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Abstract

:

This study investigated the failure of the roof, with steel truss construction, of a factory building in Tekirdag in the northwestern part of Turkey. The failure occurred under hefty weather conditions including lightning strikes, heavy rain, and fierce winds. In order to interpret the reason for the failure, the effects of different combinations of factors on the design and dimensioning of the roof were studied. Finite element analysis, using the commercial software Abaqus (Dassault Systèmes, Vélizy-Villacoublay, France), was performed several times under different assumptions and considering different factors with the aim of determining the dominant factors that were responsible for the failure. Each loading condition gives out a characteristic form of failure. The scenario with the most similar form of failure to the real collapse is considered as the most likely scenario of failure. In addition, the factors included in this scenario are expected to be the responsible factors for the partial collapse of the steel truss structure.
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1. Introduction


Engineers aim to make human life easier and to enhance life quality. Using mathematical calculations and experimentation, engineers try to predict the behaviour of a system and design it accordingly [1]. However, there have been cases that ended in structural failures, and some of these failures caused financial loss or even cost lives. Hadipriono studied nearly 150 major failures of structures around the world and determined that the major failures were due to lateral impact forces [2]. Moreover, Klasson published a survey covering failures of slender roofs [3]. Even the simplest structures, which have the most predictable behaviours, fail under unexpected conditions that exceed the designated safety margins [4,5].



Trusses are one of the most widely used and easy-to-design light structures [6]. They are able to carry very large loads relative to their own weights over very large spans. This is one of the main reasons that truss-type structures are preferred for building roofs and bridges. The possible loads are standardised to help engineers design structures in a very simple and straightforward way [7]. The standardised loads can be multiple times greater than the structures’ own weight. In the case of unexpectedly excessive loads of accumulated snow or rainwater, failure of the designed structure may be unavoidable [8,9]. Geis et al. studied more than 1000 snow-induced building failure incidents all over the world [10]. An accumulated mass may cause failure in various ways. Excessive weight loads acting on the structures lead to a different load distribution than that of the designed distribution due to some members entering the plastic region and/or buckling [11,12,13].



In addition, the loads caused by dynamic effects such as earthquakes could lead to failure [14,15,16]. Structures are more vulnerable to dynamic loads than they are to static loads [17,18,19]. A way to improve the performance of structures against dynamic loads is to add damping to the structure [20]. Earthquakes are not the only sources that cause dynamic loads on structures. One of the main dynamic effects that may lead to sudden or progressive collapses is wind [21,22,23,24]. The wind is a very significant factor that leads to lateral loads to which building structures are relatively more sensitive than they are to vertical loads [25].



A crucial dynamic effect that is a very complicated phenomenon is lightning strike [26]. A lightning strike can cause partial damage or complete failure of structures [27,28]. Specifically, there are cases where the main reason reported for structural failure is lightning strike [29,30,31,32]. In Australia, it is reported that 21% of insurance claims for damage to buildings are caused by lightning strikes [33]. A lightning strike can affect a structure in many different ways, with the two most dangerous processes being blast (local and rapid pressure oscillations) and heating [34]. Previous research proved the heating effects of the lightning strike phenomenon [35,36]. It is known that a lightning strike increases the temperature rapidly in a very short period of time [29,37]. The electric current that is caused by the lighting strike heats up the structure so that it can start fires [38]. Besides, fire alone can also be the main factor that leads to structural failure [39,40,41,42].



Lightning is one of the key points of this study. Of course, structures are not affected just by one of the consequences of the lightning strike phenomenon. Instead, the combination of these enumerated parameters creates a synergy effect, which increases the resultant influence of the factors so that the combination becomes greater than a superposition of these contributing load components [43]. The effects of a lightning strike can be even more dramatic on the structures when there is accumulated water on top of the structure, since the local blasts are amplified by the presence of the water and thermal changes influence the structure [34,44].



There are different types of failure mechanisms as well as different types of reasons for the collapse. Thus, it is possible to find possible reasons for the failure just from the mode/form of the failure. One of the most important types of failure mechanisms is fatigue [45]. Fatigue may lead to the progressive collapse of structures [46,47]. Progressive collapse may happen instantly following the changed load distribution of members due to buckling and/or failure of some members [48,49]. However, it does not have to happen at the time of the initial failure of individual members but can happen after a certain number of members have failed successively [50,51].



