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ABSTRACT 3 

An increased number of hurricanes and tornadoes have been recorded worldwide in the last 4 

decades, while research efforts to reduce wind-related damage to structures become essential. 5 

Freeform architecture, which focuses on generating complex curved shapes including streamlined 6 

shapes, has recently gained interest. This study focuses on investigating the potential of kerf panels, 7 

which have unique flexibility depending on the cut patterns and densities, to generate complex 8 

shapes for facades and their performance under wind loads. To investigate the kerf panel's potential 9 

capacity against wind loads, static and dynamic analyses were conducted for two kerf panel types 10 

with different cut densities and pre-deformed shapes. It was observed that although solid panels 11 

result in smaller displacement amplitudes, stresses, and strains in some cases, the kerf panels allow 12 

for global and local cell deformations resulting in stress reduction in various locations with the 13 

potential to reduce damage due to overstress in structures. For the pre-deformed kerf panels, it was 14 

observed that both the overall stress and strain responses in kerf cut arrangements were lower than 15 

those of the flat-shaped panels. This study shows the promise of the use of kerf panels in achieving 16 

both design flexibility and performance demands when exposed to service loadings. Considering 17 
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that this newly proposed architectural configuration (design paradigm) for façades could 18 

revolutionize structural engineering by pushing complex freeform shapes to a standard practice 19 

that intertwines aesthetic arguments, building performance requirements, and material design 20 

considerations has the potential for significant practical applications.  21 

Keywords: freeform structure, kerfing method, wind load analysis, cladding component 22 

1 Introduction  23 

Natural hazards, such as earthquakes, tsunamis, hurricanes, and flooding, threaten many 24 

communities in the United States and around the world every year, resulting in infrastructure 25 

damage often associated with significant fatalities and billions of dollars in economic losses 26 

(Simmons et al., 2013;Reeves, 2015;Boustan et al., 2020;Koliou and van de Lindt, 2020;Raker, 27 

2020)015;Boustan et al., 2020;Koliou and van de Lindt, 2020;Raker, 2020). According to the 28 

National Oceanic and Atmospheric Administration (NOAA), the number of incidents of wind-29 

related hazards has steadily increased since 1995 (NOAA, 2020b;c). More specifically, based on 30 

the data provided by the United States Environmental Protection Agency (EPA), hurricanes and 31 

tropical storms encountered in the Atlantic (EPA, 2016) and East Pacific basin were constantly 32 

grown (NOAA, 2020b), while an average annual tornado count of 1,251 was observed in the 33 

United States between 1950 and 2019 (NOAA, 2020c). As shown in Fig. 1, the number of 34 

tornadoes has been maintaining an upward trajectory since 2014, with 2019 being the top five 35 

years of tornadoes in the United States since 1950. Although the total number of hurricanes that 36 

struck the United States in each decade classified per the Saffir-Simpson Categories has decreased 37 

since 1950, the total number of hurricane occurrences classified as Category 3 and higher has 38 

increased (see Fig. 2) (Blake et al., 2005). 39 

Such an increased trend in wind-induced disasters can lead to significant economic losses to 40 

our society (Simmons et al., 2013;Reeves, 2015;NOAA, 2020a) and result in human injuries or 41 
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fatalities (Simmons et al., 2013;NOAA, 2022). Several studies available in the last few years have 42 

focused on estimating and assessing the damage due to wind-induced loads by performing risk 43 

(Standohar-Alfano and van de Lindt, 2016;Koliou and van de Lindt, 2020), benefit-cost (Simmons 44 

et al., 2015;Simmons et al., 2020), statistics (Reeves, 2015;Raker, 2020), and fragility (Amini and 45 

van de Lindt, 2014) analyses. Furthermore, many studies have investigated methods and solutions 46 

(Doan and Nguyen, 2019;Ta and Tran, 2020;Dung et al., 2021;Phung et al., 2022), including 47 

energy dissipation and structural response reduction methods, at the building-design level to 48 

alleviate such impacts on infrastructure systems and communities. Existing approaches commonly 49 

used to mitigate energy from high-velocity winds include increasing stiffness (Chan et al., 50 

2010;An, 2016), building mass (Chen and Chui, 2017), as well as using damping devices (Saaed 51 

et al., 2015;Jafari and Alipour, 2020).  52 

Meanwhile, there is a growing interest in the construction of freeform architectural structures 53 

incorporating complex shapes compared to existing conventional structural shapes (Pottmann et 54 

al., 2007;Eigensatz et al., 2010;Ha et al., 2014;Eekhout, 2016;Pottmann and Wallner, 55 

2016;Andrade et al., 2017;Son et al., 2017). Freeform structures have not only a unique building 56 

shape that incorporates curved and flexible patterns, but also a streamlined shape that can change 57 

the flow of wind patterns (Mooneghi and Kargarmoakhar, 2016;Sharma et al., 2018), and therefore 58 

could be impactful in the performance of structural systems subjected to extreme wind loads. Panel 59 

and cladding components used to develop the shape of such freeform structures were considered 60 

both “flat” panels and “pre-deformed” panels with initial curvature (deflection). It is quite 61 

challenging and costly to manufacture complex freeform-shaped panels out of conventional 62 

construction materials, such as steel, concrete, aluminum, glass, and wood (Eigensatz et al., 63 

