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Abstract


Earthquake effects were investigated in single-story masonry buildings with walls of different heights and thicknesses. Five different masonry building models were created, with wall thicknesses ranging from 16 cm to 32 cm and wall heights ranging from 260 cm to 340 cm. In total, 25 different masonry building models were analysed using the STA4 CAD programme in accordance with the 2018 Turkish Earthquake Code. C-30 concrete and S-420 steel were used in the designed building models. A 12 cm thick reinforced concrete slab was designed. A live load of 0.2 t/m2 was designed on the slab. The mortar strength of the brick wall was taken as 30 MPa. A comparison of a reference building model with a height of 260 cm and a wall spacing of 16 cm with a building model with a floor spacing of 340 and a wall spacing of 32 cm shows that earthquake resistance can be increased by approximately 72%, and this increase in shear strength reaches approximately 89% and 95% in the “x” and “y” direction, respectively. When the wall thickness was doubled from 16 cm to 32 cm, the highest strength increases of approximately 94% was observed in the model with a wall height of 300 cm.
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1. Introduction


While the use of classical masonry structures in Türkiye is decreasing in urban centres, it is still widely preferred in rural areas. According to 2023 data from the Turkish Statistical Institute (TÜİK), approximately 15–20% of Türkiye total housing stock consists of masonry structures. This percentage can exceed 30% in rural areas. Masonry structures are constructed from natural materials such as stone, brick, adobe, briquette, and wood, and assembled using their own weight or mortar [1]. A large portion of Türkiye lies within the Alpine-Himalayan Earthquake Zone, one of the world’s high-risk earthquake zones. Numerous devastating earthquakes have occurred in Türkiye and many countries within this earthquake zone over the past century. Therefore, buildings constructed in Turkey must be earthquake-resistant to protect them from the devastating effects of earthquakes [2]. The world is the best laboratory for studying the behaviour of buildings after earthquakes. Therefore, researchers have conducted numerous detailed studies after earthquakes, observing damage to structures and gaining valuable insights into the causes of damage. Ingham and Griffith conducted a study on the structural response of unreinforced masonry structures after the 2010 Darfield earthquake in Christchurch, New Zealand [3]. Augenti and Parisi investigated the structural damage in various buildings after the 2009 L’Aquila earthquake in Italy [4]. Evaluated the structural response of masonry structures and churches after the 22 February 2011 Christchurch earthquake [5]. The evaluated the damage of various structures such as reinforced concrete, masonry and adobe buildings in the 2010 Elazığ-Kovancılar earthquake [6]. The seismic response of engineered masonry structures after the 2010 Maule, Chile earthquake [7]. The conducted a field observation on the damage of unreinforced masonry structures during the 2011 Elazığ-Maden moderate earthquake in Türkiye [8]. The damage to different buildings in the 2011 Kütahya-Simav earthquake in Türkiye [9]. One of the most important factors affecting mortar joint thickness is the workmanship during the installation phase [10]. The high seismic vulnerability of masonry buildings is primarily related to the specific building configuration (the number of thin walls, open layout, improper connections between structural components). Also, to the inherent mechanical properties of the masonry material, which is characterised by a high degree of inelastic response and very low tensile strength [11]. These masonry structures were constructed by skilled architects and builders who attempted structural systems that, while generally adequate to carry gravity loads, were not always adequate to carry lateral loads resulting from earthquake shaking [12]. The presence of openings can result in a decrease in seismic performance indicators such as the shear bearing capacity and ductility of the walls and a change in the damage pattern of the walls, making walls with windows more susceptible to damage during earthquakes [13]. Masonry structures do not exhibit high dispersion in material properties and highly nonlinear responses and Tassios [14].



The adverse effects of earthquakes on historic masonry structures are a significant issue among architects, engineers, and preservationists regarding cultural heritage and life safety in earthquake-prone areas. Historically, seismic events have had devastating consequences, leaving indelible marks on the structural integrity and cultural significance of masonry structures. Seismic forces induced by earthquakes have impacted these structures, often resulting in serious damage or destruction [15,16,17,18,19]. The ability of CM structures to resist structural loading is achieved through the combined effects of masonry walls. Adjacent reinforced concrete restraining elements such as tie columns and tie beams, as well as plinth bands, sill bands, lintel bands, and roof slabs [20,21,22,23,24,25,26]. In CM, damage due to vertical loading alone is not considered a critical issue because walls are always designed to undergo relatively low axial compressive stress. Although designed to resist vertical loads, masonry structures may still experience critical damage modes when subjected to gravity and lateral seismic loading, as the low tensile strength of the wall may become a limiting factor. As reported in past literature, CM buildings have shown excellent performance during earthquakes [27,28,29,30,31,32,33,34,35,36,37,38,39,40,41]. Aspect ratio has a significant effect on the behaviour of CM walls. Existing experimental studies are limited and do not provide a sufficient understanding of the effect of AR on CM behaviour. Especially considering the significant differences in materials and construction methodologies around the world [42]. To ensure the health of masonry structures throughout their service life, a damage assessment programme must be followed. With their complex structures, fragility assessment of these structures is mandatory to determine damage locations as well as their structural integrity [43,44,45,46]. Structures are expected to provide safety to the occupants [47]. It is known that seismic hazards can occur anywhere in the world and cause major losses [48,49]. Walls that do not meet these requirements will not be considered as load-bearing elements [50]. According to 2018 TEC section 11.5, walls to be considered as load-bearing elements must meet the requirements given in Table 1. Walls that do not meet these conditions will not be considered as load-bearing elements.



In this study, 25 different wall thickness/wall height ratios were created for 5 different wall heights and 5 different wall thicknesses, depending on the variables of wall thickness and wall height. The weights of the masonry building models designed with these wall models were calculated by analysing the base shear forces and seismic loads acting on these models in the “x” and “y” directions. The correlation coefficients between wall thickness and wall height and these parameters were determined, and intergroup comparisons were made for the 25 different models using statistical methods. Thus, it was determined through comparison tests which wall models were the same and which were different for the examined parameters, and the results were compared. Prediction models were created to estimate the weights of the building models created depending on the wall thickness and wall height ratios. The building base shear forces and seismic loads acting on these building models in the “x” and “y” directions, and it was observed that the prediction results can be represented the actual results with approximately. The analysis results are presented in tables and graphs.



The 2018 TEC stipulates a minimum brick wall thickness of 24 cm and a wall height-to-wall thickness ratio of 12. However, because masonry buildings are constructed in rural areas and without proper supervision, these requirements are not met. This situation can lead to masonry buildings being considered risky in terms of earthquakes. To determine the earthquake risk levels of masonry buildings, particularly those constructed in rural and economically disadvantaged areas, this study used wall thicknesses ranging from 16 cm to 32 cm (as observed in field applications). Story heights ranging from 260 cm to 340 cm2 to assess earthquake resistance for the worst-case scenario building models. To illustrate the situation in rural areas and highlight potential risks, 25 building models were created. Considering the minimum wall thickness of 24 cm and the wall height/wall thickness ratio of 12 cm specified in the earthquake regulations, the wall height (hef) is calculated as 12 × 24 = 288 cm. While this study could only be conducted for a single building model with a floor height of 288 cm and a wall thickness of 24 cm, in order to minimise costs in economically disadvantaged rural areas, the study examined how the seismic resistance of the building changes depending on whether the walls are thicker than the reference wall thickness of 24 cm, or whether the building has floor heights less or more than 288 cm. Therefore, wall thicknesses of 16, 20, 24, 28, and 32 cm were selected, and the seismic resistance of the building models was comprehensively investigated for these possible thicknesses. However, to observe how the seismic resistance of the structure changes when the reference floor height of 288 cm (hef = 24 × 12 = 288 cm) is not adhered to, and when floor heights are lower or higher than this, structural models were created using floor heights of 260, 280, 300, 320, and 340 cm to encompass possible scenarios. For statistical comparison tests, at least two dependent or independent groups are required. In this study, a comprehensive analysis was conducted using 25 different models. Five different wall thickness models for wall thicknesses and five different wall height models for wall heights used to examine the possibilities of non-compliance with regulations. Therefore, the creation of 25 statistically significant groups constituted a very large sample size encompassing all possibilities for the analysis. According to the 2018 TEC earthquake regulations, walls to be considered as load-bearing elements must meet the conditions given in Table 1. Walls that do not meet these conditions will not be considered as load-bearing element.




