
This file is the final accepted version of the manuscript, published in 
https://doi.org/10.1016/j.jobe.2023.108350 

1 
 

EXPERIMENTAL INVESTIGATION ON INFLUENCE OF TERRAIN COMPLEXITY FOR 1 

WIND PRESSURE OF LOW-RISE BUILDING 2 
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Abstract 4 

This study conducted extensive wind tunnel tests to evaluate the impact of terrain complexity on 5 

wind pressure across low-rise buildings. A series of wind tunnel tests was performed using 50 6 

actual terrain morphologies in the US. The findings were compared with results obtained from 7 

testing on homogeneous terrain to discern variations in pressure coefficients. A notable increase 8 

in turbulence intensity was observed in complex heterogeneous terrains, even with similar 9 

effective roughness lengths. The heightened turbulence property was a crucial factor in explaining 10 

changes in Cp,mean. The magnitude of Cp,mean demonstrated a continuous rise in the windward wall 11 

and roof 1 regions with increasing turbulence intensity. This correlation held true even for Iu,eave 12 

values surpassing 0.3. In contrast, while Cp,RMS exhibited a tendency to increase with rising Iu,eave, 13 

it did not exhibit the same continuous increase phenomenon. Consequently, no significant disparity 14 

in magnitude was noted between homogeneous and heterogeneous terrains in this regard. These 15 

findings underscore the importance of accounting for terrain complexity in wind load assessments, 16 

particularly in scenarios of heightened terrain diversity, to mitigate potential errors in wind load 17 

evaluations. 18 
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 22 

1. Introduction 23 

Terrain configuration is a critical factor introducing uncertainties in wind loads, as underscored 24 

in Davenport's wind loading chain [1]. The influence of terrain roughness becomes particularly 25 

pronounced for low-rise buildings situated near the ground surface, as they are exposed to 26 

heightened turbulence. In practice, engineers often treat terrains with topological complexity as if 27 

they were homogeneous (uniform) terrains, categorized by ‘exposure category’. This exposure-28 

based approach has gained widespread acceptance [2]. However, some studies suggesting that 29 

upstream terrain configurations within a short distance upwind of a site have a direct impact on 30 

peak wind loads on building envelopes [3]. The effect of terrain complexity on wind load 31 

estimation remains insufficiently investigated. 32 

Following Jensen’s wind tunnel experiment, which established the similarity in using a turbulent 33 

boundary layer to obtain pressure coefficients in agreement with full-scale values [4], many full-34 

scale and wind tunnel measurements have been conducted to assess wind loads on low-rise 35 

buildings. The focus has predominantly centered on urban or suburban exposures, emphasizing 36 

the impact on building structures. To avoid undersized low-rise building models that resemble 37 

matchboxes, when replicating the entire atmospheric boundary layer (ABL) in a wind tunnel, it is 38 

customary to simulate the lower portion commonly known as the atmospheric surface layer (ASL). 39 

This approach allows for the use of large-scale models for low-rise buildings, typically at a 40 

minimum scale of 1:50 [5]. The ASL is modelled based on roughness length (𝑧0) to simulate the 41 

underlying surface’s influence on turbulent mixing. An effective roughness value for the entire 42 
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area has been found to be sufficient in area with moderately homogeneous terrains and smaller-43 

scale inhomogeneity (such as vegetation patches and built structures) [6, 7]. Regarding the concern 44 

over lower Reynolds numbers (Re) stemming from scaling effects in wind tunnel testing, there has 45 

been a consensus that Re can be relaxed at larger values above a certain threshold (i.e., 46 

Re>1.0 × 105) [2]. 47 

Ho et al. [8, 9] conducted wind tunnel tests on generic low-rise buildings for open and suburban 48 

exposures, observing higher wind loads in smoother terrains due to increased peak wind speeds. 49 

However, conversely, peak pressure coefficients can be higher in rougher terrains due to reduced 50 

mean wind speeds and increased turbulence intensity [10]. Wind tunnel tests under varying 51 

upstream exposure conditions were performed by Surry [11], Wang et al. [12], and Zisis and 52 

Stathopoulos [13], who compared their findings with field measurements. Fernandez-Caban and 53 