2010;Kim et al., 2015). Regarding the problems of the manufacturing process and cost, Eigensatz 64 

et al. (2010) studied a method of controlling the overall cost by producing multiple panels using 65 
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mold fabrication. Kim et al. (2015) also studied the performance of freeform concrete panels by 66 

comparing manageable production costs and time with existing construction materials focusing 67 

mainly on production time and worker productivity. Son et al. (2017) investigated freeform 68 

concrete curved panels at the material level to obtain an efficient production process in terms of 69 

cost, workability, and durability. It is worth noting that all these studies ((Eigensatz et al., 2010), 70 

(Kim et al., 2015), (Son et al., 2017)) dealt with rigid solid freeform curved panels.  71 

One of the practical approaches for constructing a flexible panel for freeform structures is a 72 

relief cutting or kerfing method. Recently conducted studies on the kerfing technique focused on 73 

wood kerf panels and particularly the effect of cut patterns as well as unit components’ sizes that 74 

can affect local stiffness and overall curvature (Kalantar et al., 2016;Guzelci et al., 75 

2017;Zarrinmehr et al., 2017;Chen, 2018;Holterman, 2018;Chen et al., 2020). Overall, the kerf 76 

panels appear to be able to generate complex freeform geometries and have the potential to tune 77 

wave propagation phenomena established on the panel surfaces by external dynamic events. 78 

Depending on the type of unit cells that make up the kerf panel and the arrangement of the panel, 79 

the kerf panel can be designed to reduce the stress response within the panel when exposed to 80 

external loads. Therefore, the kerf panels are promising for constructing freeform structures, 81 

having the advantage of simultaneously securing aesthetic beauty as well as excellent mechanical 82 

performance under external wind-induced loads. Holterman (2018) studied flexible kerf panels 83 

using plywood accounting for the advantageous features of the pattern materials including cost 84 

efficiency, availability, ability to be easily shaped, lightweight properties, and surface roughness 85 

finish. This study concluded that bending and torsion of the segment of the panel can be controlled 86 

locally depending on the type and arrangement of the patterns constituting the kerf panel. 87 

Considering these characteristics, it is possible to manufacture a kerf panel that is reconfigurable 88 

to various complex shapes. Chen et al. (2020) conducted a systematic study of kerf unit-cell and 89 
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panels by performing both analytical and experimental studies to evaluate the stretching, bending, 90 

and twisting responses of two types of kerf pattern panels, namely square and hexagon, as well as 91 

various cutting densities as shown in Fig. 3. They showed that the deformation mechanism of the 92 

kerf panel allows designing a complex shape according to the engineer's intention. Recently, 93 

Shahid et al. (2022b) investigated the dynamic responses of kerf unit cells out of wood and 94 

stainless steel and showed that the kerf cells delayed the stress wave propagation and reduced the 95 

stress amplitude (Shahid et al., 2021). Based on their understanding of the dynamic responses of 96 

kerf unit cells, Shahid et al. (2022a) further studied the dynamic responses of reconfigurable large 97 

kerf panels in terms of modal response and stress propagation. This study showed that the 98 

flexibility of the kerf panels enables local and global shape reconfigurations, which can alter the 99 

dynamic response of the kerf panels in a desired manner. Moreover, the wood kerf cell also showed 100 

energy dissipation owing to its viscoelastic characteristics (Darnal et al., 2021).  101 

2 Scope 102 

The scope of this study is to numerically evaluate the structural performance of kerf panels 103 

subjected to wind loading and quantify their performance compared to conventional construction 104 

methods (i.e., solid panels). To do so, two kerf panels of a square kerf pattern having different kerf 105 

cut density arrangements namely panels A and B, were considered (see Fig. 4). Panel A has a low-106 

density cut in the mid-section of the panel and high-density cuts towards the four corners, while 107 

Panel B has a high-density cut in its center and low-density cuts towards its boundary edges. The 108 

medium-density cut was used in the transition regions from the low-density to high-density in both 109 

panels. Flat panels were first analyzed under wind loads. Next, panel A and panel B were deformed 110 

into a dome shape with different degrees of curvature. Responses of the deformed-shaped panels 111 

under wind loads were examined. 112 
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The evaluation of the performance for each panel was performed by computing response 113 

parameters including displacement (out of plane), stress (von Mises), and strain (in-plane 114 

maximum), and comparing the response of kerf panels with conventional solid panel construction. 115 

The conventional solid panel was used to be a reference model to account for the performance of 116 

the kerf panel in terms of the structural demands. This reference model has the same dimensions 117 

as the kerf panel (381 mm-by-381 mm with 3.175 mm depth) and material properties. Static and 118 

dynamic wind loading conditions were applied to each model generated in the ABAQUS software 119 

