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Abstract

:

This study investigates the causes of soft-storey and weak-storey formations in low- and mid-rise RC (Reinforced Concrete) buildings in Türkiye. In the first phase of the study, 96 model buildings were designated for the examination of soft-storey irregularity when the ground floors are used for commercial purposes and the upper floors for residential use. The ground floor heights that would cause soft-storey irregularity in each of the selected buildings were determined according to the formulas given in the Türkiye Building Earthquake Code (TBEC) and the American Society of Civil Engineers Standard (ASCE). It was found that the ground floor heights obtained according to ASCE are usable in practice, whereas those obtained according to the TBEC, particularly for buildings over three storeys, are excessively high for practical use. This indicates that, even if the buildings in Türkiye are designed with very high ground floor heights, they do not have soft-storey irregularities, according to the TBEC, but soft-storey formation may occur in these buildings due to the high ground floor height as a result of the effects of earthquakes. Instead of the soft-storey irregularity coefficient limit value (nki > 2) found in the TBEC, this study proposes a new limit value to prevent the design of buildings with very high ground floors. In the second phase of the study, for the purpose of examining weak-storey irregularity, 105 model buildings differing in their infill wall layout, number of spans, span length, and number of storeys were selected. The weak-storey irregularity coefficients of each of these models were determined according to the TBEC. The results of the study revealed that buildings with no infill walls in one direction or with infill walls in only one of the exterior axes in one direction have a high risk of having weak storeys.
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1. Introduction


Türkiye is situated across active earthquake fault zones, including the North Anatolian Fault, the East Anatolian Fault, and the West Anatolian Fault Zone, which have the potential to cause devastating earthquakes. The North Anatolian Fault and the East Anatolian Fault are among the most seismically active faults in the world with the shortest return periods [1,2,3]. In recent years, earthquakes caused by these faults have led to the deaths and injuries of thousands of people and the collapse or damage of numerous buildings [4,5,6,7,8]. Information about major earthquakes that occurred in Türkiye in the last 25 years is presented in Table 1.



Numerous studies have been conducted to investigate the causes of damage to buildings following earthquakes [2,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42]. Researchers have identified the primary causes of building damage as ground failures, soil liquefaction, poor concrete strength quality, unribbed reinforcement steel, poor detailing in beam–column joints, strong beam–weak columns, soft or weak storeys, inadequate transverse reinforcement, the existence of short lap splices and incorrect end hook angles, short columns, weak walls, inadequate safe distance between buildings, unconfined gable walls, concrete slab failures, and insulation materials. One of the main reasons for the collapse or damage of reinforced concrete structures during earthquakes, both in Türkiye and globally, is the critical storey exhibiting soft or weak-storey behaviour [8,43,44,45]. Soft-storey formation is caused by the difference in stiffness between neighbouring storeys. The difference in stiffness between neighbouring storeys causes different amounts of displacement in the storeys due to lateral loads. If the ratio of drift between the storeys is too high, the building cannot cope with lateral forces. Weak-storey formation is caused by the difference in strength between neighbouring storeys. The strength of a storey is obtained by summing the cross-sectional areas of the load-bearing elements. According to TBEC, 15% of the cross-sectional area of the infill walls is taken into account in the calculation of weak-storey irregularity. Since the cross-sectional areas of columns and shear walls generally do not change between storeys in low- and mid-rise RC buildings, the difference in the amount of infill walls between neighbouring storeys may cause weak-storey irregularity in such buildings. It is necessary to avoid sudden changes in lateral stiffness and strength, since a large difference in stiffness or strength between storeys will prevent the building from moving as a whole [8,46,47]. Kirac et al. [41] reported that 78% of a group of 300,000 buildings in Türkiye had soft- or weak-storey configurations and that 725 out of 1215 RC buildings were damaged due to weak-storey configurations during the 1999 İzmit earthquake. Some of the damages or collapses caused by soft or weak-storey formations due to major earthquakes in Türkiye in the last 25 years are shown in Figure 1.



In Türkiye, most buildings constructed along main streets are likely to exhibit soft or weak storey behaviour in case of an earthquake. Because the ground floors of these buildings are generally used for commercial purposes, glass windows are preferred instead of infill walls, and the ground floor heights are made to be higher than the heights of the upper floors. Heavy masonry infill walls often start right above the soft storey. In addition, since there are not enough infill walls on this floor in buildings whose basements are used as parking, and multi-storey parking generally has wide retail space or floors with multiple windows, these buildings are at high risk of weak-storey formation [46,52].



Soft- and weak-storey formations are important structural irregularities that should be avoided for capacity design reasons [51]. A soft storey is a relatively flexible storey where the relative horizontal displacement of any storey is much greater than that of the storey above or below it. These floors can be dangerous in earthquakes because they cannot cope with the lateral forces due to the vibrations occurring in the building during the earthquake. Soft-storey formations lead to a significant increase in deformation demands and cause the load of energy dissipation to be placed on the columns in this storey. Buildings with soft ground floor concentrate large drift ratio demands on the first floor and low demands on the upper floors, resulting in severe damage to or the collapse of the building [46,53,54,55]. Additionally, the presence of poor column–beam connections and weak columns are primary causes for the development of soft-storey mechanisms [50].



