poor technical condition. From the analysis of data obtained from the General Office of Building Control (GUNB) it can be concluded that in the five-year research period, the majority of structural failures concerned farm or livestock buildings. Failures of the residential buildings are in second place. The data analysis also showed that the most common cause of structural failures in 2015–2019 was the poor technical condition of the facility. In 2018, 35 failures were caused by this problem. In the group of errors during the construction of a new facility or the performance of other construction works in an existing facility, non-compliance with the execution technology is the most common. This cause was responsible for 20 failures in 2017. In the group of mistakes during construction of a new facility or performing other construction works, failure to comply with the technology of construction was the most common cause of failures. In 2017, it caused 20 failures at different facilities.



The aim of the analysis was to make people aware of the importance of incorrect actions, but also, and perhaps above all, the importance of negligence on the part of the participants in the construction process and subsequent users. In particular, users must be aware that any cracks or damage may result in an accident or a structural failure.



The data from the FMEA analysis showed how each cause influences the Risk Priority Number (RPN), which reflects the risk of structural failures. The RPN for P3, P4, P6, P9, P10, P11 causes varies from 243 to 720. Their value largely depends on the severity (S), because the occurrence of structural failures usually involves enormous damage. For RPN values above 240, preventive actions have been proposed. However, it is up to individuals to make sense of these actions. Unfortunately, we still have to deal with avoiding legal regulations, attempts to save on materials, non-compliance with lack of control or improper control. It is possible to reduce the number of structural failures by increasing the inspections of local construction supervision authorities. In order to improve the situation, it is necessary to propose amendments to the provisions of the construction law and its absolute observance.



It should be remembered that the structural failures may pose a threat to the surroundings, i.e., the natural environment and local residents. Construction companies must act in accordance with construction laws, the concept of sustainable development, and be socially responsible, precisely because the structural failures can cause much damage. Therefore, it is worth analyzing them in order to, if not avoid, at least minimize the probability of their occurrence. It is also important to note that people need to understand the consequences of the structural failures in order to follow generally accepted rules.



The source of the analysis (General Office of Building Control (GUNB)) does not provide financial losses related to particular types of structural failure. However, it should be emphasized that the losses in such cases are very big. In addition to the losses related to the collapse of the facility itself, there are costs related to the analysis of the causes, compensation, cleaning the area of the failure, the possible cost of rebuilding the destroyed facility, etc. There is one more important element concerning the possibility of death caused by such a failure, as the cost of human life is a human tragedy which cannot be estimated in monetary terms.



There are some limitations to the presented research. The analysis concerned a selected European country (Poland). With regard to random causes, related to, for example, natural phenomena, they do not occur very often in Poland. Most often they are heavy rainfall, floods or very strong winds. But there are countries, for example, in Southern Europe, such as Italy, where earthquakes occur, as well as countries in Asia and coastal areas where the phenomena of tsunamis or mudslides occur, which do not occur in Poland. Therefore, it would be worth carrying out similar analyses in other countries in order to identify the most common types of causes of structural failures and to propose preventive actions that would help to minimize their occurrence or their consequences.
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Figure 1. Risk management stages (own study based on (May 2014; Deptuła and Knosala 2015)). 
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Figure 2. The scope of the requirements for construction objects (Regulation 2011). 
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Figure 3. FMEA in structural failures analysis (own study). 
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Figure 4. Classification of structural failures (own study). 
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Figure 5. Analysis of the structural failures by type of facility in which the failure occurred (a) part 1; (b) part 2 (own study). 






Figure 5. Analysis of the structural failures by type of facility in which the failure occurred (a) part 1; (b) part 2 (own study).



[image: Jrfm 14 00187 g005a][image: Jrfm 14 00187 g005b]







[image: Jrfm 14 00187 g006 550] 





Figure 6. Structure of the causes of structural failures in the period 2015–2019 in Poland (a) part 1; (b) part 2 (own study). 
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Figure 7. Causes of the structural failures occurring during maintenance of the facility (a) part 1; (b) part 2 (own study). 
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Figure 8. Structure of the causes of the structural failures during construction of a new facility or performing other construction works in an existing facility (own study). 
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Figure 9. RPN of the structural failures caused by human error (own study). 






Figure 9. RPN of the structural failures caused by human error (own study).



[image: Jrfm 14 00187 g009]







[image: Table] 





Table 1. Structure of the causes of structural failures in the period 2015–2019 in Poland (own study).
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	Causes
	2015
	2016
	2017
	2018
	2019





	Random causes
	242
	313
	536
	177
	189



	Mistakes during maintenance of a facility
	38
	39
	42
	44
	33



	Mistakes during construction of a new facility or performing other construction works in an existing facility
	19
	8
	26
	16
	22



	Mistakes in documentation of the facility
	1
	2
	1
	–
	–
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Table 2. Results of FMEA for the structural failures caused by human error (own study).
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Stage

	
Cause of the Structural Failure

	
No

	
P

	
S

	
D

	
RPN

	
Preventive Actions






	
Design

	
Design mistakes

	
P1

	
1

	
10

	
9

	
90

	
–




	
Documentation mistakes

	
P2

	
1

	
10

	
9

	
90

	
–




	
Construction

	
Low quality of the used material

	
P3

	
5

	
10

	
9

	
450

	
Regulations including the minimum parameters with which the material must comply




	
Incorrect use of material

	
P4

	
3

	
9

	
9

	
243

	
Controls at the construction stage of a new facility




	
Design mistakes and errors (not detected during the design process)

	
P5

	
2

	
10

	
8

	
160

	
–




	
Failure to comply with the technology of construction

	
P6

	
6

	
8

	
7

	
336

	
Legal provisions preventing unprofessional actions of all participants of the investment process

Controls at the construction stage of a new facility




	
Bad quality of connection of individual elements

	
P7

	
1

	
4

	
8

	
32

	
–




	
Deviations from the project

	
P8

	
2

	
8

	
7

	
112

	
–




	
Malfunction—breach of duty by the participants of the construction process

	
P9

	
6

	
8

	
8

	
384

	
Legal provisions preventing unprofessional actions of all participants of the investment process

Controls at the construction stage of a new facility




	
Exploitation

	
Improper exploitation of ready-made facility

	
P10

	
8

	
10

	
9

	
720

	
Compliance with the inspection deadlines

Conducting regular inspections of the technical condition and regular renovation of the facility




	
Lack of periodic inspection of the facility

	
P11

	
8

	
10

	
8

	
640

	
Clearly defined rules for periodic inspection

Sanctions for failure to carry out technical inspections and renovations
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