(SIMULIA, 2018) based on the ASCE 7-16 (ASCE, 2016) as well as experimental data of wind 120 

simulated loads available in the literature (He et al., 2018). The calculated static wind load 121 

condition based on the ASCE 7-16 was assumed to account for the cladding member of a low-rise 122 

building in south Texas. According to the literature (He et al., 2018), the storm duration effect 123 

should be considered when the building damage state is investigated whether the lower wind speed 124 

can damage the structure given a certain intensity of the hurricane. Thus, the dynamic loading 125 

profile was derived by multiplying the wind pressure coefficient data by the design wind pressure 126 

to account for the wind duration effect similar to the He et al. (2018) experiments performed using 127 

Louisiana State University (LSU) aerodynamic database. It should be noted that due to the lack of 128 

experimental data for the new type of façade considered (kerf panel configurations), the database 129 

obtained through the wind tunnel test of LSU was adopted for this proof-of-concept study.  130 

The following sections are organized to describe the finite element models considered in this 131 

study (section 3), and wind loading conditions adopted (section 4) as well as present the response 132 

analysis results (section 5) in terms of modal analysis, and static and dynamic analysis. The results 133 

are presented comparatively between flat kerf panels, pre-deformed kerf panels as well and 134 

conventional solid panels. Finally, major discussion points and conclusions are presented in this 135 

manuscript (section 6).  136 
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3 Finite element models 137 

The finite element models considered in this study for the kerf panels were initially developed 138 

by Chen et al. (2020) to study the mechanical behavior of various configurations of kerf panels. In 139 

addition to the kerf panel models, a solid panel model was developed to compare the responses of 140 

the kerf panels with conventional construction materials when exposed to wind loading. Each 141 

computational panel model was developed in the ABAQUS commercial software. In the following 142 

sections, descriptions of the various models considered in this study are provided.  143 

3.1 Kerf panel models  144 

In this paper, both flat panels A and B (as shown in Fig. 4) were generated with dimensions of 145 

381 mm-by-381 mm and consisted of two-node beam elements (B31 in ABAQUS), i.e., panel A 146 

(110,017 elements) and panel B (136,253 elements). Geometric nonlinearity effects (NLgeom in 147 

ABAQUS) were incorporated to represent the flexibility of the kerf panels. Since high-speed wind 148 

loadings will be applied to the model, a small (under 7.62 E-03 mm) mesh size of the kerf model 149 

was used to achieve good computational accuracy based on sensitivity studies conducted 150 

comparable to Chen's model (Chen et al., 2020). Because the kerf panels are commonly crafted 151 

using the relief cutting method cutting a piece of an area using a jigsaw or laser cutting through 152 

the panel's full depth from a whole wood plate, the kerf panel model consisted of continuous beam 153 

elements to represent the construction process. Based on the arrangement of the unit-cells of the 154 

kerf pattern plane, each panel has three different types of unit-cells that have 25.4 mm-by-25.4 155 

mm dimensions, namely high cut, medium cut, low cut density, as shown in Fig. 5. The dimensions 156 

of each unit cell and the calculated effective area for both kerf panel models are summarized in 157 

Table 1. Because the size of the kerf panel model considered in this study is smaller than what is 158 

typically used in buildings, the values of material properties were modified utilizing similitude 159 
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analysis (described in detail in Section 4). Edge-fixed boundary conditions (as shown in Fig. 6) 160 

were applied to all models. In the dynamic analysis, the damping effect was considered using 161 

Rayleigh’s damping theory. It should be noted that the finite element models for both panels A 162 

and B were validated with experiment test data performed by the research team. Chen et al. (2020)  163 

conducted uniaxial, biaxial, and bending tests on the unit-cell specimens (25.4 mm-by-25.4 mm) 164 

as well as bending tests on the kerf panel (381 mm-by-381 mm) configuration. Based on the 165 

observed force and displacement data, the finite element kerf panel model was validated and 166 

further used for the scope of this study to conduct static and dynamic loading analyses.  167 

3.2 Solid panel model description 168 

The solid panel model, of the same dimensions (381 mm×381 mm×3.175 mm) as the kerf 169 

panels, was generated for performing the comparison study in terms of structural response, 170 

however, the solid panel model was developed using shell elements. To evaluate critical 171 

parameters influencing the accuracy of the structural analysis results, a parametric study was 172 

performed accounting for the mesh size and element type variations. More specifically, two types 173 

of mesh sizes were assigned, including 12.7 mm and 1.5875 mm, as well as two different element 174 

types including a 4-node (S4R in ABAQUS) and an 8-node (S8R in ABAQUS) element, resulting 175 

in three case models as follows: (1) mesh size 12.7 mm and S4R elements, (2) mesh size 1.5875 176 

mm and S4R elements, and (3) mesh size 1.5875 mm and S8R elements. Based on this parametric 177 

study, it was found that the mesh size of 12.7 mm combined with S4R elements resulted in the 178 

most accurate and computationally inexpensive models (achieving accuracy by avoiding 179 

convergence error and reducing computational costs). The mechanical properties of Medium-180 

density fiberboard (MDF), as well as boundary conditions and Rayleigh damping similar to the 181 

kerf panel models, were adopted for the solid panel model.   182 
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4 Wind loading  183 