This study aims to contribute to preventing damage to Turkish buildings due to soft or weak-storey formations. In the first part of the study, 96 different models were created for the examination of soft-storey irregularity, with the ground floor used for commercial purposes and the upper floors used for residential purposes. The minimum ground floor heights that would cause soft-storey formation in each model were calculated according to the TBEC [56] and ASCE [57] regulations, and the results were compared. At the end of this part of the study, a proposal is made for a new soft-storey irregularity coefficient limit value (nki > 2) for the TBEC. In the second part of the study, 105 buildings with different numbers of spans, span lengths, number of storeys, and infill wall layouts were selected. The weak-storey irregularity coefficients for each model were calculated. According to the ground floor heights obtained in the first part of the study and the weak-storey irregularity coefficients obtained in the second part, it was interpreted the reasons why buildings in Türkiye were damaged due to soft- or weak-storey formations. It is believed that considering the proposed soft-storey irregularity limit value and recommendations regarding infill wall layout will contribute to reducing the number of buildings damaged due to such formations.




2. Soft-Storey and Weak-Storey in ASCE 7-22 and TBEC-2018 Code Provision


2.1. Soft-Storey Irregularity


According to the TBEC, the soft-storey irregularity coefficient (nki) should be calculated to check the soft-storey irregularity of a reinforced concrete building. The soft-storey irregularity coefficient is obtained by dividing the average relative storey drift ratio at any i-th storey by the average relative storey drift ratio at an upper or a lower storey for either of two orthogonal directions. If the soft-storey irregularity coefficient (nki) exceeds 2.0 on any of the floors, it implies that there is soft-storey irregularity in the building. The equation for the soft-storey irregularity coefficient (nki) of the x-direction is shown in Equation (1).


     n   k i   =     (   ∆   i     X     /   h   i   )   a v g       (   ∆   i + 1     X     /   h   i + 1   )   a v g     > 2   o r       n   k i   =     (   ∆   i     X     /   h   i   )   a v g       (   ∆   i − 1     X     /   h   i − 1   )   a v g     > 2   



(1)







Here,     h   i     represents the storey height of the i-th floor, while       ∆   i     X         a v g        denotes the average relative storey drift of the i-th floor, which is obtained using Equation (2).


      ∆   i     X         a v g       = 0.5 ∗ (     ( ∆   i     X     )   m a x   +     ( ∆   i     X     )   m i n   )  



(2)







In Equation (2),       ∆   i     X         m a x       and       ∆   i     X         m i n       represent the maximum and minimum relative storey drifts of the i-th floor, respectively. Relative storey drifts are calculated using Equation (3).


    ∆   i     X     =   u   i     X     −   u   ( i − 1 )     X      



(3)







In Equation (3),     u   i     X        denotes the total displacement of the i-th floor. The terms given in Equations (2) and (3) are illustrated in Figure 2.



In order to calculate the soft-storey irregularity coefficient (nki) the building is solved with the equivalent lateral force method, which is one of the linear analysis methods. The soft-storey irregularity coefficient is calculated by using the relative storey drifts obtained from this analysis in Equation (1).



According to ASCE, the soft-storey irregularity of a reinforced concrete building is checked by looking at the lateral stiffness of the storeys     ( K   i    ). In this regulation, two types of irregularity conditions are defined: Stiffness-Soft Storey Irregularity and Stiffness-Extreme Soft Storey Irregularity.



Stiffness-Soft Storey Irregularity is defined as existing where there is a storey in which the lateral stiffness is less than 70% of that in the storey above or, where there are at least three storeys above, less than 80% of the average stiffness of the three storeys above (Equation (4)).


    K   i   < 0.7   K   i + 1     o r     K   i   <   0.8   3     ( K   i + 1   +   K   i + 2   +   K   i + 3   )  



(4)







Stiffness-Extreme Soft Storey Irregularity is defined as existing where there is a storey in which the lateral stiffness is less than 60% of that in the storey above or, where there are at least three storeys above, less than 70% of the average stiffness of the three storeys above (Equation (5)).


    K   i   < 0.6   K   i + 1     o r     K   i   <   0.7   3     ( K   i + 1   +   K   i + 2   +   K   i + 3   )  



(5)







The lateral stiffness of the storeys is calculated using Equation (6).


    K   i     X     =     V   i     X         δ   i     X        



(6)







Here,     δ   i     X       represents the deflection at the level of the center of mass x of the i-th floor determined by an elastic analysis, while     V   i     X       is the storey shear force at level x of the i-th floor determined by an equivalent lateral force method.



The terms in Equations (4) and (5) are schematized in Figure 3.




2.2. Weak-Storey Irregularity


According to TBEC, the weak-storey irregularity coefficient (nci) should be calculated to check the weak-storey irregularity of a reinforced concrete building. This coefficient is determined by comparing the total effective shear area of a given storey in one of the two orthogonal directions to that of the storey immediately above. The presence of weak-storey irregularity is confirmed if the calculated weak-storey irregularity coefficient (nci) is less than 0.8 in any of these directions. The weak-storey irregularity coefficient (nci) is derived as per Equation (7):


    n   c i   =     (  ∑    A   e   )     i       (  ∑    A   e   )     i + 1     < 0.8  



(7)







In Equation (7), the term       ( ∑ A   e   )   i     denotes the total effective shear area of the i-th storey, while     (  ∑    A   e   )     i + 1     represents the total effective shear area of the upper floor of the i-th floor. The total effective shear area can be obtained using Equation (8).