2. Materials and Methods


2.1. Material


In this study, the highest and lowest ratios between story height and wall thickness were compared. The ideal modelling of the structure emerged as a result of these comparisons. The strength of the mortar bonding the load-bearing wall materials used in the walls is of paramount importance. For this purpose, high-strength cement mortar was used. The 25 models used in this study were analysed according to the nonlinear behaviour of the material. According to the 2018 TEC earthquake code, unreinforced masonry buildings, load-bearing walls without reinforcement, and only masonry units were used for masonry structures. The single-story masonry structure was designed with five different story heights and five different wall thicknesses. The structure was modelled in accordance with the 2018 TEC [51]. Structural Analysis for Computer Aided Design (STA4CAD) is a programme used safely in public institutions and private sector building system designs in Türkiye. In StA4-CAD V.14.1 software, masonry brick walls are defined as panel structural elements. Brick wall properties are introduced to the panel element, enabling modelling as a masonry wall. In FEA3D analysis, panel elements are meshed and directly incorporated into the structural matrix, but in frame 3D analysis, they are reduced to constraint points and incorporated into the structural matrix. Panel elements are subdivided into finite elements, taking into account window and door openings. Each panel element is obtained through microanalysis as a finite element with brick wall properties. A general set of equations for each panel element is obtained through microanalysis, and a six-point finite element matrix is obtained using the sub-reduction method. This six-point finite element matrix is incorporated into the global matrix of the structure in the macroanalysis. In the microanalysis, the points to be reduced (N) are assigned as final points. By assigning the initial points (I) to the other points to be reduced, the stiffness matrix for the entire wall for N points is obtained using the Gaussian reduction method. After solving the structure matrix, the displacements can be substituted into the sub-reduction equation set for the panel, and the internal stresses can be obtained. The programme obtains the bar effects in the pier axis set for design purposes. The shell mesh matrix in the panel elements is prepared according to the wall shear and tensile properties, and the bending stiffness of the walls in the weak direction is not considered [52].



Concrete class C30 (compressive strength 30 MPa) and steel class S-420C (tensile strength of steel 420 MPa), which are widely used in our country and whose analysis results are accepted as accurate by official institutions, were used in all structural modelling. A masonry structure model with different story heights and wall thicknesses was created. Fully mixed bricks with load-bearing properties were used in the structure walls. The unit volume weight of the brick is 1.8 t/m3, Module of Elasticity, E = 2100 MPa, design strength fd = 1.4 MPa, and the cement mortar’s characteristics strength used in the brick courses is fuko = 0.35 MPa. The axis spacing of the structures in the plan was selected as 4.5 m for the largest span and 1 m for the smallest span. The number of axes in the “x” and “y” directions is equal, and there are 4 axes. The slab thickness in the building models is 12 cm. The story heights of the buildings were designed as 260 cm, 280 cm, 300 cm, 320 cm and 340 cm. These models were analysed according to the 2018 TEC and possible wall damage was examined. Stress values were calculated for “Collapse Prevention in Building”, “Controlled Damage” and “Limited Damage” performance levels. The behaviour of the building models under earthquake effects was analysed using Sta4cad. In the analysis, Earthquake Level 1 was selected as the reference value for the earthquake ground motion level (probability of exceedance in 50 years is 2%). The soil class is ZC, the structural behaviour coefficient is R = 2.5 and the resistance coefficient is D = 1.5. The spectrum characteristic period is Ta = 0.069 and Tb = 0.347, respectively, and the live load coefficient is 0.3. The bearing capacity and design stress of the soil are taken as 20 t/m2, and the bearing coefficient is 3000 t/m3.



Reinforced concrete calculations were made according to the bearing capacity method according to TS-500-2000, and the section reinforcement was calculated according to the gross section. The earthquake calculations were made using Mode Superposition and Dynamic Analysis methods. Foundations were taken into consideration in the earthquake calculations. The soil stress live load reduction coefficient was taken as 1.00. The differences between the earthquake-induced floor drifts and seismic moments in masonry building models with different story heights were analysed and compared using multiple comparison tests at a 95% confidence interval. Similar and different wall structures are shown in the tables.



In this study, the highest and lowest ratios between story height and wall thickness were compared. The ideal modelling of the structure emerged as a result of these comparisons. The strength of the mortar bonding the load-bearing wall materials used in the walls is of paramount importance. For this purpose, high-strength cement mortar was used.



The 25 models used in this study were analysed according to the nonlinear behaviour of the material. According to the 2018 TEC earthquake code, unreinforced masonry buildings, load-bearing walls without reinforcement, and only masonry units were used for masonry structures.



The 2018 TEC stipulates a minimum brick wall thickness of 24 cm and a wall height-to-wall thickness ratio of 12. However, because masonry buildings are constructed in rural areas and without proper supervision, these requirements are not met. This situation can lead to masonry buildings being considered risky in terms of earthquakes. To determine the earthquake risk levels of masonry buildings, particularly those constructed in rural and economically disadvantaged areas, this study used wall thicknesses ranging from 16 cm to 32 cm (as observed in field applications). Story heights used to range from 260 cm to 340 cm2 to assess earthquake resistance for the worst-case scenario building models. To illustrate the situation in rural areas and highlight potential risks, 25 building models were created. Considering the minimum wall thickness of 24 cm and the wall height/wall thickness ratio of 12 cm specified in the earthquake regulations, the wall height (hef) is calculated as 12 × 24 = 288 cm. While this study could only be conducted for a single building model with a floor height of 288 cm and a wall thickness of 24 cm, in order to minimise costs in economically disadvantaged rural areas, the study examined how the seismic resistance of the building changes depending on whether the walls are thinner or thicker than the reference wall thickness of 24 cm, or whether the building has floor heights less or more than 288 cm. Therefore, wall thicknesses of 16, 20, 24, 28, and 32 cm were selected, and the seismic resistance of the building models was comprehensively investigated for these possible thicknesses. However, to observe how the seismic resistance of the structure changes when the reference floor height of 288 cm (hef = 24 × 12 = 288 cm) is not adhered to, and when floor heights are lower or higher than this, structural models were created using floor heights of 260, 280, 300, 320, and 340 cm to encompass possible scenarios. For statistical comparison tests, at least two dependent or independent groups are required. In this study, a comprehensive analysis was conducted using 25 different models—five different wall thickness models for wall thicknesses and five different wall height models for wall heights—to examine the possibilities of non-compliance with regulations. Therefore, the creation of 25 statistically significant groups constituted a very large sample size encompassing all possibilities for the analysis.