There has been experimental research focusing on the mechanical behaviour of some specific components and/or structures that are used in trusses [15,52,53,54,55]. In past studies by various researchers, real roof structures were put through experimental testing to analyse their mechanical behaviour [15,56,57]. However, experimentation is not always possible and/or feasible. Therefore, numerical studies are conducted to predict the mechanical behaviour as well as to predict plausible failures. For truss-type structures, the finite element method is usually employed since it is one of the most powerful tools in engineering [14,22,57,58]. Pieraccini et al. studied the collapse of a spatial truss roof of a gym building in North Italy during a moderate snowfall by using the finite element method [59]. They reported that the elements and connections made by ductile or brittle materials influenced the bearing capacity of the roof structures and created geometric imperfections.



On the other hand, not all the failures occur slowly. As mentioned earlier, some collapses occur suddenly under excessive, impulsive loadings. This study aimed to study a case in which a sudden partial failure of a steel truss roof of a factory built in July 2011 happened during heavy weather conditions on 22 October 2012 in Cerkezkoy Tekirdag in the northwestern part of Turkey [8]. The main focus was on developing a plausible theory for the failure by employing numerical analyses performed using the finite element method, which covers various loading conditions and their combinations. Not only the truss roof but also the combination of the truss roof with the column supports were analysed. Thus, the results of numerical analyses were used to compare the obtained failure modes to the real failure, considering different criteria for the failure. The extreme loads due to the ponding of rainfall or snow accumulation and the temperature shock due to the thunderstorm were considered in the analyses. Even under these potential mechanical overloads, the observed damage was different from the actual damage: The damage caused by these excessive loads occurred in different regions than those in which the actual damage occurred. While the studies in the literature mostly describe failures due to vertical loads caused by water/snow accumulation or horizontal loads caused by wind, this study showed that the critical regions created by temperature change are similar to the actual damaged zones.




2. Theory and Case Study


2.1. Overview of the Structure and the Case


The building consists of six partitions with different sizes and an administration office. The design and all the relevant details of the structure were provided by the company that undertook the design and the construction of the building. The steel truss roof structure, which is supported on steel-reinforced concrete columns, covers a total area of 30,180 m2.



The slope of the roof is 1% in each direction. The parapets of 15 and 25 cm heights surround the roof, which is equipped with a siphonic drainage system. The layout of the structure is presented schematically in Figure 1; the damaged parts are marked in white. The entire structure is made of seven partitions, including an administrative office and six halls where the industrial manufacturing took place.



The main dimensions of the unit truss system are presented in Figure 2. The steel carrier system consists of a double-layer truss with a depth of 2 m. The bars of this system have circular tube cross-sections with different wall thicknesses and diameters depending on their predicted loads. At both ends of the bars, screw threads are located to enable connecting those members to the mero system. The mero system includes steel spherical parts that have screw holes. It is noted that no eccentricity at the nodes is observed after the assembly of the individual members. The blocks are divided from each other with expansion joints.



The steel space truss roof structures are mounted on reinforced concrete columns that are 11 m tall with an 80 cm by 80 cm cross-section. The number of columns and their configuration can be seen in the plan view of the building, which is given in Figure 1. No failure, no deformation, and no cracks were observed on these columns during the investigations. Only some broken wings were observed on their top section, which was assumed to have happen during the collapse of the roof. Thus, it was concluded that the columns did not play a significant role in the collapse mechanism of this building. On top of the columns, the spherical joints are welded to the bearing plates. Figure 3 represents an overview of the real building structure, and Figure 4 shows the damaged roof of the space frame system on the night of the incident.