    ( ∑  A e  )   i   =   ( ∑  A w  )   i   +   ( ∑  A g  )   i   +   ( 0.15 ∑  A k  )   i    



(8)




wherein:



      ( ∑ A   w   )   i    : The sum of column cross-section effective body areas at any floor (    m   2    );



      ( ∑ A   g   )   i    : The sum of the cross-sectional areas of shear walls parallel to the earthquake direction considered at any floor (    m   2    );



      ( ∑ A   k   )   i    : The sum of infill wall areas parallel to the considered earthquake direction at any floor (    m   2    ).



The material from which the infill walls are made does not change the effective shear area. In order for a wall to be evaluated as an infill wall, it must be constructed between the structural system elements, and other than that, it does not need to have specific specifications, such as the minimum thickness for infill walls.



In order to calculate the coefficient of weak-storey irregularity (nci), the cross-sectional areas of columns, shear walls, and infill walls in each storey are calculated. The cross-sectional areas obtained are used in Equation (8) to obtain the effective shear area of the storeys. The effective shear areas obtained for all storey levels are used in Equation (7) to obtain the weak-storey irregularity coefficient.



According to the ASCE, the weak-storey irregularity of a reinforced concrete building is checked by looking at the lateral strength of the floors (    S t r   i    ). In this regulation, two types of irregularity conditions are defined: Discontinuity in Lateral Strength-Weak Storey Irregularity and Discontinuity in Lateral Strength-Extreme Weak Storey Irregularity.



Discontinuity in Lateral Strength-Weak Storey Irregularity is defined as existing where the storey lateral strength is less than that in the storey above. The storey lateral strength is the total lateral strength of all of the seismic force-resisting system elements resisting the storey shear for the direction under consideration (Equation (9)).


    S t r   i   < 1   S t r   i + 1      



(9)







Discontinuity in Lateral Strength-Extreme Weak Storey Irregularity is defined as existing where the storey lateral strength is less than 65% of that in the storey above. The storey lateral strength is the total lateral strength of all of the seismic force-resisting system elements resisting the storey shear for the direction under consideration (Equation (10)).


    S t r   i   < 0.65   S t r   i + 1      



(10)







In Equations (9) and (10),     ∑ S t r   i     represents the total area of vertical structural elements to determine the strength of the storey.     ∑ S t r   i     corresponds to     ( ∑ A   e   )   in Equation (8), and the sum of the infill wall areas is not used in the calculation of     ∑ S t r   i    .



The details and terminologies outlined in Equations (9) and (10) are illustrated in Figure 4.





3. Structural Models and Analysis Models


3.1. Investigation of Soft-Storey Irregularity


The study encompasses eight types of formwork plans with commercial ground floors and residential upper floors. The characteristics of these buildings are presented in Table 2, and their formwork plans and 3D model illustrations are shown in Figure 5.



In all models, the beam widths are 25 cm, the heights are 50 cm, the floor dead load (g) is 4.5 kN/m2, and the live load (q) is 2 kN/m2. Variations in concrete class, soil type, and seismic parameters do not affect the soft-storey irregularity coefficient because changes in these parameters alter the amount of relative drift or lateral stiffness between floors in the same proportion [58]. In each formwork plan, two types of column layouts were made to also examine the effect of column direction on soft-storey irregularity. In the Type 1 column layout, all columns face the x-direction (the long dimension of the column section is in the x-direction), while in the Type 2 column layout, the number of columns facing the x and y-directions is equal. The short dimension of the column sections is 30 cm, and the long dimension is selected as given in Table 3, depending on the number of storeys. In order to be able to compare the models among themselves, the same values were selected for all models depending on the number of storeys. The selected column sections are commonly used dimensions depending on the number of storeys.



Since two types of column layouts are applied to each of the eight types of formwork plans, a total of 16 different formwork plan buildings were identified. Each of the sixteen types of formwork plans have been modelled to have two, three, four, five, six, and seven storeys. Thus, 96 building models were created. The height of the regular floors in the models is 3 m, and the height of the mezzanine floor is 2.5 m. One of the main reasons for soft-storey irregularity is the difference in height between the storeys. Because the difference in storey heights will cause the stiffness of the neighbouring storeys to be different. As a matter of fact, according to the ASCE, the soft-storey irregularity formula depends on the ratio of the stiffness of the neighbouring storeys (Equations (4) or (5)), while according to the TBEC, the soft-storey irregularity is calculated depending on the relative drift of the neighbouring storeys and the storey height (Equation (1)). Therefore, the ground floor heights of the model buildings were initially set at 3 m, and the soft-storey irregularity coefficient (nki) was calculated on this basis. If nki < 2, the analysis was repeated by increasing the ground floor height by 5 cm until the soft-storey irregularity coefficient exceeded two. In the analyses, the ±5% accidental eccentricity effect was considered to take into account the possible uncertainties in the stiffness and mass distribution of the carrying system. As a result, four nki values were considered in the analyses: two in each direction for each storey. In the analyses, the larger of the     η   k i     values obtained for the x- and y-directions was taken into consideration as the soft-storey irregularity coefficient of the building. In other words, the analyses were repeated until any of the four nki values exceeded two. Thus, the minimum ground floor height (hgf) causing soft-storey irregularity in buildings according to the TBEC has been calculated for all models. The aim here is to evaluate how appropriate the ground floor heights obtained are for practice and to allow the models with different formwork plans to be compared with each other.