2.2. Numerical Modelling Processes


The compression stresses in the walls will be compared to the allowable stresses based on the type of masonry wall. Loads from the walls and slabs will be taken into account in this calculation. The stress calculated by dividing the wall cross-section area by the reduced wall cross-section area of door and window openings will not exceed the allowable compression stress based on the wall type. The compression safety stress of the wall is 0.25 times the wall strength calculated from the compression strength tests of masonry units and mortar used in wall construction. Depending on the mortar class used in the wall and the average unconfined compression strength of the wall material given in TS-2510, the wall safety stress can be obtained from Table. Walls defined with panel elements can later be corrected collectively in terms of material classes here. After this definition, starting from beam information, walls should be converted to panel elements, and the material and voids in the wall should be defined. For solid walls, after finding the shear centres primarily by finding the shear rigidity of the walls, it is envisaged to distribute the equivalent earthquake loads to the solid walls with this shear spring rigidity. STA4CAD prepares stiffness matrices according to the shear rigidity for brick walls as panel elements. Designing masonry structures with finite elements is the method closest to real behaviour and is used in the design of new masonry structures and in linear/bilinear analyses. The finite element matrix used can be arranged according to the analysis method. By performing bilinear analyses, the gradual behaviours of the wall can be determined. Wall shearing rigidity is taken as K = A/h, bending rigidity is not taken into account. In the mechanical control between the void spaces, vertical stresses due to shear can be greater than the strength stress. if the compressive stresses due to shear can exceed the compressive strength stresses, in case of shear failure, mechanical sway occurs and the wall cannot bear the shear force. The shear force here is distributed to other wall elements.




2.3. Method


The effect of using solid-mix bricks of varying wall thicknesses in the construction of masonry walls on the load-bearing system was investigated. In load-bearing masonry walls, all horizontal and vertical joints were filled with bonding mortar. Door and window openings of the same size were provided at five different story heights and five different wall thicknesses. The 2018 TEC stipulates a minimum brick wall thickness of 24 cm and a wall height-to-wall thickness ratio of 12. However, because masonry buildings are constructed in rural areas and without proper supervision, these requirements are not met. This situation can lead to masonry buildings being considered risky in terms of earthquakes. To determine the earthquake risk levels of masonry buildings, particularly those constructed in rural and economically disadvantaged areas, this study used wall thicknesses ranging from 16 cm to 32 cm (as observed in field applications) and story heights ranging from 260 cm to 340 cm to assess earthquake resistance for the worst-case scenario building models. To illustrate the situation in rural areas and highlight potential risks, 25 building models were created. Considering the minimum wall thickness of 24 cm and the wall height/wall thickness ratio of 12 cm specified in the earthquake regulations, the wall height (hef) is calculated as 12 × 24 = 288 cm. While this study could only be conducted for a single building model with a floor height of 288 cm and a wall thickness of 24 cm, in order to minimise costs in economically disadvantaged rural areas, the study examined how the seismic resistance of the building changes depending on whether the walls are thinner or thicker than the reference wall thickness of 24 cm, or whether the building has floor heights less or more than 288 cm. Therefore, wall thicknesses of 16, 20, 24, 28, and 32 cm were selected, and the seismic resistance of the building models was comprehensively investigated for these possible thicknesses. However, to observe how the seismic resistance of the structure changes when the reference floor height of 288 cm (hef = 24 × 12 = 288 cm) is not adhered to, and when floor heights are lower or higher than this, structural models were created using floor heights of 260, 280, 300, 320, and 340 cm to encompass possible scenarios. For statistical comparison tests, at least two dependent or independent groups are required. In this study, a comprehensive analysis was conducted using 25 different models—five different wall thickness models for wall thicknesses and five different wall height models for wall heights—to examine the possibilities of non-compliance with regulations. Therefore, the creation of 25 statistically significant groups constituted a very large sample size encompassing all possibilities for the analysis. In all designed building models, the plan geometry, opening configuration, material properties, and all calculation parameters were kept constant. In wall models, only wall thicknesses and heights are variable.



In load-bearing masonry walls, all joints, both horizontal and vertical, are filled with binding mortar. The standardised minimum compressive strengths of the masonry units, as determined according to TS EN 772-1, shall not be less than fbmin = 5.0 MPa in the direction perpendicular to the horizontal joints and fbh min = 2.0 MPa in the direction parallel to the horizontal joints [53]. The minimum cube compressive strength values of the mortar to be used, as determined according to TS EN 1015-11, shall not be less than fm min = 5.0 MPa. The characteristic shear strength of the wall was obtained with the following expression. The expression fvk is calculated as follows, where “fvk” represents the characteristic shear strength of the wall obtained using the average vertical stresses on the wall, “fvko” represents the characteristic shear strength in the absence of axial stress, “σd” represents the vertical compressive stress calculated under the combined effect of vertical loads multiplied by load coefficients and seismic loads, and “fb” represents the standardised average compressive strength of the masonry unit (equivalent to a 100 mm × 100 mm specimen free from dimensional effects):


    f   v k   =   f   v k o   + 0.4   ∗     σ   d   ≤ 0.1   f   b   .  











The building’s load-bearing system will be modelled, and a structural analysis will be performed under the combined effects of vertical and horizontal loads. Structural analysis can be performed using either finite element or equivalent bar methods. The method of modelling walls with shear spring rigidity allows for easy analysis using this method, which is used for the design and linear performance of masonry structures. In the example model below, the rigidities of the walls, pressure and shear forces and shear fructure and unsufficient cutting are shown as parallel shear spring elements in Figure 1, Figure 2 and Figure 3.



In the analysis to be performed using the finite element method, the load-bearing wall can be modelled using detailed micro-modelling, simplified micro-modelling, or macro-modelling techniques. In the detailed micro-modelling technique, the components of the masonry wall (masonry units, horizontal and vertical mortar joints) are considered separately. In the simplified micro-modelling technique, horizontal and vertical mortar joints are neglected, and the expanded masonry units are separated from each other by average interface lines. In the macro-modelling technique, the masonry wall is considered as a composite material. Since the material considered in the model is a composite material, the ductility level is limited, linear performance analysis was used, and no analysis was performed regarding crack propagation and failure mechanisms.



In the analysis to be performed using the equivalent bar method, the rigidity of the masonry wall will be calculated by considering shear and bending deformations. The free height of the wall, H, is taken as the length from the top of the slab to the bottom of the slab (or lintel, if any). The wall length is taken as the length of the wall segment between the openings. For a rectangular cross-section wall segment, the elastic rigidity is calculated with the equation below, assuming that both ends are fixed. E and G are the modulus of elasticity and shear elasticity. A represents the horizontal cross-sectional area of the solid wall segment and I represent the moment of inertia of the solid wall segment. The Eduv value is taken as equal to 750 × fk (fk: characteristic compressive strength of the masonry wall) for the structural analysis. The shear modulus of the wall, Gduv, is taken as 40% of the modulus of elasticity.


  K d u v =    1   (     H   3     12 E d u v I   +   H   1.2 G d u v A   )     











Three-dimensional views the floor plan of designed building models off the masonry building models were shown in Figure 4 and Figure 5. In load-bearing masonry walls, all joints, both horizontal and vertical, are filled with binding mortar.





3. Analysis of Building Models Under the Effect of Earthquake


Five different building models constructed with five different Masonry Wall Structures (MAS) were analysed under earthquake effects. The results of these analyses are presented in separate tables, graphs, and figures for each model. Seismic analyses were conducted in accordance with the 2018 TEC using Sta4Cad. The analysis results were calculated separately for the “x” and “y” directions for seismic loads and displacements in the masonry structures acting on different wall thicknesses for the building models and are presented in tables.



Analysis of the Effect of Wall Height on Masonry Structure Behaviour


According to 2018 TEC, for solid walls, after first determining the shear stiffness of the walls and identifying the shear centres, seismic loads are distributed to the solid walls using this shear spring stiffness. STA4CAD programme has calculated matrices for brick walls as panel elements based on shear stiffness. With changes in wall thickness and wall height, shear and sliding stiffness values increase proportionally. Five different building wall heights with five different wall cross-sections were analysed under earthquake impact, and the analysis results were evaluated using separate tables, graphs, and figures for each model. The definitions of the concepts included in the analysis are provided below. Horizontal and vertical design spectrum values which were used in the analyses of the building were shown in Figure 6a,b.