The wind loading conditions in this study were defined assuming a low-rise building and using 184 

standard code including the ASCE 7-16 (ASCE, 2016) wind load provisions. Due to the limitation 185 

of the experimental data of a building consisting of kerf panels (new design paradigm for facades), 186 

the database obtained through the wind tunnel test of Louisiana State University (LSU) (He et al., 187 

2018) was used to calculate the time history wind load series for performing the dynamic analyses. 188 

The derived static and dynamic wind loads were divided by the number of nodes comprising the 189 

computational panel models and assigned concentrated loads as equivalent wind pressure to all the 190 

nodes. Since the calculated loads using codes or standards refer to solid-state members, for each 191 

kerf pattern panel, the effective area was calculated and the area ratio that is between kerf and solid 192 

panels was applied to the computed wind pressure. A cut or hole area of the panel cannot resist the 193 

wind loads and can flow the external wind-related load to the outside (Finn, 2017;2018). Therefore, 194 

the calculated effective area of each kerf pattern panel was computed as shown in Table 1 195 

depending on the type and configurations according to the cutting densities of unit-cells that make 196 

up each kerf panel shown in Fig. 5. The effective area for the solid panel was computed to be equal 197 

to 145,161 mm2 (381 mm×381 mm) assuming that all of the faces can be forced on the wind-198 

related load.  199 

The size of the members used in this study is relatively small compared to the panel normally 200 

utilized in a low-rise building’s structural elements. Thus, a similitude analysis was performed to 201 

account for the material properties and effective area of each model (Harris and Sabnis, 1999;Zhu 202 

et al., 2017;Casaburo et al., 2019). From the similitude analysis, the mechanical properties of 203 

Medium-density fiberboard (MDF) were considered to model the kerf panels with a modulus of 204 

elasticity (MOE) of 390.52 MPa, Modulus of rupture (MOR) of 3.50 MPa, and Poisson’s ratio of 205 

0.25 (Chen et al., 2020). To calculate the material properties and loading conditions of the models 206 
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(381 mm×381 mm), actual structural panel sizes for typical low-rise building wall elements 207 

(1,219.2 mm×1,219.2 mm) were used as the prototype domain model. Similitude analysis was 208 

performed accounting for the three selected independent scale factors to be: length (λL) =3.2, time 209 

(λt) = 1, and mass density (λD) = 1. Then, the scale factors for the weight (λw), mass (λm), stress 210 

(λσ), strain (λε) and modulus of elasticity (λE) were computed per equations (1) – (5). 211 
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Table 2 summarizes the model and prototype domain properties based on the similitude 212 

analysis. 213 

The static wind loading conditions were implemented in all models using the load evaluation 214 

methodology as proposed by ASCE 7-16 per equations 6 and 7.  215 

𝑞𝑧 = 0.613𝐾𝑧𝐾𝑧𝑡𝐾𝑑𝐾𝑒𝑉2      (𝑁/𝑚2) (6) 

where, 𝑞𝑧  = velocity pressure at height h,  𝐾𝑧  = velocity pressure exposure coefficient, 𝐾𝑧𝑡  = 216 

topographic factor, 𝐾𝑑 = wind directionality factor, 𝐾𝑒 = ground elevation factor, and 𝑉 = basic 217 

wind speed.  218 

𝑝 =  𝑞ℎ[(𝐺𝐶𝑝) − (𝐺𝐶𝑝𝑖)]          (𝑁/𝑚2) (7) 

where 𝑝 = design pressure at the desired height, 𝑞ℎ = velocity pressure evaluated at mean roof 219 

height ℎ , 𝐺𝐶𝑝  = external gust + pressure coefficient, and 𝐺𝐶𝑝𝑖  = internal gust + pressure 220 

coefficient. 221 
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The environment was assumed to be for low-rise buildings in the College Station, Texas region 222 

to derive each coefficient required for the load calculations. According to the assumed 223 

environment, the surface roughness, and exposure category B, a velocity pressure exposure 224 

coefficient (𝐾𝑧) of 0.85 was identified. The topographic factor (𝐾𝑧𝑡) was assumed equal to 1 since 225 

there is no information given about the geometric area condition. The wind directionality factor 226 