The ground floor height (hgf) obtained for each of the two types of column layouts depending on the number of storeys is presented in Figure 6.



Considering the results obtained according to the TBEC, for the Type 1 column layout, the presence of a shear wall in one direction or a mezzanine floor in the building causes soft-storey irregularities at higher ground floor heights than the original models (FP1-O or FP2-O). In other words, the presence of a shear wall in one direction or a mezzanine floor has reduced the risk of soft-storey irregularities. The closed overhang in the building did not change the results compared to the original models. However, for the Type 2 column layout, the presence of a mezzanine floor in the building caused soft-storey irregularities at lower ground floor heights than the original models (FP1-O or FP2-O). The presence of a shear wall in only one direction or a closed overhang in the building changed the hgf values (ground floor heights causing soft-storey irregularities) only slightly compared to the original models (FP1-O or FP2-O). Therefore, it can be said that the presence of a mezzanine floor increases the risk of soft-storey irregularity, while the presence of a shear wall in only one direction or a closed overhang in the building has a limited impact on soft-storey irregularity. The results obtained according to the formulas in TBCE are far from the ground floor heights used in practice. Also, the presence of a mezzanine is not expected to reduce the risk of soft-storey irregularities.



The same model buildings were analysed according to ASCE, and the minimum ground floor height (hgf) that would cause soft-storey irregularity was obtained in all models (Figure 7). Unlike the TBEC, minimum ground floor heights (hgf) were determined by considering Equation (3) instead of Equation (1).



The results obtained according to the ASCE indicate that the presence of a mezzanine floor in buildings with both types of column layouts increases the risk of a soft storey, while the presence of a closed overhang almost does not alter the results at all. Additionally, it was found that the presence of a shear wall in one direction reduces the risk of a soft storey in Type 1 column layouts but does not change this risk in Type 2 column layouts. Here, it can be concluded that the effect of shear wall placement in one direction on soft-storey irregularity is limited in regular column layouts. The results obtained according to the ASCE are ground floor heights that can be used in practice. The results given by the soft-storey irregularity formulas in ASCE for different formwork plans are reasonable and expected.



Figure 6 and Figure 7 show that changes in the number of storeys do not significantly alter the results according to the ASCE, while according to the TBEC, the hgf values increase more noticeably as the number of storeys increases. So that, according to TBEC, the ratio of the ground floor height causing a soft-storey irregularity in a seven-storey building to that in a two-storey building is on average 1.66 for the Type 1 column layout (average value obtained from eight typical formwork plans) and 2.1 for the Type 2 column layout.



For a comparison of the results obtained according to the TBEC and ASCE regulations, the hgf values obtained according to both regulations are shown on the same graph (Figure 8).



Figure 8 shows that there are significant differences between the results obtained according to the TBEC and ASCE regulations. The soft-storey irregularity formulas in the ASCE give more reasonable and consistent results than those in the TBEC. For a numerical comparison of the differences between the regulations, the hgf values obtained with the TBEC were rationed to the values obtained according to the ASCE (Figure 9).



Figure 9 shows that the difference in results obtained with the TBEC and ASCE regulations (ground floor heights causing soft-storey irregularity) increases as the number of storeys increases. The greatest difference among the regulations occurred in the FP2-SW formwork plan’s Type 1 column layout, reaching 167%.



As seen in Figure 6, considering the results obtained according to the TBEC, the ground floor height (hgf) causing soft-storey irregularity in four-storey model buildings was obtained as at least 5.75 m for the Type 1 column layout (the smallest value obtained from eight types of formwork plans) and at least 6.2 m for the Type 2 column layout. As the number of storeys increases, these values also increase. These values are not the ground floor heights seen in practice. As seen in Figure 7, the ground floor heights (hgf) obtained according to the ASCE are between 3.25 and 5.2 m, and these values are the ground floor heights frequently encountered in practice. Therefore, the ground floor height of each model building was chosen as the minimum ground floor height (hgf) that causes soft-storey irregularity in that building according to the ASCE, and the soft-storey irregularity coefficients of the buildings were recalculated according to the formula given in the TBEC (see Figure 10). The aim was to determine the range within which the obtained nki values fall.



Figure 10 shows that the nki values are concentrated in the range of 1.4–1.7.




3.2. Investigation of Weak-Storey Irregularity


A total of 35 model buildings were identified for cases where there are two, three, four, five, and six spans and each span length (Lx, Ly) is 3, 3.5, 4, 4.5, 5, 5.5, and 6 m. The selected formwork plans are provided in Figure 11.