On the day of the incident, more than 500 lightning events were detected in the region by the British Meteorological Office’s (The Met Office) ATDnet (Arrival Time Difference Network) system and the Vaisala Global Lightning Dataset GLD360. It was determined that lightning struck the building and the lightning rods worked. Meteorological data indicate that the thunderstorms were rainy and the wind blew from 40 to 60 km/h from the north and northeast directions and up to 70 to 80 km/h locally. The rainfall was 22.6 mm during the collapse, although equally heavy local rainfalls had occurred several times in recent years. Around the roof, there are several siphonics at 5 cm height. The heights of the parapets on the roof are 15 cm and 25 cm. Although no scuppers are required to be used on such a shallow parapet, there are several scuppers of 15 cm height on the roof structure.




2.2. Structural Members


Members with steel tube sections of different diameters and thicknesses are used in the truss roof system. The pipe elements with screwed cone ends are connected to the hot forged steel spherical joints. These joints ensure that no eccentricity occurs and the only axial forces are developed in the bars of the truss system. The yield strength of the material (S235JR) of the bars and the cone parts at the ends of them (DIN 2458) is 235 MPa, ultimate tensile strength is 510 MPa, and the allowable stress is 144 MPa. The bolts used for mounting the bars to the spherical joints are made of 10.9 material quality. The tensile strength of the bolts is 1000 MPa, yield strength 900 MPa, and the allowable strength is 360 MPa, in which the safety factor is 2.5. The spherical joints used to connect the rods to each other and the supports are made of hot forged steel with a yield stress of 330 MPa and a tensile strength of 590 MPa. The strength values and the chemical decompositions of the materials used in the truss roof system were validated by Piroglu et al. [8].



The support spheres are fixed onto the concrete columns by using square or circular plates bolted to the columns. The supports are made of EN C45 steel, and Teflon plates are placed under the sliding supports to reduce friction. The details of the joints and supports are given in Figure 5.





3. Analysis


Two main groups of analyses were performed within the scope of this study. The first group was called the global analysis, where all the load-carrying members of the building were considered as beams and bars, while the second group considered the individual columns and supports.



The first group included multiple case scenarios with different combinations of loads. Only two major cases are presented in this study for the sake of simplicity.



The second group consisted of two stages. The first stage investigated the effective material properties of the concrete column reinforced with steel rods under uniaxial tensile strain conditions. Thus, the column was handled as a composite material. The second stage investigated the individual column support connection under the highest forces determined by the global model acting on an individual support.



All the simulations were conducted using the commercial software Abaqus (Dassault Systèmes, Vélizy-Villacoublay, France) under static loading assumptions.



The values of the three most important material properties, namely Young’s modulus (E), Poisson’s ratio (ν), and the thermal expansion coefficient (α) are shown in Table 1.



3.1. Global Analysis


The given design of the structure was recreated in a compatible computer aided design (CAD) format and was imported into the commercial finite element software mentioned above. The finite element model was used to simulate some assumptions and certain loading conditions with a consideration of geometric nonlinearities. The boundary conditions were defined as appropriate to the actual structure and the loads applied to the truss roof system were defined as given in Table 2, which are greater than the loads that are assumed for the design. So, the main purpose of this global analysis was to generate a better understanding of the mechanical behaviour of the roof and to predict the failure modes under different loads and assumptions. It is worthy of note that all the analyses were run in a static manner. Since the equivalent static loads are determined using the relevant Turkish standards, it is appropriate to use this simplification [8].



One of the most important aspects here is that the presented strength and elastic properties of the materials and members used were put through tests and experimental processes and were found to be consistent in general with the standards [8]. So, in the analyses performed for this study, the values that were presented in the reports of the company were mainly used.



Different dead, live, snow, temperature, and earthquake loads were considered in the design. Rain load caused by an excessive accumulation of water, especially on low-slope or flat roofs where the parapets are mounted around the roof, can cause partial or total destruction if they are not considered in the design. However,, rainfall ponding on the roof is considered in the design. The design code used gives wind loads for buildings of 20–90 m tall as 0.8 kN/m2 (pressure) on the windward and −0.4 kN/m2 (suction) on the leeward sides. For the seismic loads, the earthquake acceleration is taken as 0.3 g, where g is the gravitational acceleration, so the earthquake loads are overestimated [8].