(𝐾𝑑) was selected to be 0.85 because the outer components of the building (e.g., panel or cladding) 227 

were selected as the structural members in this study. The ground elevation factor (𝐾𝑒) is 0.9978 228 

considering the height (18.29 m), which is the criteria for low-rise buildings. It was also assumed 229 

that the panel was installed on the wall of the low-rise building to account for the gust effect acting 230 

inside and outside of the structure by external wind loads. The basic wind speed (𝑉) corresponding 231 

to Risk Category III in the area was computed as equal to 51.41 m/s. ASCE 7-16 also describes 232 

the wind loading conditions using the Saffir-Simpson hurricane scale reflecting the 3-s gust wind 233 

effect at 10m above open ground in the exposure category. For this study, the Saffir-Simpson 234 

hurricane scale was used to evaluate the response of the structural panels and account for extreme 235 

wind loads. To cover a wide range of wind loading conditions per the Saffir-Simpson hurricane 236 

scale categories, wind load conditions were generated at 6.71 m/s intervals varying from 35.76 m/s 237 

to 82.70 m/s. Finally, the calculated wind pressure was multiplied by a load factor of 0.6 considered 238 

in the load combination for available stress design per ASCE 7-16, however, this is recognized as 239 

a limitation of this study and LRFD factors are recommended to be considered in future studies to 240 

reflect the design considerations.  241 

To take into account the dynamic wind pressure 𝑃(𝑡), that changes over time per equation 8, 242 

the basic wind speed was multiplied by the density of air and the fluctuating wind pressure 243 

coefficient  (𝐶𝑝(𝑡)) , which is a function of time and can be obtained from Louisiana State 244 
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University (LSU) aerodynamic database. For the considered wind load data from the LSU 245 

database, the dynamic pressure at the storm condition was considered as an open terrain 246 

atmospheric boundary with roughness length z0 of 0.0142m about the enclosed 1:50 scale tested 247 

building (18.3 m-by-13.4 m with overhang height of 3.0m). The test section of 2.44m in length, 248 

1.32m in width, and 0.99m in height and it is powered by a 2.4m diameter fan. This scaled model 249 

was mounted with 192 pressure taps (188 external taps and 3 internal taps) and connected to 250 

Scanivalve DSA3217/16Px (Serial#2100), a pressure acquisition system at a sampling rate of 500 251 

Hz for 1 hour in full scale  (He, 2018). In the case of this study, due to the lack of experimental 252 

data for the new type of façade considered (kerf panel configurations), the database obtained 253 

through the wind tunnel test of Louisiana State University (LSU) was adopted. The  (𝐶𝑝(𝑡)) was 254 

referred to the literature (He et al., 2018) and was the normalized wind pressure coefficient value 255 

so it is not related to the specific effective area of the building component. The calculated time 256 

history wind pressure loading was applied to the model using an equivalent force load to the kerf 257 

panel similar to the static analysis per equation 8. 258 

𝑃(𝑡) =  0.5 ×  𝜌 ×  𝑉2 ×  𝐶𝑝(𝑡) (8) 

where, 𝜌 = the density of air, 𝑉  = basic wind speed at the desired height, and 𝐶𝑝(𝑡)  = the 259 

fluctuating wind load coefficient.  260 

The wind pressure coefficient database for the low-rise buildings was built through a scale 261 

model experiment. In this study, the wind tunnel experiment database developed by Louisiana 262 

State University (He et al., 2018) was utilized to account for the panels’ response. According to 263 

He et al. (2018), the vulnerability of the building to the extreme wind load increased by over 50% 264 

due to the duration effects accounted for in the study. To further account for duration effects in the 265 
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present study, a 2-second sample yielded by the experiment was repeated 5 times, as shown in Fig. 266 

7, which was used to generate a 10-second time history. 267 

5 Response analysis results  268 

Modal analyses were first performed for the flat kerf models and are presented below. The 269 

wind analysis results under both static and dynamic loads were compared for flat kerf and solid 270 

panel models considering the displacement (out of plane), stress (von Mises), and strain (in-plane 271 

maximum) response parameters. Because the tendency of demand was increased proportionally 272 

with the basic wind speed, the results for three different wind speeds (WSs) are presented herein, 273 

namely 35.76 m/s (WS1), 62.60 m/s (WS2), and 82.73 m/s (WS3), representative of Category 1 274 

(33-42m/s), Category 4(58-70 m/s) and Category 5 (>70 m/s) hurricane wind speeds, respectively. 275 

Response characteristics are presented in the following sections by panel type.  276 

5.1 Modal analysis results 277 

It is necessary to perform modal analysis on the kerf panels before determining their behavior 278 

under static and dynamic wind loadings. The resonance frequencies and mode shapes of the two 279 

kerf panels A and B with fixed edge boundaries were first determined as shown in Fig. 8 and 9, 280 

respectively. Both kerf panels undergo out-of-plane motion for the first few lower-order modes; 281 

however, their mode shapes are different. The kerf panel A being more flexible in the center shows 282 

higher curvature for the out-of-plane motion compared to the kerf panel B (see Mode 1 in Figures 283 