Abbreviations in the figures are explained below:



T = Natural vibration period of the structure [s];



TA = Horizontal elastic design acceleration spectrum corner period [s];



TB = Horizontal elastic design acceleration spectrum corner period [s];



ST(ae) = Horizontal elastic design spectral acceleration [g];



SDS = Short period design spectral acceleration coefficient [dimensionless];



SD1 = Design spectral acceleration coefficient for 1.0 s period [dimensionless];



I = Building Importance Factor;



FS = Local ground effect coefficient for short period region;



F1 = Local ground effect coefficient for 1.0 s period;



R = Structural System Behaviour Factor;



VtE = Total equivalent earthquake load (base shear force) acting on the entire building in the earthquake direction [kN];



Vtx = Maximum obtained in the x direction by one of the modal calculation methods Total seismic load [kN].



Modal analysis, equivalent earthquake method, earthquake loads and different wall thicknesses and other parameters used in the analysis for the building models created from sections with a story height of 260 cm (Reference model) were given in Table 2.



Earthquake loads occurring according to wall height and wall thickness in masonry building models are shown below for all building models in Table 3.



Shear forces in the “x” and “y” directions depending on the wall height and wall thickness in masonry building models are shown for all building models in Table 4.



Seismic shear forces and limited damage cases in masonry structures were evaluated according to wall height and wall thickness. In wall models, increasing the wall thickness from 16 cm to 32 cm doubles the wall cross-sectional area, naturally increasing the wall’s moment of inertia, rigidity, and shear surface area. Furthermore, since the aspect ratio of a 16 cm thick wall and a 32 cm thick wall with the same wall height is also twice as large, the shear capacity increases by 94% between the two wall models. More detailed explanations regarding this situation, including the figure, equation, and calculation approaches, are provided under Section 2 topic.





4. Discussion


In the single-storey masonry building model, the relationships between the weight of the building, the earthquake loads and shear forces occurring in the building in cases where the building has five different wall thicknesses (16, 20, 24, 28 and 32 cm) and five different wall heights (260, 280, 300, 320 and 340 cm) were examined and comparisons were made depending on these parameters. In wall models, increasing the wall thickness from 16 cm to 32 cm doubles the wall cross-sectional area, naturally increasing the wall’s moment of inertia, rigidity, and shear surface area. Furthermore, since the aspect ratio of a 16 cm thick wall and a 32 cm thick wall with the same wall height is also twice as large, the shear capacity increases by 94% between the two wall models. More detailed explanations regarding this situation, including the figure, equation, and calculation approaches.



The data obtained are shown below as a 3D graphic in Figure 7 and Figure 8 so that the changes can be compared with each other. The graph shows five different wall thicknesses ranging from 16 cm to 32 cm on the “x” axis, and five different wall heights ranging from 260 cm to 340 cm on the “y” axis. The weights, earthquake loads, “x” and “y” direction shear forces of these wall models are shown on the “z” axis, respectively. The five different wall models are represented in five different colours in the graph, allowing for comparison between them.



4.1. Comparative Examination of Building Parameters


Building weights, earthquake loads, and shear forces for x and y directions obtained depending on the floor heights and wall thicknesses of the examined building models were obtained are shown below in Table 5.




4.2. Behaviour of Building Models Under Earthquake Effects


The behaviour of the created building models under the effect of an earthquake, the resulting displacements and strains are shown below as examples for “MWC 10” and “MWC54” building models with the lowest and highest He/te values for 260 cm and 340 cm story height (Figure 7 and Figure 8).





5. Statistical Analysis of Earthquake Parameters


In this study, the seismic behaviour, seismic forces, shear forces, and weights of 25 different structural models were analysed for 5 different wall heights and 5 different wall thicknesses, and the results were presented in tables. Statistical analyses were performed to evaluate the results of these diverse structural models. Correlation analysis is a statistical method used to discover whether there is a relationship between two variables/data sets and how strong that relationship might be. Regression analysis is performed to determine the relationship between two or more variables that have a cause-and-effect relationship, and to make estimations or predictions about that subject using this relationship. The independent samples t-test is used to test whether there is a statistically significant difference between two independent groups by looking at their means. These analyses are generally used to identify general trends and relationships among the data.



5.1. Correlation Analysis


The results are shown below according to the He/te values for the wall height classes (Table 6).




5.2. Prediction Models of the Earthquake Parameters


In the masonry building model, the earthquake loads occurring on the building were estimated according to the ratios of wall height and wall thickness (He/te). The results were shown in the table below (Table 7).



The significance levels of the earthquake load prediction model obtained depending on the ratio of wall height to wall thickness (He/te ratio) for the created masonry structure model were examined with ANOVA analysis and the results are shown in the table below (Table 8).



The coefficients and analysis results of the earthquake load prediction models obtained depending on the ratio of the wall height to the wall thickness (He/te ratio) for the created masonry structure model are shown in the table below (Table 9).



Earthquake loads were estimated depending on the wall height and wall thickness ratios, and the equations and correlation coefficients of the prediction models are shown below separately for the building models (Figure 9).



The proposed regression equations are empirical adaptations specific to the analysed models, obtained from the data of this study, and should not be generalised. This study also evaluates that wall height-thickness of 260–26 cm, 270–27 cm, 280–28 cm, 290–29 cm, 300–30 cm etc. It is believed that a building model designed with a ratio of He/te = 10 between story height and wall thickness can more easily meet earthquake resistance requirements. This ratio could be applicable according to the 2018 TEC. It is considered that using the statistically obtained prediction models in place of code-based seismic design would not be appropriate.




5.3. Paired Samples T-Test


Paired samples t-test was performed in our building models, taking 260 cm wall height and 16 cm wall thickness as reference, in order to determine whether there is a difference between building weights, earthquake loads and shear forces in terms of other wall heights and wall thicknesses (Table 10).





6. Results and Recommendations


When the weights of the building models were examined, it was seen that the minimum weight for the reference building model with a height of 260 cm and a wall thickness of 16 cm was 1159.94 kN, the heaviest building model was 2000.01 kN for the building model with a height of 340 cm and a wall thickness of 32 cm. In terms of earthquake load, it was seen that the reference building with a height of 260 cm and a wall thickness of 16 cm could carry an earthquake load of 1166.42 kN. The building model with a height of 340 cm and a wall thickness of 32 cm could carry an earthquake load of 2011.08 kN. An increase of approximately 72.41% was observed in terms of building weights and earthquake load.



When looking at the shear forces occurring in the building models due to the earthquake effect, it is seen that the minimum shear force in the “x” direction for the reference building model with a height of 260 cm and a wall thickness of 16 cm is 2024.81 kN. The maximum shear force in the building model with a height of 340 cm and a wall thickness of 32 cm is 3843.58 kN, which corresponds to an increase of approximately 88.89% compared to the reference building model.



When looking at the shear forces occurring in the building models due to the earthquake effect, it is seen that the minimum shear force in the “y” direction for the reference building model with a height of 260 cm and a wall thickness of 16 cm is 1772.38 kN. The maximum shear force in the building model with a height of 340 cm and a wall thickness of 32 cm is 3451.80 kN, which corresponds to an increase of approximately 94.75% compared to the reference building model.



In the building models examined, the ratio of wall height to wall thickness for the reference building with a height of 260 cm and a wall thickness of 16 cm was 8.12, while for the building with a height of 340 cm and a wall thickness of 32 cm, this ratio was 10.63 (see Table 9). The relationships between the He/te values, the ratio of wall height to wall thickness in the building models, and the weight of the buildings, the seismic loads they could support, and the shear forces in the “x” and “y” directions were examined. Accordingly, as the wall height/wall thickness value increased, the weight, seismic load, and loads in the “x” and “y” directions of the building models decreased (see Table 10).



Prediction models were created to estimate the seismic loads induced in buildings based on the wall height and wall thickness ratios for five different building models. The generated prediction models were found to be able to predict earthquake loads (see Table 10).