The loads acting on the space truss system are to be transmitted to the bars over the spherical steel elements, called nodes. The weight of the space truss roof system is taken as 140 N/m2, the dead load from coatings and the installation is given in the design documents as 240 N/m2, but it was assumed to be 350 N/m2 in the analysis. The snow load is given in the design calculations as 1000 N/m2 and was taken as 2000 N/m2 in the analysis. The equivalent earthquake horizontal load is given as 180 N/m2 in the design calculations and was considered here as 200 N/m2. The equivalent earthquake vertical load was 950 N/m2 and the vertical wind load was 960 N/m2. Table 2 gives the loads used in the analyses.



The boundary conditions of the space truss system and the columns were arranged as the original design of the structure.



The bars of the space truss were modelled based on the standards of DIN S235 JR for quality linear elastic materials, and columns were modelled as C35 grade homogeneous and linear elastic steel-reinforced concrete with the elasticity modulus, which was determined using the homogenisation of the composite column analysis. The bar elements in the space truss system and the beam elements in the columns were assembled as a whole system of 160,133 elements and 461,847 nodes. Figure 6 displays the model for global analysis in a commercial finite element software. With this model, a static global analysis of the space truss system was performed with the above-mentioned loads being quite a bit larger than the design loads.




3.2. Analysis of the Columns and Supports


This section covers the analyses performed to gain more insights into the mechanical behaviour of the columns and the supports, which either were not very accurately represented in the global model or to increase the accuracy of the global model. The first stage of these analyses aimed to homogenise the composite column and the second stage investigates the mechanical behaviour of the column and support behaviour focusing on the stress/strength of the structure.



3.2.1. Analysis of the Steel-Reinforced Columns


The main purpose of this analysis was to understand the effective material properties of the steel-reinforced concrete columns by using three-dimensional finite elements. Here, the column was assumed to be a composite beam and its material properties were calculated with homogenisation. Thus, the aim was to obtain a more realistic global model. For this purpose, a model was created considering the steel reinforcement of the concrete columns. In this model, the column material was considered as a composite material with concrete and reinforcing steel rods. The steel rods were placed in the concrete as shown in Figure 7. The rods and the concrete were rigidly bonded to each other. According to the general theory of mechanics of composite materials, lateral reinforcement steel binders, which are predicted to have no significant effect on axial stiffness, were not included in the analysis for the sake of simplicity. The steel reinforcing rods were taken as given in the project and as described in the previous section.



To represent the behaviour, a cross-sectional face was subjected to axial displacement restrictions whereas the opposite face, which is the other cross-sectional face, was subjected to a uniform axial displacement. Using the results of the analysis, the effective Poisson’s ratio and Young’s modulus were determined. A similar procedure was also performed for the effective thermal expansion coefficient. The results of this analysis were used in the global analysis.




3.2.2. Analysis of the Spherical Support with Steel-Reinforced Columns


This part of the study was interested in the mechanical behaviour and safety of the column and spherical support structures. This study used the highest mechanical loads acting on a single truss-column connection node calculated in the global analysis. It is also important to note that this analysis considered only the mechanical loads and did not consider any thermal effects. The analysis of the column support connection was performed with a three-dimensional finite element model.



The column support connection was built such that the sphere was mounted on the support plate, which is embedded in the steel-reinforced concrete with a bolt connection. The structure of this model is given in Figure 8.



The contact interfaces between the steel rods and concrete were rigidly bonded and so too were the contact surfaces between the spherical support and the steel plate. The bolts were attached to the model with a standard preload and connected to the steel plate and concrete with friction.



The bottom cross-sectional face was connected to a grounded spring with 6 degrees of freedom and with the stiffness values of the rest of the column, to save computational time.






4. Results and Discussion


In this section, the results of the analyses are presented and discussed. Based on the interpretations of the results that match the actual failure form of the structure, a scenario, which is judged the most plausible, is described and discussed.



4.1. Analysis of the Steel-Reinforced Columns


The homogenisation study was conducted and the results are presented here. Figure 9 shows the equivalent stress distribution in the case of axial loading of the composite structure and Figure 10 shows displacement distribution. As a result of this analysis, the elasticity modulus and the resultant thermal expansion coefficient of the steel-reinforced concrete were calculated as 48 GPa and 12.8 μm/(m K), respectively. This axial elasticity modulus value was 50 GPa in the global analysis.