7 and 8). The higher modes (>20) showed in-plane motion for both of the kerf panels. It can be 284 

concluded that the cut pattern affects both resonance frequencies and mode shapes. When 285 

designing kerf panels exposed to dynamic wind loading, it is necessary to avoid these natural 286 

frequencies. This study did not focus on local high-frequency responses of the panel which may 287 

be associated with air/wind passing through the kerfs because it is expected that such high-288 
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frequency vibrations may induce cell resonances. Such a potential response should be investigated 289 

in future studies.  290 

5.2 Static analysis results of flat kerf panels 291 

The static loading was applied to all models of this study as described in Section 4. The results 292 

are reported in terms of out-of-plane displacement, maximum in-plane strain, and von Mises stress. 293 

Based on the results presented in Fig. 10 for WS2 (similar response observed for WS1 and WS3 294 

as shown in Appendix A), the flexible kerf panels have higher displacement demands than the 295 

conventional type of solid panel. Different kerf patterns result in different displacement 296 

configurations, and hence different response characteristics of strains and stresses across the 297 

panels. While small strain response was shown in the center of Panel A, at the same region, high 298 

strain levels appeared in Panel B. These response characteristics were governed by the cut density, 299 

where higher cut density results in more flexible behaviors compared to lower cut density. The 300 

stress contours show similar response characteristics to the strain contours. From the stress 301 

response contour, a high-stress response for both kerf panels is generated at the connection areas 302 

between each unit cell. Also, from the stress response of Panel B, when the high-cut density region 303 

(the center region in the panel) undergoes a high level of deformation, a high degree of stress 304 

appears not only in the connection area but also in the center of the unit cell as well. The solid 305 

panel responds to the loading by resisting the force due to its relatively high stiffness and hence 306 

results in a smaller amplitude of displacement. On the other hand, in the kerf panels, cutting has 307 

reduced the overall stiffness of the panels and decreased the load-bearing ability. However, the 308 

flexibility of the kerf panels leads to different response mechanisms when subjected to loading. 309 

The kerf panels, being compliant, deform easily with loading by reconfiguring their shapes, as 310 

seen in relatively large out-of-plane displacements compared to the solid panel while the stresses 311 
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remain relatively small. From the simulation, the maximum stress developed is still slightly below 312 

the modulus of rupture (MOR) of the material. From the static analyses, it can be concluded that 313 

it is possible to alter the response characteristics of strains and stresses in the panels through 314 

arrangements of kerf patterns with different cut densities, which can be an advantage in minimizing 315 

or even mitigating damages in the panel when exposed to mechanical loading.  316 

5.3 Static analysis results of pre-deformed kerf panels 317 

To further investigate the response characteristics of kerf panels based on the degree of initial 318 

deformation, each “flat” panel (including kerf panels and solid panels) was modified to reflect an 319 

initial curvature. The curvatures of the “flat” models were modified so that the center of the curved 320 

panel had a distance of 50.08 mm, 101.6 mm, and 203.2 mm from the initially flat surface. All 321 

geometrical and material properties of the unit cell composed of the panel remained the same as 322 

for the flat panel models as well as the boundary conditions. Results are presented for the pre-323 

deformed panel with a 101.6 mm distance from the flat surface and under WS2, while the 324 

remaining responses are shown in Appendix A. 325 

Fig. 11 shows the out-of-plane displacement, maximum in-plane strain, and von Mises stress 326 

of the pre-deformed panels under WS2. When compared to the responses of flat panels, the pre-327 

deformed panel A and solid panel show a smaller magnitude of displacement, strain, and stress 328 

under the same wind speed, while the pre-deformed kerf panel B exhibits more severe 329 

displacement, strain, and stress when compared to the flat kerf panel B. However, the stress 330 

magnitude is still lower than the MOR of the material (Table 2).  331 

5.4 Dynamic analysis results of flat shape panels 332 

Dynamic analysis results had a similar trend with the static analysis findings, as graphically 333 

shown in Fig. 12-14 for WS2 (WS1 and WS3 are presented in Appendix X). The contour results 334 
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for each structural response were summarized at 2.5-second intervals from 0 to 10 seconds, where 335 

the responses oscillate. Similar to the static analysis results, the displacement of the kerf panel A 336 

at the center region is relatively small owing to the low cut density region, while for the kerf panel 337 

B the high cut density at the center region yields to relatively large displacement. The 338 

displacements and strains in the solid panel are significantly low compared to the ones of the kerf 339 

panels. In the solid panel model during the oscillation, the location of the maximum strain value 340 

appeared to alter between the edge and center depending on the time history. For the kerf panel B, 341 

the maximum strain response appeared at the center location of the panel particularly at the center 342 

of the unit cell, while for the kerf panel A the maximum strains occurred close to the supports 343 

(edges) and/or along the regions with medium density cut. When observing the stress demands, 344 

the kerf panel A had significantly low stresses throughout the whole plate except for the medium 345 

cut density region, while the kerf panel B showed relatively larger stresses at the center region. 346 