The statistical significance of the differences in building weights, seismic loads, and shear forces in the x- and y-directions of the building models was examined using a paired-samples t-test. The analysis found that the differences in building weights, seismic loads, and shear forces in the x- and y-directions between the entire building models.



The ratio of wall height to wall thickness was found to be an important parameter for the earthquake-resistant design of masonry structures. Accordingly,



In a building model with a wall height of 260 cm, when the wall thickness is 16 cm (He/te = 16.25), the weight of the structure is 1159.94 kN, the generated seismic load is 1166.42 kN, the shear force in the x direction is 2034.81 kN and the shear force in the y direction is 1772.38 kN. When the wall thickness is 32 cm (He/te = 8.125), the weight of the structure is 1635.19 kN, the generated seismic load is 1635.19 kN, the shear force in the “x” direction is 3752.28 kN and the shear force in the “y” direction is 3373.74 kN. When the wall thickness is doubled, the weight of the structure and the earthquake load it can carry increase by 1.4 times. The shear forces in the “x” and “y” directions increase by about 1.85 and 1.90 times, respectively.



In a building model with a wall height of 340 cm and a wall thickness of 16 cm (He/te = 21.25), the weight of the structure is 1346.86 kN, the generated seismic load is 1354.31 kN, the shear force in the x direction is 2034.42 kN and the shear force in the y direction is 1805.92 kN, When the wall thickness is 32 cm (He/te = 10.62), the weight of the structure is 2000.01 kN, the generated seismic load is 2011.08 kN, the shear force in the “x” direction is 3843.58 kN and the shear force in the “y” direction is 3451.79 kN. When the wall thickness is doubled, the weight of the structure and the earthquake load it can carry increase by about 1.49 times. The shear forces in the “x” and “y” directions increase by about 1.89 and 1.91 times, respectively.



Among the building models created, it can be said that the 340 cm high wall provides the highest resistance increase against earthquake loads with an increase of approximately 1.94 compared to the other models, whereas the 260 cm high wall model has the least resistance increase against earthquake loads. For masonry structures to be designed, it is crucial to determine the optimum wall height, wall thickness, and wall height/wall thickness values by considering wall height/wall thickness ratios, building weights, seismic loads and shear forces, and construction costs. Further studies that consider all these parameters and optimum conditions would be appropriate, and cost considerations should be incorporated into the design process. This will enable designs to be evaluated not only from an earthquake-related perspective but also from a cost-effective perspective.



The 2018 TEC stipulates a minimum brick wall thickness of 24 cm and a wall height-to-wall thickness ratio of 12. However, because masonry buildings are constructed in rural areas and without proper supervision, these requirements are not met. This situation can lead to masonry buildings being considered risky in terms of earthquakes. To determine the earthquake risk levels of masonry buildings, particularly those constructed in rural and economically disadvantaged areas, this study used wall thicknesses ranging from 16 cm to 32 cm (as observed in field applications) and story heights ranging from 260 cm to 340 cm to assess earthquake resistance for the worst-case scenario building models. To illustrate the situation in rural areas and highlight potential risks, 25 building models were created. Considering the minimum wall thickness of 24 cm and the wall height/wall thickness ratio of 12 cm specified in the earthquake regulations, the wall height (hef) is calculated as 12 × 24 = 288 cm. While this study could only be conducted for a single building model with a floor height of 288 cm and a wall thickness of 24 cm, in order to minimise costs in economically disadvantaged rural areas, the study examined how the seismic resistance of the building changes depending on whether the walls are thinner or thicker than the reference wall thickness of 24 cm, or whether the building has floor heights less or more than 288 cm. Therefore, wall thicknesses of 16, 20, 24, 28, and 32 cm were selected, and the seismic resistance of the building models was comprehensively investigated for these possible thicknesses. However, to observe how the seismic resistance of the structure changes when the reference floor height of 288 cm (hef = 24 × 12 = 288 cm) is not adhered to, and when floor heights are lower or higher than this, structural models were created using floor heights of 260, 280, 300, 320, and 340 cm to encompass possible scenarios. For statistical comparison tests, at least two dependent or independent groups are required. In this study, a comprehensive analysis was conducted using 25 different models—five different wall thickness models for wall thicknesses and five different wall height models for wall heights—to examine the possibilities of non-compliance with regulations. Therefore, the creation of 25 statistically significant groups constituted a very large sample size encompassing all possibilities for the analysis.



The values corresponding to the limit ratios (He/te ≤ 12) specified in Table 1 of the 2018 TEC are given in Table 2. However, as wall thickness increases, the resistance of the structure to shear forces increases because the moment of inertia, cross-sectional area, and mortar adhesion surface area of the wall also increase. The most important issue for designers is to decide which wall height to choose for which wall thickness in masonry structures and to design the structure accordingly. In this respect, it is considered that the recommended wall thickness for designers can be between 26 and 30 cm, and the wall height between 260 and 300 cm. Regulations define the minimum requirements/criteria. Therefore, it is considered appropriate that the ratio of the wall height to the wall thickness chosen for the design should be less than 12. In this case, for example, instead of choosing a wall thickness of 280/10 = 28 cm for a floor height of 280 cm (which is 23.3 cm), it is thought that designing it as such would be more suitable in terms of earthquake resistance. Because when the wall thickness is increased from 23.3 cm to 28 cm, the thickness increases by approximately 20%. This will also significantly affect the shear surface area, compressive surface area, rigidity of wall, moment of inertia, and adhesion properties of the mortar.



This study only investigated the effects of wall height and wall thickness on seismic resistance in masonry structures. It is considered beneficial to also examine wall height and thickness in terms of construction cost, material efficiency, and performance-based design objectives. In this case, a new study should be conducted to analyse different wall thicknesses, different wall heights, and different performance objectives, and how these differences affect construction costs can be revealed in another study. Thus, the effects of these parameters on the construction cost can also be determined.
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Figure 1. The rigidities of the walls are considered as parallel shear spring elements. 
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Figure 2. Wall with holes, Pressure force (Pi), and Shear Forces (Vi). 
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Figure 3. Wall Block, Pressure, Shear Effects, Shear Fructure and Unsufficient Cutting. 
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Figure 4. Three-dimensional view of designed building model. 
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Figure 5. Floor plan of the building (x = 11 m, y = 10.3 m, Dimension 11 × 10.3 m). 
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Figure 6. (a) Horizontal design spectrum. (b) Vertical design spectrum. 
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Figure 7. Behaviour of MWC10 building models under earthquake effect. 






Figure 7. Behaviour of MWC10 building models under earthquake effect.



[image: Buildings 16 00127 g007]







[image: Buildings 16 00127 g008] 





Figure 8. Behaviour of 10.MWC 54 building models under earthquake effect. 
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Figure 9. Estimated earthquake loads depending on the wall height and wall thickness ratios. 
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Table 1. Geometric conditions acting on walls under shear force.
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	Masonry Type
	(tef) mm

Effective Thickness

of the Wall
	(hef/tef) Max

hef = Effective Height

of the Wall





	Unreinforced masonry,

other masonry units
	240
	12










 





Table 2. Analysis parameters of the model buildings.
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	Modal
	Floor

Height

(cm)
	Wall

Thickness

(cm)
	Wg (kN)
	Wq

(kN)
	Hef/tef

(12)
	R Rx/Ry
	D Dx/Dy
	   Ʃ    Wk (kN)