4.2. Global Analysis with Only Mechanical Loads


The displacements and the stresses occurring in the truss roof system were calculated by using the finite element analysis software. Figure 11 shows the vertical displacement (in meters) under the considered loads. The largest displacements of about 4.7 cm occurred in blocks A, C, and E, where the gap between the columns was the largest (28 m), as was expected. It should be noted here that due to the positive direction of the axis, which is upwards, blue colours are around zero and red is the largest in terms of absolute values. The region of the larger resultant displacements is not where the real damage happened. The deformations of the column structures are so small that they do not suggest any safety issues. The analyses demonstrate clearly that the system is safe and that the results are consistent with the results obtained by the engineering bureau.



Considering the stress analysis, the equivalent stresses using the von Mises criteria were calculated for all the structures. Figure 12 gives the von Mises stresses in the roof structure (in Pa). It can be seen that all stresses of the roof structure together with the columns are within the safety limits. The collapsed regions are also within the safety limits. As well as the displacements, the stresses occurring in the column structures are well below the safety limits. Although exaggerated loads are applied on the roof structure, the stresses and displacements in the beams and rods show that the structure would not fail under these combinations of excessive loads.



The greatest stresses occur at these “U” shaped connections shown in Figure 13; however, the displacements are not excessive. It is important to note that this connection structure does not exist in the real application. These connections are used in the CAD/FE model in order not to distort the dimensions of the truss structure. In reality, there are walls with certain thicknesses whereas the FE model used beam elements. To connect the trusses with the supports, such a “dummy” structure was used. Therefore, the stress values that were read at these connections were disregarded.




4.3. Analysis of the Spherical Support with Steel-Reinforced Columns


After concluding that the global structure is safe, the next step was to analyse an individual column support by using the finite element method. The results of the global analysis were used to determine the support reactions. At the most dangerous column support connection, the horizontal force was 95 kN and vertical force was 940 kN. The forces were taken as 120 kN in horizontal and 1000 kN in vertical directions.



The equivalent stress distribution obtained in this case is shown in Figure 14. As can be clearly seen from this figure, the stress levels are below the yield stress, even though extreme loads are applied. Figure 15 shows a post-damage image of one of the columns to which the space frame roof system was attached.



Figure 16 shows the distribution of the resultant displacement that occurs in the column support connection. Here, it can be seen that the maximum value of the displacement compounds of the spherical support was around 0.3 mm.




4.4. Global Analysis with Mechanical Loads and Thermal Effects


With these results obtained from the global analysis it was found that increasing horizontal forces may cause damage, various damage scenarios were investigated by changing the loads applied to the space frame system. As the first case, the vertical load was increased considerably and no damage was predicted in the real damaged zones A and F, as given in Figure 1. As the next case, the structure was tested by increasing the horizontal load. Although the horizontal load value was increased to a level that cannot be reached by wind and similar factors, the damage that occurred cannot be explained with these combinations of loads. However, the structure was found to be more sensitive and vulnerable to the horizontal loads. Finally, it was understood that the space frame system with the columns is safe against vertical loads (snow, water, etc.) and horizontal loads (wind, etc.).



It is obvious that different factors must have been present in order to explain the real damage in the structure. Therefore, considering the natural events occurring on the night of the event, their effects on the structure were considered. It was assumed that reasons such as heavy rain that leads to ponding on the roof with a slope of 1% and a plausibly clogged water discharging drainage system would not cause damage similar to that which occurred. Besides, around the rooftop surface there are several scuppers with 15 cm height. Even with the assumption of full ponding of the roof with 15 cm height, it can be confidently claimed that the chosen loads for the analysis were on the cautious side and led to conservative results, which do not point out any damage predictions similar to the real damage.