Since the ground floors of the model buildings are intended for commercial use or parking, the layout of the infill wall was made such that each building’s ground floor has no infill walls in the x-direction (Type 1a wall layout), one of the exterior axes in the x-direction has an infill wall (Type 2a wall layout), and one of the exterior and interior axes in the x-direction has an infill wall (Type 3a wall layout). All the axes of the upper floors have infill walls. As an example, the infill wall layout of the ground and upper floors of a four-span model building is provided in Figure 12.



Examining the weak-storey irregularity scenarios for the x-direction of the model buildings is sufficient. Because the presence of weak-storey irregularity in only one direction of the building will cause weak-storey formation in the building. As the presence of infill walls in the y-direction of the ground floor does not change the effective shear area of the x-direction, the Type 1a wall layout will yield the same results as the Type 1b wall layout, Type 2a will be the same as Type 2b, and Type 3a will be the same as Type 3b. The Type 1b, Type 2b, and Type 3b wall layouts obtained by adding infill walls in the y-direction to the infill wall layouts in Figure 12 are given in Figure 13.



In this study, Type 1a and Type 1b will be referred to as Type 1, Type 2a and Type 2b as Type 2, and Type 3a and Type 3b as Type 3. In all of the models, brick infill walls with infill wall thicknesses on the exterior axes are taken to be 20 cm thick and those on the interior axes as 14 cm. Each of the 35 model buildings has been modelled to have two, four, and six storeys. In the six-storey buildings, the column sections are 65 × 30 cm; in the four-storey buildings, they are 55 × 30 cm; and in the two-storey buildings, they are 45 × 30 cm.



The weak-storey irregularity coefficients (nci) for each of the different cases of infill wall layout, number of spans, span length, and number of storeys were obtained according to the TBEC (Figure 14).



Figure 14 shows that the Type 1 infill wall layout causes weak-storey irregularity in all of the models. The Type 2 infill wall layout has caused weak-storey irregularity in 66% of the six-storey models, 83% of the four-storey models, and 94% of the two-storey models. The Type 3 infill wall layout has led to weak-storey irregularity in 26% of the six-storey models, 43% of the four-storey models, and 60% of the two-storey models. It is observed that as the number of spans or the span length increases in all models, and the weak-storey irregularity coefficient decreases. As the number of storeys increases, the column cross-sectional dimensions also increase; thus, the ratio of the column effective cross-sectional area       ( ∑ A   w   )   i     in the total effective shear area       ( ∑ A   e   )   i     increases, and consequently, the effect of the amount of infill walls on the weak storey irregularity decreases. Therefore, it can be said that the effect of the amount of infill walls on weak-storey irregularity is higher in low-rise buildings compared to mid-rise buildings. The results in Figure 14 show that structures without infill walls in one direction or with infill walls in only one of the outer axes in one direction are very sensitive to weak story formation.



According to ASCE, the amount of infill wall does not affect the weak-storey irregularity. Weak-storey irregularity usually occurs in buildings with vertical discontinuities or where the cross-sectional dimensions of load-bearing elements are reduced.





4. Conclusions and Discussion


In this study, 96 model buildings were designed to investigate the reasons for soft-storey formation in buildings, and the ground floor heights causing soft-storey irregularity in each of these models were calculated according to the TBEC and ASCE regulations. In addition, 105 model buildings were designed to investigate the weak-storey formation, and the weak-storey irregularity coefficients for each of these models were calculated according to the TBEC. The findings obtained from the study are summarized below:




	(a)

	
According to the formulas given in the TBEC, the ground floor heights (hgf) that cause soft-storey irregularities are too high to be used in practice, especially in buildings above three storeys (this can be seen in Figure 6). The results reveal that, even if the buildings are designed with very high ground floor heights, they do not have soft-storey irregularities according to the formulas given in the TBEC, but they can be damaged by earthquake effects due to soft-storey formation. This can be attributed to the excessively high limit value of the soft-storey irregularity coefficient (nki > 2) in the TBEC.




	(b)

	
According to the ASCE, the ground floor heights (hgf) that cause soft-storey irregularity are the ground floor heights that can be seen in practice. Therefore, based on the ASCE results, the soft-storey irregularity coefficients of each model building examined within the scope of the study were recalculated according to the TBEC, and it was determined that these values were concentrated in the range of 1.4–1.7. Updating the soft-storey irregularity coefficient limit value to 1.4 instead of 2 in the TBEC will prevent the design of buildings with very high ground floor heights and will keep the buildings on the safer side.




	(c)

	
According to the TBEC, as the number of storeys increases, the ground floor heights that cause soft-storey irregularity rise in an exaggerated manner. In some models, the presence of a mezzanine floor in the building reduced the soft-storey risk. In addition, there are significant differences between the results obtained with the TBEC and the ASCE regulations (ground floor heights causing soft-storey irregularity). In fact, in some models, the differences between the regulations have reached up to 167%. It can be concluded from these results that the soft-storey irregularity formulas in the TBEC regulation should be discussed.