	MWC 10
	260
	16
	1083.35
	26.07
	16.25 > 12
	2.5
	1.5
	1159.94



	MWC 11
	260
	20
	1201.92
	26.07
	13.00 > 12
	2.5
	1.5
	1283.12



	MWC 12
	260
	24
	1282.92
	26.07
	10.83 < 12
	2.5
	1.5
	1389.03



	MWC 13
	260
	28
	1431.00
	26.07
	9.28 < 12
	2.5
	1.5
	1507.60



	MWC 14
	260
	32
	1549.57
	26.07
	8.13 < 12
	2.5
	1.5
	1626.26



	MWC 20
	280
	16
	1132.09
	26.07
	17.25 > 12
	2.5
	1.5
	1208.68



	MWC 21
	280
	20
	1261.44
	26.07
	14.00 > 12
	2.5
	1.5
	1341.57



	MWC 22
	280
	24
	1385.50
	26.07
	11.67 < 12
	2.5
	1.5
	1462.19



	MWC 23
	280
	28
	1512.20
	26.07
	10.00 < 12
	2.5
	1.5
	1588.89



	MWC 24
	280
	32
	1638.91
	26.07
	8.75 < 12
	2.5
	1.5
	1715.60



	MWC 30
	300
	16
	1172.69
	26.07
	18.75 > 12
	2.5
	1.5
	1249.38



	MWC 31
	300
	20
	1315.68
	26.07
	15.00 > 12
	2.5
	1.5
	1392.37



	MWC 32
	300
	24
	1458.66
	26.07
	12.50 > 12
	2.5
	1.5
	1535.25



	MWC 33
	300
	28
	1593.50
	26.07
	10.71 < 12
	2.5
	1.5
	1670.09



	MWC 34
	300
	32
	1736.49
	26.07
	9.37 < 12
	2.5
	1.5
	1813.08



	MWC 40
	320
	16
	1221,43
	26.07
	20.00 > 12
	2.5
	1.5
	1298.12



	MWC 41
	320
	20
	1372.56
	26.07
	16.00 > 12
	2.5
	1.5
	1449.15



	MWC 42
	320
	24
	1523.68
	26.07
	13.33 > 12
	2.5
	1.5
	1600.27



	MWC 43
	320
	28
	1668.82
	26.07
	11.42 < 12
	2.5
	1.5
	1751.39



	MWC 44
	320
	32
	1825.83
	26.07
	10.00 < 12
	2.5
	1.5
	1902.52



	MWC 50
	340
	16
	1270.17
	26.07
	21.25 > 12
	2.5
	1.5
	1346.87



	MWC 51
	340
	20
	1429.44
	26.07
	17.00 > 12
	2.5
	1.5
	1506.03



	MWC 52
	340
	24
	1596.74
	26.07
	14.17 > 12
	2.5
	1.5
	1673.43



	MWC 53
	340
	28
	1756.00
	26.07
	12.14 > 12
	2.5
	1.5
	1832.59



	MWC 54
	340
	32
	1923.31
	26.07
	10.62 < 12
	2.5
	1.5
	2000.01










 





Table 3. Modal analysis equivalent earthquake load and earthquake load.






Table 3. Modal analysis equivalent earthquake load and earthquake load.





	
Modal

	
Wall

(cm)

	
Floor Height

(cm)

	
X Direction

	
Y Direction




	
Modal

Analysis

	
Equivalent Earthquake Load (kN)

	
Earthquake Load (kN)

	
Modal

Analysis

(kN)

	
Equivalent

Earthquake

Load (kN)

	
Earthquake

Load (kN)






	
MWC 10

	
16

	
260

	
792.32

	
1295.97

	
1166.42

	
792.29

	
1295.97

	
1166.42




	
MWC 11

	
20

	
260

	
875.75

	
1428.46

	
1285.67

	
883.69

	
1428.46

	
1285.67




	
MWC 12

	
24

	
260

	
965.09

	
1551.93

	
1396.69

	
965.09

	
1551.93

	
1396.69




	
MWC 13

	
28

	
260

	
1049.92

	
1684.42

	
1515.94

	
1049.92

	
1684.42

	
1515.94




	
MWC 14

	
32

	
260

	
1129.55

	
1816.91

	
1635.19

	
1129.55

	
1816.91

	
1635.19




	
MWC 20

	
16

	
280

	
822.20

	
1350.40

	
1215.36

	
850.15

	
1350.40

	
1215.36




	
MWC 21

	
20

	
280

	
920.35

	
1492.01

	
1342.85

	
945.18

	
1492.01

	
1342.45




	
MWC 22

	
24

	
280

	
1012.84

	
1633.62

	
1470.24

	
1033.25

	
1633.62

	
1470.24




	
MWC 23

	
28

	
280

	
1104.48

	
1775.13

	
1597.63

	
1119.25

	
1775.13

	
1597.63




	
MWC 24

	
32

	
280

	
1193.52

	
1916.84

	
1725.12

	
1202.31

	
1916.84

	
1725.12




	
MWC 30

	
16

	
300

	
881.51

	
1395.80

	
1256.25

	
877.61

	
1395.80

	
1256.25




	
MWC 31

	
20

	
300

	
995.06

	
1555.56

	
1400.02

	
990.19

	
1555.56

	
1400.02




	
MWC 32

	
24

	
300

	
1104.58

	
1715.31

	
1543.79

	
1098.75

	
1715.31

	
1543.79




	
MWC 33

	
28

	
300

	
1208.30

	
1865.94

	
1679.32

	
1201.82

	
1865.94

	
1679.32




	
MWC 34

	
32

	
300

	
1318.71

	
2025.69

	
1823.09

	
1311.56

	
2025.69

	
1823.09




	
MWC 40

	
16

	
320

	
860.11

	
1450.33

	
1305.29

	
847.80

	
1450.33

	
1305.29




	
MWC 41

	
20

	
320

	
981.90

	
1619.10

	
1457.19

	
965.28

	
1619.10

	
1457.19




	
MWC 42

	
24

	
320

	
1088.17

	
1787.88

	
1609.10

	
1065.22

	
1787.88

	
1609.10




	
MWC 43

	
28

	
320

	
1196.22

	
1956.75

	
1761.01

	
1167.99

	
1956.75

	
1761.01




	
MWC 44

	
32

	
320

	
1320.49

	
2125.53

	
1913.01

	
1271.84

	
2125.53

	
1913.01




	
MWC 50

	
16

	
340

	
858.24

	
1504.76

	
1354.32

	
845.74

	
1504.76

	
1354.32




	
MWC 51

	
20

	
340

	
984.70

	
1682.65

	
1514.37

	
965.58

	
1682.65

	
1514.37




	
MWC 52

	
24

	
340

	
1097.91

	
1869.57

	
1682.65

	
1072.18

	
1869.57

	
1682.65




	
MWC 53

	
28

	
340

	
1207.62

	
2047.46

	
1842.80

	
1176.52

	
2047.46

	
1842.80




	
MWC 54

	
32

	
340

	
1322.50

	
2234.48

	
2011.08

	
1286.16

	
2234.48

	
2011.08











 





Table 4. Storey shear capacity control of model masonry walls.






Table 4. Storey shear capacity control of model masonry walls.





	
Modal

	
Wall

Thickness

(cm)

	
Floor

Height

(cm)

	
X Direction

	
Y Direction

	




	
ƩVr

(kN)

	
ƩVe

(kN)

	
ƩVe

(Ve > Vr)

	
ƩVr

(kN)

	
ƩVe

(kN)

	
ƩVe

(Ve > Vr)