On the other hand, a large number of lightning strikes were detected on the night of the incident. The effects of lightning depend on the energy of the lightning itself. The energy of lightning, which is impossible to fully determine, depends on many parameters, such as the altitude of the cloud where the lightning originates. It is well known that this discharged energy heats up a considerable amount of air surrounding the core of the lightning. The temperature rise is so rapid and significant that it can start fires near the location where lightning strikes [37]. Furthermore, when lightning strikes a building, the electric current passes through the structure, which leads to a sudden heat generation and a rapid increase of temperature [29,37,38]. Besides, quite large shock forces occur due to the interaction of large masses of hot and cold air around it, and also due to the humidity of the air and the ground, which is called the blast effect. In addition, it is known that the presence of water amplifies the blast effect and interacts with the structure under electric current [34]. Therefore, it is thought that these great shock forces can cause instant damage.



Even though it is judged that the structure is heated, it is impossible to predict or evaluate the exact or even approximate rise of temperature. For the purpose of understanding the underlying factors that led to the damage shown in Figure 1, the effects of temperature change on the structure were investigated using a simplified approach. The space frame system was given a temperature increase of 50 °C. Lightning is most likely to cause a local thermal shock and not heat up the entire structure. However, it is impossible to know the number of lightning strikes, the generated heat, the temperature rise, generated blast, etc.



Based on these assumptions, a 50 °C temperature increase was applied to the global model alongside the external loads as described in the previous global analysis. A new static model was built and the results are given in Figure 17, Figure 18, Figure 19, Figure 20 and Figure 21. Figure 17 shows the equivalent stresses of von Mises occurring in the space truss systems and columns. It can be seen that the stresses coming out of this figure are quite safe. However, it has been found that the stress values in the support joints reach values exceeding the safety limits, and the supports reaching these values are concentrated in the areas where damage occurred. The reason for the great stress values in this global model is that the model is simple and gives a general idea. It would be appropriate to consider separately the situations in the supports with large stresses.



It is also to be noted that the “U” shaped connections between the steel truss structures and the supports on the walls display the greatest stresses, which is not realistic, as these connections do not exist in the real structures. Therefore, those stress values were disregarded.



Figure 18 shows the resultant displacements that occurred throughout the system. From this figure, it can be seen that displacements are suitable and larger displacements occurred in the regions where the damage occurred.



Furthermore, Figure 19 shows the displacements in the long-edge direction, x-direction. This figure clearly shows that there were large displacements in the areas where the damage occurred. Figure 20 shows the displacements in the direction of the short edge of the building, the so-called y-direction. It is to be noted that the larger displacements were observed in the direction along the shorter edge, whereas the larger displacements due to thermal expansion were expected in the direction of the long edge. The reason behind this can be explained with different stiffness levels of the structure in different directions and boundary conditions of the supports. As can be seen from Figure 6, the number of columns in the first two rows of the halls B, D, and F are much more intensively positioned than that seen in the rest of the building. Moreover, the intensity of the columns in the x-direction is greater than the intensity of columns in the y-direction. Therefore, the stiffness in the x-direction is expected to be greater than the stiffness in the y-direction. The sliding supports and the stiffness of the structure allow the structure to deform in the y-direction more than it can in the x-direction, even though the tendency to deform is more in the x-direction than in the y-direction. This leads to the storage of a larger amount of energy in the x-direction. Additionally, since, there was no damage in the spherical supports themselves, as can be seen in Figure 15, the excessive displacements caused larger stress values in the bolt connections between the spherical parts and the members. Therefore, it was found plausible that this mechanism caused the actual failure.



The displacements of the structure in the vertical direction are given in Figure 20. Comparing the vertical displacements of the previous global analysis and this one (Figure 11 and Figure 21), both cases display very similar distribution trends but the new one exhibits larger displacements. This is because there is a synergy effect based on the complex loading, and the thermal expansion leads to extra loading and elongation in horizontal directions.





5. Conclusions


The space truss roof structure, the columns, and the spherical steel supports of the factory building were put through several numerical analyses, and their behaviour was evaluated using the commercial software Abaqus (Dassault Systèmes, Vélizy-Villacoublay, France). These static stress analyses were performed using the finite element method and considering geometric nonlinearities. Based on the results of these simulations, the following conclusions about the real failure of the structure were drawn:




	−

	
According to the global analysis, the structure is quite strong and insensitive to the vertical dead loads (rain, snow, etc.) even at some higher values, which are judged to be extreme and unrealistic. The most dangerous region of the space frame system in terms of vertical loads is the corridor with the largest column span in the A, C, and E blocks. However, this region is still safe, and the damage occurred somewhere else.