	(d)

	
The fact that the ground floor is higher than the other floors causes this floor to be more flexible. Therefore, the relative storey drift of the ground floor under the effects of an earthquake is higher than that of the upper floors. However, according to the soft-storey irregularity coefficient (nki) formula in the TBEC (Equation (1)), soft-storey irregularity is checked by dividing the relative drifts (    Δ   i   )   by the storey height   (   h   i   )  ; that is, by looking at the (    Δ   i   /   h   i    ) ratio between the storeys. Increasing the relative storey drifts and ground floor height together does not change the (    Δ   i   /   h   i    ) ratio much for the ground floor. However, when the ground floor height has very high values, since the relative drifts increase excessively, the coefficient of soft-storey irregularity (nki) exceeds 2, and soft-storey irregularity occurs in the building. As a result, the ground floor heights that will cause soft-story formation in the building are too large to be seen in practice. Since the height of the ground floor directly affects the stiffness in the soft-story irregularity formulas in the ASCE, the increase in the height of the ground floor immediately affects the results, which provides more conservative results.




	(e)

	
In some buildings in Türkiye where the ground floor is used for commercial purposes or as a parking lot, infill walls are not used on the interior axes for a more efficient use of interior space, or infill walls are not used on the exterior axes for a more efficient commercial use of building facades. The study revealed that the risk of weak-storey irregularity is high in buildings with no infill walls in one direction or with infill walls in only one of the exterior axes in one direction.









This study was conducted on weak- and soft-storey formations, which are one of the main causes of earthquake damage to buildings in Türkiye. It is worth noting that code recommendations also use capacity design principles and drift (both inter-story and roof drift) limitations, which limit the irregularities, especially those related to members, and hence, the structural capacities. Accordingly, the use of only soft-story irregularity calculations is not adequate to come to a conclusion and question the irregularity of seismic codes. In future studies, it is thought that investigating other factors that cause earthquake damage to buildings and comparing the irregularity conditions and formulas in the TBEC with the regulations of other countries will positively contribute to building regular buildings in Türkiye that can withstand earthquakes. The author is conducting ongoing studies and has future plans to investigate the effects of the results of the models in the study on effective relative storey drifts, relative storey drifts, and roof storey drifts using nonlinear static or dynamic methods.
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Figure 1. Damages and collapses observed in some buildings with weak- and/or soft-storey formation: (a) 17 August 1999 Kocaeli earthquake [45]; (b) 1 May 2003 Bingöl earthquake [8]; (c1–c3) 23 October 2011 Van earthquake [39,46,48]; (d) 24 January 2020 Sivrice earthquake [49]; (e) 30 October 2020 izmir Earthquake [50]; (f1,f2) 6 February 2023 Kahramanmaraş earthquake [51,52]. 
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Figure 2. Obtaining the relative storey drift. 
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Figure 3. Soft-storey definition in ASCE [57]. 
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Figure 4. Weak-storey definition in ASCE [57]. 
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Figure 5. Selected formwork plans and 3D model illustrations (units in cm). 
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Figure 6. Ground floor heights (hgf) causing soft-storey irregularity according to TBEC, depending on the number of storeys. 
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Figure 7. Ground floor heights causing soft-storey irregularity according to ASCE, depending on the number of storeys. 
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Figure 8. Comparison of hgf results obtained according to TBEC and ASCE. 
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Figure 9. hgf ratios obtained according to regulations, depending on the formwork plan and column layout. 
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Figure 10. The nki values determined using the (hgf) values obtained according to ASCE. 
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Figure 11. Two, three, four, five, and six-span formwork plans. 
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Figure 12. Infill wall layout in the x-direction for the ground floor and upper floors of a 4-span model building. 
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Figure 13. Infill wall layout in both the x- and y-directions for the ground floor and upper floors of a 4-span model building. 
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Figure 14. (a) Weak-storey irregularity coefficients obtained for Type 1 infill wall layout. (b) Weak-storey irregularity coefficients obtained for Type 2 infill wall layout. (c) Weak-storey irregularity coefficients obtained for Type 3 infill wall layout. 
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Table 1. Major earthquakes in Türkiye in the last 25 years [9].






Table 1. Major earthquakes in Türkiye in the last 25 years [9].





	Earthquake
	Magnitude (Mw)
	Impacts of the Earthquake





	17 August 1999, Gölcük Earthquake
	7.4
	A total of 17.480 people died, and 23.781 were injured. In addition, 35.180 residences and 5.770 workplaces collapsed or were severely damaged.



	1 May 2003, Bingöl Earthquake
	6.4
	A total of 176 people died, and 521 were injured. In addition, 1.351 buildings were collapsed or severely damaged.



	23 October 2011, Van Earthquake
	7.2
	A total of 644 people died, and 1.966 were injured. In addition, 2.262 buildings collapsed; 5.739 buildings were damaged and became uninhabitable.



	24 January 2020, Elazığ-Sivrice Earthquake
	6.8
	A total of 41 people died, and 1.607 were injured. In addition, 547 buildings collapsed, and 6.270 buildings were severely damaged.



	30 October 2020, İzmir Earthquake
	6.9
	A total of 119 people died in Türkiye and Greece, and 1.053 were injured. In addition, 124 buildings were severely damaged or collapsed.