	
Insufficient

Breaking

Capacity

Rating






	
MWC 10

	
16

	
260

	
2034.81

	
1274.59

	
0.00

	
1772.38

	
1274.59

	
0.00

	
Lim. Damage




	
MWC 11

	
20

	
260

	
2395.90

	
1428.56

	
0.00

	
2147.49

	
1428.56

	
0.00

	
Lim. Damage




	
MWC 12

	
24

	
260

	
2847.80

	
1551.93

	
0.00

	
2555.85

	
1551.93

	
0.00

	
Lim. Damage




	
MWC 13

	
28

	
260

	
3300.19

	
1684.42

	
0.00

	
2964.89

	
1684.42

	
0.00

	
Lim. Damage




	
MWC 14

	
32

	
260

	
3752.28

	
1816.91

	
0.00

	
3373.74

	
1816.91

	
0.00

	
Lim. Damage




	
MWC 20

	
16

	
280

	
1993.63

	
1350.50

	
0.00

	
1775.03

	
1350.50

	
0.00

	
Lim. Damage




	
MWC 21

	
20

	
280

	
2398.25

	
1492.11

	
0.00

	
2145.53

	
1492.11

	
0.00

	
Lim. Damage




	
MWC 22

	
24

	
280

	
2851.72

	
1633.62

	
0.00

	
2554.67

	
1633.62

	
0.00

	
Lim. Damage




	
MWC 23

	
28

	
280

	
3304.60

	
1775.23

	
0.00

	
2963.62

	
1775.23

	
0.00

	
Lim. Damage




	
MWC 24

	
32

	
280

	
3757.09

	
1916.84

	
0.00

	
3372.36

	
1916.84

	
0.00

	
Lim. Damage




	
MWC 30

	
16

	
300

	
1997.35

	
1395.90

	
0.00

	
1801.71

	
1395.90

	
0.00

	
Lim. Damage




	
MWC 31

	
20

	
300

	
2467.00

	
1555.65

	
0.00

	
2223.01

	
1555.65

	
0.00

	
Lim. Damage




	
MWC 32

	
24

	
300

	
2935.96

	
1715.31

	
0.00

	
2645.78

	
1715.31

	
0.00

	
Lim. Damage




	
MWC 33

	
28

	
300

	
3403.35

	
1866.04

	
0.00

	
3067.18

	
1866.04

	
0.00

	
Lim. Damage




	
MWC 34

	
32

	
300

	
3872.22

	
2025.69

	
0.00

	
3489.85

	
2025.69

	
0.00

	
Lim. Damage




	
MWC 40

	
16

	
320

	
2008.73

	
1450.33

	
0.00

	
1780.13

	
1450.33

	
0.00

	
Lim. Damage




	
MWC 41

	
20

	
320

	
2429.54

	
1619.10

	
0.00

	
2171.03

	
1619.10

	
0.00

	
Lim. Damage




	
MWC 42

	
24

	
320

	
2890.36

	
1787.98

	
0.00

	
2586.64

	
1787.98

	
0.00

	
Lim. Damage




	
MWC 43

	
28

	
320

	
3350.50

	
1956.75

	
0.00

	
3002.16

	
1956.75

	
0.00

	
Lim. Damage




	
MWC 44

	
32

	
320

	
3810.34

	
2125.63

	
0.00

	
3417.48

	
2125.63

	
0.00

	
Lim. Damage




	
MWC 50

	
16

	
340

	
2034.42

	
1504.85

	
0.00

	
1805.92

	
1504.85

	
0.00

	
Lim. Damage




	
MWC 51

	
20

	
340

	
2454.06

	
1682.65

	
0.00

	
2196.63

	
1682.65

	
0.00

	
Lim. Damage




	
MWC 52

	
24

	
340

	
2918.31

	
1869.67

	
0.00

	
2615.67

	
1869.67

	
0.00

	
Lim. Damage




	
MWC 53

	
28

	
340

	
3380.50

	
2047.56

	
0.00

	
3033.34

	
2047.56

	
0.00

	
Lim. Damage




	
MWC 54

	
32

	
340

	
3843.58

	
2234.48

	
0.00

	
3451.80

	
2234.48

	
0.00

	
Lim. Damage











 





Table 5. Building parameters according to wall thickness and wall height.






Table 5. Building parameters according to wall thickness and wall height.





	
Weight (kN)




	
Wall Height

(cm)

	
Wall

16 cm

	
Wall

20 cm

	
Wall

24 cm

	
Wall

28 cm

	
Wall

32 cm






	
260 cm

	
1159.95

	
1282.83

	
1389.04

	
1507.60

	
1626.26




	
280 cm

	
1208.69

	
1341.57

	
1462.19

	
1588.90

	
1715.60




	
300 cm

	
1249.39

	
1392.37

	
1535.26

	
1670.10

	
1813.08




	
320 cm

	
1298.13

	
1449.15

	
1600.27

	
1751.40

	
1902.52




	
340 cm

	
1346.87

	
1506.03

	
1673.43

	
1832.60

	
2000.00




	
X and Y Direction Earthquake Load (kN)




	
260 cm

	
1166.42

	
1285.67

	
1396.69

	
1515.94

	
1635.19




	
280 cm

	
1215.36

	
1342.85

	
1470.24

	
1597.63

	
1725.12




	
300 cm

	
1256.25

	
1400.02

	
1543.79

	
1679.32

	
1823.09




	
320 cm

	
1305.29

	
1457.19

	
1609.10

	
1761.01

	
1913.01




	
340 cm

	
1354.32

	
1514.37

	
1682.65

	
1842.80

	
2011.08




	
The shear forces for X Direction (kN)




	
260 cm

	
203.48

	
239.59

	
284.78

	
330.02

	
375.23




	
280 cm

	
199.36

	
239.83

	
285.17

	
330.46

	
375.71




	
300 cm

	
199.74

	
246.70

	
293.60

	
340.34

	
387.22




	
320 cm

	
200.87

	
242.95

	
289.04

	
335.05

	
381.03




	
340 cm

	
203.44

	
245.41

	
291.83

	
338.05

	
384.36




	
The shear forces for Y Direction (kN)




	
260 cm

	
177.24

	
214.75

	
255.58

	
296.49

	
337.37




	
280 cm

	
177.50

	
214.55

	
255.47

	
296.36

	
337.24




	
300 cm

	
180.17

	
222.30

	
264.58

	
306.72

	
348.98




	
320 cm

	
178.01

	
217.10

	
258.66

	
300.22

	
341.75




	
340 cm

	
180.59

	
219.66

	
261.57

	
303.33

	
345.18











 





Table 6. Correlation coefficients between He/te and other parameters.






Table 6. Correlation coefficients between He/te and other parameters.





	
Parameters

	
Total Weight

Ton

	
Earthquake Load (kN)

	
Shear Forces

for x Direction

(kN)

	
Shear Forces for y Direction (kN)






	
For 260 cm

Wall He/te

	
Pearson Correlation

	
−0.979

	
−0.978

	
−0.971

	
−0.976




	
Sig. (2-tailed)

	
0.004

	
0.004

	
0.006

	
0.004




	
For 280 cm

Wall He/te

	
Pearson Correlation

	
−0.983

	
−0.983

	
−0.979

	
−0.979




	
Sig. (2-tailed)

	
0.003

	
0.003

	
0.004

	
0.004




	
For 300 cm

Wall He/te

	
Pearson Correlation

	
−0.984

	
−0.984

	
−0.983

	
−0.968




	
Sig. (2-tailed)

	
0.003

	
0.003

	
0.003

	
0.007




	
For 320 cm

Wall He/te

	
Pearson Correlation

	
−0.979

	
−0.979

	
−0.976

	
−0.977




	
Sig. (2-tailed)

	
0.004

	
0.004

	
0.004

	
0.004




	
For 340 cm

Wall He/te

	
Pearson Correlation

	
−0.979

	
−0.979

	
−0.976

	
−0.977




	
Sig. (2-tailed)

	
0.004

	
0.004

	
0.004

	
0.004











 





Table 7. Summaries of earthquake load prediction models based on He/te ratios in buildings.






Table 7. Summaries of earthquake load prediction models based on He/te ratios in buildings.