	−

	
Using the results of the global analysis, the most critical support connection was individually investigated and found safe, although it is more sensitive to horizontal forces. However, in the analysis, all the effects that create lateral forces caused by the wind and similar homogeneous distributed loads could not make the structure exceed the safety limits and cause any damage in the locations where the real damage occurred.




	−

	
It is judged that the thermal expansion of structural members increases the horizontal forces at the supports and the stresses at the members. The temperature change was assumed to be caused by lightning strikes. To investigate the effects of the temperature change, a simplified analysis with a uniform temperature rise was conducted and produced results that point out critical regions that are the same as the real damaged zones.




	−

	
The significant change of temperature of the air surrounding the lightning channel and the electric current that passes through the structure may cause heating of the roof system rapidly and locally. The lightning at the scene may also cause a sudden pressure change that can be amplified by the presence of water on top of the structural surface. In addition to the thermal expansion, it is judged possible that the blast effect may have a significant role in the failure of the structure.




	−

	
Testing the idea of temperature change, the damage prediction was found to be consistent with the real failure mode. It was concluded that the bolts and the bolted members attached to the supports in the real damaged regions of the space truss roof system were overloaded and damaged, as it can be seen in Figure 15.
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Figure 1. Layout and damaged regions of the roof structure. 
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Figure 2. Unit truss structure. 






Figure 2. Unit truss structure.



[image: Applsci 10 07769 g002]







[image: Applsci 10 07769 g003 550] 





Figure 3. Overview of the roof structure. 
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Figure 4. Damage to the roof’s space truss system. 
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Figure 5. View of the spherical joints and the supports. 
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Figure 6. Three-dimensional finite element model prepared for finite element (FE) analysis. 
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Figure 7. CAD of a column with steel-reinforced concrete. 
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Figure 8. CAD of the column support connection with steel-reinforced concrete. 
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Figure 9. Stress distribution in the case of axial stress on the steel-reinforced concrete column. 
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Figure 10. Displacement distribution of the steel-reinforced concrete column in the case of axial stress. 
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Figure 11. Vertical displacement of the steel-reinforced concrete column system. 
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Figure 12. Equivalent von Mises stress distribution of the steel-reinforced concrete columns. 
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Figure 13. Connections with the supports and steel truss at the block interfaces. 
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Figure 14. Equivalent stress distribution of the column support connection. 
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Figure 15. Damage on the support to which the space truss roof system was attached. 
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Figure 16. Resultant displacement distribution of the column support connection. 






Figure 16. Resultant displacement distribution of the column support connection.



[image: Applsci 10 07769 g016]







[image: Applsci 10 07769 g017 550] 





Figure 17. Stresses due to load and thermal effects in the space frame and steel-reinforced concrete column system. 
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Figure 18. Resultant displacements due to load and thermal effects in the space frame and steel-reinforced concrete column system. 
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Figure 19. Displacements in the long-edge direction caused by load and thermal effects in the space frame and steel-reinforced concrete column system. 
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Figure 20. Displacements in the short-edge direction caused by load and thermal effects in the space frame and steel-reinforced concrete column system. 
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Figure 21. Displacements in the vertical direction caused by the loads in the space frame and steel-reinforced concrete column system. 
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Table 1. The material properties considered in the analyses.
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	Property
	Steel
	Concrete





	Young’s modulus (E)
	210 GPa
	32 GPa



	Poisson’s ratio (ν)
	0.28
	0.20



	Thermal expansion coefficient (α)
	13 μm/(m K)
	11.5 μm/(m K)
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Table 2. The loads considered in the analyses.
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Load Description

	
Value






	
Weight of the space truss system

	
140 N/m2




	
Dead loads

	
350 N/m2




	
(240 N/m2 given in design calculations)




	
Snow load

	
2000 N/m2




	
(1000 N/m2 given in design calculations.)




	
Vertical wind loads

	
960 N/m2




	
Equivalent earthquake vertical load

	
950 N/m2




	
Equivalent earthquake horizontal load

	
200 N/m2




	
(180 N/m2 given in design calculations)
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