However, the stress magnitude in all cases is lower than the MOR. The same response 347 

characteristics were observed in the panels under different wind speeds (WS1 and WS3), as shown 348 

in Appendix A. 349 

5.5 Dynamic analysis results of pre-deformed shape panels 350 

Responses of pre-deformed kerf panels under dynamics analysis were also investigated. The 351 

pre-deformed panels have the center at a distance of 50.8 mm, 101.6 mm, and 203.2 mm from the 352 

initially flat surface. All geometrical and material properties of the unit-cell composed of the panel 353 

remained the same as for the flat panel models as well as the boundary conditions.  354 

Similarly, to the flat panels, the results for WS2 (Fig. 15-23) are presented herein, while the 355 

results for WS1 and WS3 are summarized in the Appendix A. By increasing the pre-deformation 356 

curvature, the out-of-plane displacements for kerf panel A under the same wind speed were 357 
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reduced, while for the kerf panel B, the out-of-plane displacement increased with increasing the 358 

curvatures. In kerf panel B, higher displacements were observed at the center of the panel, 359 

associated with high-density cut, while for panel A the locations of maximum displacements varied 360 

between the center and along the region with medium-density cut. In terms of strain and stress 361 

demands, a similar trend as in the displacement was observed. However, for the kerf panel B, the 362 

region of the maximum strains varied between the center region with high-density cut and the 363 

region with medium-density cut. For example, in the 101.6 mm initial curvature model of the kerf 364 

panel B, the highest strain demand was observed at the transition section (medium cut density) of 365 

unit cells, while in the 203.2 mm initial curvature model, the largest strain response occurred in 366 

the center (high cut density). It was also observed that in both kerf panels, the stress response 367 

occurred largely at the connection regions between unit cells. Overall, pre-deforming kerf panels 368 

with different degrees of curvatures alter both the stress and strain wave patterns from those of the 369 

flat-shaped kerf panels. Different levels of initial curvature can enhance the performance of the 370 

kerf panels, i.e., in panel A, with advantages in the design of building facades with complex shapes. 371 

The magnitude of displacement, stress, and strain in the kerf panels are relatively high compared 372 

to the solid panel, but they are still under safe design limits. 373 

6 Discussion and Conclusions 374 

This study investigates the response of kerf panels with different arrangements of cut densities 375 

subjected to strong wind loads through a series of static and dynamic analyses, while also 376 

comparing their structural performance to conventional construction material (solid panels). 377 

Responses of flat panels and pre-deformed panels (dome shapes) with different degrees of 378 

curvatures exposed to different wind speeds were studied. Three different loading conditions with 379 

wind speeds of 35.76 m/s, 62.60 m/s, and 82.73 m/s were considered to cover a variety of wind 380 
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loads per the Saffir-Simpson hurricane scale. These wind speeds are associated with hurricane 381 

categories 1, 4, and 5, respectively. 382 

Based on the analysis results for the panel models, the solid panel was observed to resist the 383 

force due to its relatively high stiffness resulting in smaller displacement amplitudes, and hence 384 

smaller strains and stresses compared to those exhibited in the kerf panels. On the other hand, the 385 

kerf panels have reduced overall stiffness due to the cutting which further decreased their load-386 

bearing ability. However, the kerf panel flexibility contributed to deforming easily with loading 387 

by global and local cell deformations and resulting in stress reduction within the cells, which may 388 

reduce potential damage due to overstress in the structures even when their load-bearing ability is 389 

less than the one of the solid panels. For the pre-deformed kerf panels with initial curvature of 390 

varying magnitudes, it was observed that both the overall stress and strain responses in certain kerf 391 

cut arrangements were lower than those of the flat-shaped panels. These modifications are 392 

attributed to changes in the overall stiffness of the pre-deformed kerf panels compared to the flat 393 

kerf panels and changes in wind pressure boundary conditions on kerf surfaces. The kerf panels 394 

can manipulate regions of extreme stresses and strains by altering the arrangements of the cut 395 

densities across the panels and/or by globally deforming them.  396 

The kerf panels exhibited an enhanced performance overall as they minimized the exposure of 397 

external loads by compliant deformations. Additionally, the air gaps in the kerf panels allow the 398 

air to flow through them reducing the wind pressure effect on the panels. The flexibility and more 399 

compliant nature of the kerf panels enable configuring them into complex shapes achieving the 400 

desired freeform geometries from the architectural design standpoint. This study shows the 401 

promise of the use of kerf panels in achieving both design flexibility and performance demands 402 

when exposed to service loadings, i.e., wind exposures at various speeds. 403 
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This is a new proposed architectural configuration (design paradigm) for façades that could 404 

revolutionize structural engineering by pushing complex freeform shapes to a standard practice 405 

that intertwines aesthetic arguments, building performance requirements, and material design 406 

considerations, however, certain practical design aspects from a structural engineering perspective 407 

need to be addressed before full implementation of this design. The present study is the first one 408 

looking into the proposed architectural consideration for wind mitigation applications, however, 409 

certain limitations should be addressed as part of future research. More specifically, further studies 410 

are needed to focus on experimental investigations of these kerf panel designs (e.g., including wind 411 

tunnel tests) and be able to directly use the dynamic loading profile associated with kerf patterns 412 

of the studied panels for additional numerical investigations. Numerical simulations could also be 413 

further enhanced by evaluating the response/capacity of kerf panels using dynamic loading 414 

patterns available in databases other than the one considered herein (e.g., DesignSafe TTU 415 