	
Model

	
R

	
R Square

	
Adjusted R Square

	
Std. Error

of the Estimate

	
Change Statistics




	
R Square Change

	
F Change

	
df1

	
df2

	
Sig. F Change






	
260 cm

	
0.978 a

	
0.957

	
0.943

	
4.50952

	
0.957

	
66.764

	
1

	
3

	
0.004




	
280 cm

	
0.983 a

	
0.965

	
0.954

	
4.40655

	
0.965

	
83.940

	
1

	
3

	
0.003




	
300 cm

	
0.984 a

	
0.967

	
0.957

	
4.748084

	
0.967

	
89,104

	
1

	
3

	
0.003




	
320 cm

	
0.979 a

	
0.959

	
0.945

	
5.718778

	
0.959

	
70.388

	
1

	
3

	
0.004




	
340 cm

	
0.979 a

	
0.958

	
0.944

	
6.28941

	
0.958

	
67.866

	
1

	
3

	
0.004








a. Predictors: (Constant), He/te (Height/Thickness).













 





Table 8. ANOVA analysis results for earthquake load prediction models according to He/te ratio.






Table 8. ANOVA analysis results for earthquake load prediction models according to He/te ratio.





	
ANOVA a




	
Model

	
Sum of Squares

	
df

	
Mean Square

	
F

	
Sig.






	
260 cm

	
Regression

	
1357.706

	
1

	
1357.706

	
66.764

	
0.004 b




	
Residual

	
61.007

	
3

	
20.336

	

	




	
Total

	
1418.713

	
4

	

	

	




	
280 cm

	
Regression

	
1629.27

	
1

	
1629.927

	
83.40

	
0.003 b




	
Residual

	
58.253

	
3

	
19.418

	

	




	
Total

	
1688.180

	
4

	

	

	




	
300 cm

	
Regression

	
2008.797

	
1

	
2008.797

	
89.104

	
0.003 b




	
Residual

	
67.633

	
3

	
22.544

	

	




	
Total

	
1688.180

	
4

	

	

	




	
320 cm

	
Regression

	
2302.00

	
1

	
2302.00

	
70.388

	
0.004 b




	
Residual

	
98.113

	
3

	
32.704

	

	




	
Total

	
2400.114

	
4

	

	

	




	
340 cm

	
Regression

	
2684.551

	
1

	
2684.551

	
67.866

	
0.004 b




	
Residual

	
118.670

	
3

	
39.557

	

	




	
Total

	
2803.221

	
4

	

	

	








a. Dependent Variable: X and Y direction earthquake load. b. Predictors: (Constant), He/te.













 





Table 9. Coefficients and earthquake load prediction models according to He/te ratio.






Table 9. Coefficients and earthquake load prediction models according to He/te ratio.





	
Coefficients (a)




	
Model

	
Unstandardized

Coefficients

	
Standardised Coefficients

	
t

	
Sig.

	
95% Confidence

Interval for B




	
B

	
Std. Error

	
Beta

	
Lower Bound

	
Upper

Bound






	
260 cm

	
(Constant)

	
208.489

	
8.293

	

	
25.140

	
0.000

	
182.097

	
234.882




	
He/te (x)

	
−5.717

	
0.700

	
−0.978

	
−8.171

	
0.004

	
−7.943

	
−3.490




	
Y = −5.717 × x + 208.489 (“Y” Earthquake load estimation model, “x” He/te rate)




	
280 cm

	
(Constant)

	
223.603

	
8.280

	

	
27.006

	
0.000

	
197.253

	
249.953




	
He/te

	
−5.974

	
0.652

	
−0.983

	
−9.162

	
0.003

	
−8.049

	
−3.899




	
Y = −5.974 × x + 223.603 (“Y” Earthquake load estimation model, “x” He/te rate)




	
300 cm

	
(Constant)

	
238.884

	
8.922

	

	
26.776

	
0.000

	
210.492

	
267.276




	
He/te

	
−6.632

	
0.703

	
−0.984

	
−9.440

	
0.003

	
−8.867

	
−4.396




	
Y = −5.994 × x + 238.603 (“Y” Earthquake load estimation model, “x” He/te rate)




	
320 cm

	
(Constant)

	
249.626

	
10.512

	

	
23.748

	
0.000

	
216.173

	
283.078




	
He/te

	
−5.070

	
0.721

	
−0.979

	
−8.390

	
0.004

	
−8.0383

	
−3.752




	
Y = −5.070 × x + 249.626 (“Y” Earthquake load estimation model, “x” He/te rate)




	
340 cm

	
(Constant)

	
263.804

	
11.562

	

	
22.817

	
0.000

	
227.009

	
300.599




	
He/te

	
−6.144

	
0.746

	
−0.979

	
−8.238

	
0.004

	
−8.518

	
−3.771




	
Y = −6.144 × x + 263.804 (“Y” Earthquake load estimation model, “x” He/te rate)








(a) Dependent Variable: X and Y direction earthquake load.













 





Table 10. Paired Samples t-test results.






Table 10. Paired Samples t-test results.





	
Test Results for Weights




	
Wall Thicknesses

cm

	
Mean

	
Std.

Deviation

	
Std. Error Mean

	
95% Confidence Interval of the Difference

	
t

	
df

	
Sig.

(2-Tailed)




	
Lower

	
Upper






	
Pair 1

	
16–20 cm

	
−14,457.40

	
1471.37

	
658.02

	
−16,284.35

	
−12,630.44

	
−21.971

	
4

	
0.000




	
Pair 2

	
16–24 cm

	
−28,494.60

	
3947.17

	
1765.22

	
−33,395.65

	
−23,593.54

	
−16.142

	
4

	
0.000




	
Pair 3

	
16–28 cm

	
−42,576.80

	
5637.21

	
2521.03

	
−49,576.32

	
−35,577.27

	
−16.889

	
4

	
0.000




	
Pair 4

	
16–32 cm

	
−56,989.80

	
7606.55

	
3401.75

	
−66,434.58

	
−47,545.01

	
−16.753

	
4

	
0.000




	
Test Results for Earthquake Loads




	
Pair 1

	
16–20 cm

	
−14,325.80

	
1727.34

	
772.49

	
−16,470.58

	
−12,181.01

	
−18.545

	
4

	
0.000




	
Pair 2

	
16–24 cm

	
−28,651.80

	
3968.93

	
1774.96

	
−33,579.88

	
−23,723.71

	
−16.142

	
4

	
0.000




	
Pair 3

	
16–28 cm

	
−42,811.20

	
5668.54

	
2535.05

	
−49,849.62

	
−35,772.77

	
−16.888

	
4

	
0.000




	
Pair 4

	
16–32 cm

	
−57,304.00

	
7649.29

	
3420.86

	
−66,801.85

	
−47,806.14

	
−16.751

	
4

	
0.000




	
Test Results for Cutting Force in the X Direction




	
Pair 1

	
16–20 cm

	
−4233.40

	
396.75

	
177.43

	
−4726.03

	
−3740.76

	
−23.859

	
4

	
0.000




	
Pair 2

	
16–24 cm

	
−8922.80

	
464.51

	
207.73

	
−9499.57

	
−8346.02

	
−42.952

	
4

	
0.000




	
Pair 3

	
16–28 cm

	
−13,603.20

	
525.67

	
235.09

	
−14,255.91

	
−12,950.48

	
−57.864

	
4

	
0.000




	
Pair 4

	
16–32 cm

	
−18,286.40

	
594.90

	
266.04

	
−19,025.06

	
−17,547.73

	
−68.733

	
4

	
0.000




	
Test Results for Cutting Force in the Y Direction




	
Pair 1

	
16–20 cm

	
−3973.80

	
202.82

	
90.70

	
−4225.63

	
−3721.96

	
−43.811

	
4

	
0.000




	
Pair 2

	
16–24 cm

	
−8205.40

	
262.84

	
117.54

	
−8531.76

	
−7879.03

	
−69.805

	
4

	
0.000




	
Pair 3

	
16–28 cm

	
−12,432.20

	
317.02

	
141.77

	
−12,825.83

	
−12,038.56

	
−87.689

	
4

	
0.000




	
Pair 4

	
16–32 cm

	
−16,662.00

	
377.91

	
169.00

	
−17,131.23

	
−16,192.76

	
−98.588

	
4

	
0.000
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