	6 February 2023, Kahramanmaraş Earthquakes
	7.7 and 7.6
	According to official figures, at least 50.783 people in Türkiye and 8.476 in Syria died, and over 122.000 were injured. In addition, 227.027 buildings were identified as having collapsed or having been severely damaged.










 





Table 2. Characteristics of the selected formwork plans.
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	FP1-O
	FP1-CO
	FP1-MF
	FP1-SW



	It represents buildings with a regular axis layout.
	It is the version of the FP1-O formwork plan with a closed overhang.
	It is the version of the FP1-O formwork plan with a mezzanine floor.
	It is the version of the FP1-O formwork plan with an added reinforced concrete shear wall in the y-direction. It has torsional irregularity.



	FP2-O
	FP2-CO
	FP2-MF
	FP2-SW



	It represents buildings with an irregular axis layout.
	It is the version of the FP2-O formwork plan with a closed overhang.
	It is the version of the FP2-O formwork plan with a mezzanine floor.
	It is the version of the FP2-O formwork plan with an added reinforced concrete shear wall in the y-direction. It has torsional irregularity.










 





Table 3. Long direction dimensions of column sections depending on the number of storeys.
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	Number of Storeys
	Long Direction Dimensions of the

Column Sections (cm)





	2
	45



	3
	50



	4
	55



	5
	60



	6
	65



	7
	70
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
cotuma yout

Tpe  columniayout Tpez

Type 2 columntayout

Type 1 colum oot






media/file4.png
: -
(i+1)
X )
hi (i+1)
X u® B
hi-1)
ud
i g e
Lo ar ]

O
m}

H \ i. flo

(A





media/file30.png
Type 2 wall layout

Type 2 wall layout

Type 2 wall layout

Span lenght (m)
© 2-span models O 3-span models
A 4-span models x 5-span models
- 6-span models = = TBEC limitation

4 4.5 5
Span lenght (m)
© 2-span models O 3-span models
A 4-span models x 5-span models
= 6-span models - = TBEC limitation

© 2-span models
A 4-span models
= 6-span models

Span lenght (m)
O 3-span models
x 5-span models
- = TBEC limitation

0.9 2-storey models 0.9 4-storey models 0.9 6-storey models
0.85 0.85 085 ° o
<o m]
<o <
< o A ] <
08 r== =t mmccc e e e e e e e = 08 f==O-=--cccccccccccca=- 08 F--4---0------ O mm = ——
9 o x A o ¢ o - A o ¢ °
e - < X A (m] < X A 0
_0.75 = 8 - ) ° . _0.75 - N . o ° ~ 0.75 X A o o
e - A o e - X A - =2 x 4
X o - o X A
0.7 B A 5 0.7 x A 0.7 - X
X A ] X A -
N X A - x
0.65 - N s | o065 - 0.65
- X
0.6 B 0.6 0.6
0.55 0.55 0.55
3 3.5 4 4.5 5 5.5 6 3 3.5 4 4.5 5 5.5 6 3 3.5 4 4.5 5 5.5 6
Span lenght (m) Span lenght (m) Span lenght (m)
o 2-span models o 3-span models © 2-span models O 3-span models © 2-span models o 3-span models
A 4-span models x 5-span models A 4-span models x 5-span models A 4-span models x 5-span models
= 6-span models - - TBEC limitation = 6-span models - — TBEC limitation = 6-span models - = TBEC limitation
Type 3 wall layout Type 3 wall layout Type 3 wall layout
0.95 2-storey models 0.95 4-storey models 0.95 6-storey models
<
< <
0.9 0.9 o 0.9 °
< <o (m] <
<o o < <
< (m] <o o <o
< (u] ° A (m]
0.85 o ° 0.85 A o 0.85 x A o
< < ] - o
o X A [m] X A
A o A o - X “ N o
— ] — - X ) —
808 ¥--l----mmmm e mm - - S 08 ~--------- A mmmmmm—— - - g 08 ~==-----=--~ il e
- o - X =]
X A o - x A
A o - x A _ X
- X A
0.75 A 0.75 - 0.75 - X
- X A - X
X A X
X -
0.7 - x 0.7 0.7
0.65 0.65 0.65
3 35 4 45 5 55 6 3 35 55 6 3 35 4 45 S5 o5 6

(©)






media/file18.png
(hgf TBEC) / (hgf ASCE) (%)

3

2

3

5

—
[
o

0]
o

[oN]
o

N
o

N
o

0

i

Type 1 Type 2 Type 1 Type 2 Type 1 Type 2 Type 1 Type 2 Type 1 Type 2 Type 1 Type 2 Type 1 Type 2 Type 1 Type 2

FP1-O

FP1-CO

FP1-MF

FP1-SW

FP2-O

FP2-CO

FP2-MF

FP2-SW

M 2-storey buildings
m 3-storey buildings
W 4-storey buildings
B 5-storey buildings
W 6-storey buildings
W 7-storey buildings





media/file21.jpg
oy
&l ® © @ ©
T s PR W P





media/file31.png





media/file26.png
Type 2b

Type 3b wall layout: ground floor view Type 3b wall layout: view of ground floor and upper floors





media/file27.jpg
Type 1 veallayout Type twall ayout Type Luall lyout
PR [ o
=y ol B
i g ;
g o i . w ¥ g
i 2 ¥ g s o,
e . - i 5 o :
i H i
R Py
2 et i
et i imme g
porit ey thmne  cim

@





media/file3.jpg





media/file22.png
Ly Ly
Lx #.