WERFL building experiments, and FIU WoW experiments, TPU Aerodynamic database, NIST 416 

Aerodynamic database). Additionally, aeroelastic effects are not accounted for in the analyses 417 

presented in this paper. Future investigation on the interplay between the pattern of unit-cell, size 418 

of unit cell, size of panel, kerf pattern arrangements, materials used, and deformed configurations 419 

of the kerf panels is necessary to enhance our understanding of the performance characteristics of 420 

the kerf panels. 421 
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Table 1: Dimension of unit-cell and computed effective area of kerf pattern panels 550 

 Low cutting 

density unit-

cell 

Medium cutting 

density unit-cell 

High cutting 

density unit-

cell 

Total 

area 

Total Length in plane of 

each unit cell (mm) 

171.16 275.29 377.91 - 

Width (mm) 2.54 1.48 0.95 - 

Depth (mm) 3.175 3.175 3.175 - 

Area per cell (mm2) 434.75 407.65 359.96 - 

Quantities in panel A 27 134 64 - 

Quantities in panel B 104 72 49 - 

Panel A (mm2) - - - 9.22 

E+04 

Panel B (mm2) - - - 8.94 

E+04 

551 
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Table 2: Model and prototype domain properties 552 

 Model domain Prototype domain 

Length (mm) 381 1,219.20 

Width (mm) 381 1,219.20 

Height (mm) 3.18 3.18 

Density (kg/m3) 650.48 650.48 

Modulus of elasticity (N/mm2) 390.52 3,998.96 

Modulus of rupture (N/mm2) 3.50 35.84 

Poisson Ratio (-) 0.25 0.25 

  553 
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 554 

 555 
Fig. 1: Recorded tornadoes and fatalities per year in the United States (Data from (NOAA, 2020c)) 556 

 557 
Fig. 2: Number of hurricanes by Saffir-Simpson Category to strike the United States each decade 558 

(Data from (Blake et al., 2011)) 559 
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 560 
Fig. 3: Unit cells on the kerf pattern panel: (a) square kerf pattern, and (b) hexagon kerf pattern 561 

(Chen et al., 2020) 562 

 563 
Fig. 4: Layout of the kerf panel finite element models: (a) flat panel A, (b) flat panel B, (c) enlarged 564 

unit-cell transition area, (d) isometric view of deformed panel A, (e) side view of deformed panel A, 565 

(f) isometric view of deformed panel B, and (g) side view of deformed panel B  566 
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 567 
Fig. 5: Unit cells of the kerf pattern panel: (a) high cut density, (b) medium cut density, and (c) low 568 

cut density 569 

 570 
Fig. 6: Boundary conditions applied to the model 571 

 572 
Fig. 7: Wind load coefficient time history (He et al., 2018) 573 
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 574 
Fig. 8: Modal responses showing normalized displacement contours for kerf panel A  575 

 576 
Fig. 9: Modal responses showing normalized displacement contours for kerf panel B  577 
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 578 
Fig. 10: Static analysis results for WS2: (a) displacement, (b) strain, and (c) stress  579 
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 580 
Fig. 11: Static analysis results of 10.16 cm pre-deformed shape panels for WS2: (a) displacement, (b) 581 

strain, and (c) stress 582 
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 583 
Fig. 12: Displacement dynamic analysis results of flat panels for WS2 584 
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 585 
Fig. 13: Strain dynamic analysis results of flat panels for WS2 586 
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 587 
Fig. 14: Stress dynamic analysis results of flat panels for WS2 588 
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 589 
Fig. 15: Displacement dynamic analysis results of 50.8 mm pre-deformed shape panels for WS2 590 
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 591 
Fig. 16: Displacement dynamic analysis results of 101.6 mm pre-deformed shape panels for WS2 592 
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 593 
Fig. 17: Displacement dynamic analysis results of 203.2 mm pre-deformed shape panels for WS2 594 
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 595 
Fig. 18: Strain dynamic analysis results of 50.8 mm pre-deformed shape panels for WS2 596 
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 597 
Fig. 19: Strain dynamic analysis results of 101.6 mm pre-deformed shape panels for WS2 598 
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 599 
Fig. 20: Strain dynamic analysis results of 203.2 mm pre-deformed shape panels for WS2 600 
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 601 
Fig. 21: Stress dynamic analysis results of 50.8 mm pre-deformed shape panels for WS2 602 
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 603 
Fig. 22: Stress dynamic analysis results of 101.6 mm pre-deformed shape panels for WS2 604 



42 

 605 
Fig. 23: Stress dynamic analysis results of 203.2 mm pre-deformed shape panels for WS2 606 
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