(a (b)
Two-span type. Three-span type.

Ly

Lx

(c)
Four-span type.

Lx

(d)
Five-span type.

Lx

(e)
Six-span type.






media/file19.jpg
i

Ps o0 U R B L YIS
Building data number

—o— 2oy bdings
e story bridings

—o— tstory bildings
o story bridings






media/file7.jpg
s,

Irregular:

s,

Str< 108,

Extreme:

— Sir<0.658ir,,
St

E St





media/file10.png
z p || p2 || D3 || D
8 D5 D6 D7 D8
3 D9 D10 || Dn D12
y g D13 || D4 D15 D16
t[; X T %0 50 500 500

(al) Type FP1-O formwork plan
and 3D model.

D1

D3

D5

D4

D8

y ¥

T;Bx-'_ﬂ_.,_._.

AT P

D1 D2 D3 D4
D5 Deé D7 D8
D9 D10 Di1 D1

(a2) Type FP1-M formwork

plan and 3D model.

‘ D1

|

D3 D4

S - e s
=W : . [
D1 D2 D3 D4

g D5 D6 D7 D8
g D9 D10 D11 D12
& D13 || DM D15 D16

> : . [
2 S —

. :

(a3) Type FP1-CO formwork
plan and 3D model.

D2

D1

D3

D5

D6

D7

N

L

Lo

D8

8 D1 D2 D3 D4
8 D5 D6 D7 D8
g D9 || b || pn || b
8 DB || DM || DI5 D16

500 500 500 500

(a4) Type FP1-SW formwork plan

170 . 270

230 .. 210

200

and 3D model.
150 320 -120.30 300 SLl40 o 500
. n
D2 | D3
D1 D4
| — |
D5
N |
D6
= D7 D8
D9 ,
| |

(b1) Type FP2-O formwork
plan and 3D model.

(b2) Type FP2-M formwork
plan and 3D model.

(b3) Type FP2-CO formwork
plan and 3D model.

(b4) Type FP2-SW formwork plan

and 3D model.





media/file28.jpg
Type 2wl layout Type 2 wall layout Type 2 wall layout

» I w T 5 s
T T
S . Floao ) B

R I W :
i i
] e R
EE R | ER iR | B s
(b)
T T T
- i - e - T

e ) + Lapn ot 2 ot seommoe™* P i
Sl RS preteo it ey Sl e






media/file14.png
Type 1 column layout

5.5

5
,5_4.5 )i .”.
% r-- = -~
B ~o-

4 > -

- —
3

Story

~4—FP1-O-ASCE -@— FP1-CO-ASCE
~&—FP1-MF-ASCE =@~ FP1-SW-ASCE

Type 2 column layout
5.5

2 3 4 5 6
Story

~®-FP1-O-ASCE —@—FP1-CO-ASCE
~&—FP1-MF-ASCE —@— FP1-SW-ASCE

Type 1 column layout
55

Story

~4-—FP2-O-ASCE —@— FP-CO-ASCE
——FP2-MF-ASCE —@— FP2-SW-ASCE

Type 2 column layout

5.5

2 3 4 5 6
Story

~8—FP2-0O-ASCE —@— FP-CO-ASCE
~&—FP2-MF-ASCE —@— FP2-SW-ASCE





media/file11.jpg
T ooyt Trve2 coumtarout T oyt v 2 coumnlayow






media/file6.png
K i+3

K i+2

Ku‘+1

Irregular:
K <0JK_,
or

K, <% (K, + K+ K,

o — — ——

f ———

- ————

o

Extreme:

K. <06K_,

or

K, <% Ko+ Kot Ko





media/file15.jpg





nav.xhtml


  buildings-14-01308


  
    		
      buildings-14-01308
    


  




  





media/file29.png
0.85

0.8

0.75

0.7

nci

0.65

0.6

0.55

0.5

Type 1 wall layout

2-storey models
<&
n
»
<
o
X
<
a
X o
o
X o
m]
A °
»
n °
»
o
K
3 3.5 4 4.5 5 5.5 6

Span lenght (m)
© 2-span models
A 4-span models
= 6-span models

O 3-span models
X 5-span models
- — TBEC limitation

0.85

0.8

0.75

0.7

nci

0.65

0.6

0.55

0.5

Type 1 wall layout

4-storey models
<
n
»
<o
n
» <
n
* <
u)
X °
n ©
»*
m)
X o
u]
K
3 35 4 45 5 55 6

Span lenght (m)
o 2-span models
A 4-span models
= 6-span models

o 3-span models
x 5-span models
— — TBEC limitation

nci

0.85

0.8

0.75

0.7

0.65

0.6

0.55

0.5

© 2-span models
A 4-span models
= 6-span models

Type 1 wall layout

6-storey models
<o
n
* <
R
- <
o
X o
n
»* <
0
X o
o
% o
m)
X
3 3