Masters [14] recently conducted extensive wind tunnel testing to probe the effects of upwind 54 

terrain on a generic low-rise structure using state-of-the-art facilities [15]. Moreover, 55 

contemporary researchers are increasingly exploring the application of machine learning 56 

techniques to predict the pressure coefficient of low-rise buildings [16, 17]. 57 

Despite such extensive studies, the majority of current knowledge is confined to homogeneous 58 

(i.e., uniform) terrain. However, terrains in the real world are often complex and have abrupt 59 

changes in surface roughness, and significant knowledge gaps remain regarding the influence of 60 

the complex heterogeneous terrain on the pressure experienced by low-rise buildings. very few 61 

studies have discussed the effect of terrain complexity on wind loads. Yu et al. [18] conducted 62 

wind tunnel tests using two real city terrain models and proposed a minimum upstream fetch length 63 

for wind tunnel testing. Wang and Stathopoulos [3] emphasized the significance of local, small-64 

scale roughness changes in affecting the variation of the wind speed profile above heterogeneous 65 
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terrain. Kim et al. [19] investigated the effect of a large group of surrounding buildings on a typical 66 

low-rise building by measuring wind pressure. They observed that, although the mean pressure 67 

coefficient decreased, the peak pressure coefficient could increase due to the enhancement of the 68 

turbulence component. An et al. [20] conducted extensive wind tunnel testing to explore wind 69 

characteristics over complex heterogeneous terrains. They quantified the relationship between the 70 

variance of geometric morphology and wind characteristics, ultimately concluding that terrain 71 

complexity significantly increased turbulence intensity levels. It is anticipated that pressure 72 

coefficients over complex heterogeneous terrains will differ from those over homogeneous terrains 73 

due to the substantial influence of turbulence properties in the approaching wind flow on the 74 

pressure field [21, 22]. 75 

This study systematically investigates the impact of complex heterogeneous terrain on wind loads 76 

for low-rise buildings. To achieve this, extensive wind tunnel testing was conducted using actual 77 

terrain morphologies from 50 locations in the US. The wind pressure data collected under 78 

homogeneous conditions served as the reference for comparison. By comparing the pressure 79 

coefficient of terrains with similar roughness lengths, we quantified the errors that may occur when 80 

ignoring terrain complexity and assuming a homogeneous terrain. Furthermore, through 81 

partitioning the building region, we individually assessed changes in pressure coefficients 82 

attributed to terrain complexity, identifying regions particularly susceptible to the effects of 83 

complex terrain. 84 

The structure of this paper is as follows: Section 2 explains the testing setup, including overviews 85 

of the facility, the applied building model, and the site selection process. In Section 3, the 86 

roughness lengths of the selected terrains are determined through an anemometric approach, and 87 

subsequently the terrains are classified into exposure categories according to ASCE 7-22. Section 88 
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4 delves into the testing results, aiming to quantify the variability of pressure coefficients in 89 

complex heterogeneous terrain by comparing the experimental results with those from 90 

homogeneous terrains. Finally, we provide the conclusion in Section 5. 91 

 92 

2. Test Setup 93 

In this section, we provided a concise overview of the test setup, including an overview of the 94 

facility, the building model, and the site selection process. The DesignSafe-CI repository [23] 95 

offers comprehensive details about the test setup. For further details on the site selection and the 96 

reproduction of heterogeneous terrains from the real sites, refer to An et al. [20] and Alinejad et 97 

al. [24]. 98 

2.1. Wind Tunnel and Terraformer 99 

The wind tunnel testing was carried out at the Natural Hazard Engineering Research 100 

Infrastructure (NHERI) experimental facility situated at the University of Florida [25]. Fig. 1 101 

illustrates the schematic layout of the wind tunnel facility, which constitutes an open circuit tunnel 102 

with dimensions of 6 m (width) × 3 m (height) × 38 m (length). The tunnel inlet incorporates eight 103 

vane axial fans, each driven by a 56-kW electric motor. The flow generated by these fans 104 

conditioned by the multi-fan Flow Field Modulator (FFM) and honeycombs positioned 105 

approximately 3 m downwind from the fan bank. 106 

This facility houses a fully automated terrain simulator named the "Terraformer." This state-of-107 

the-art technology enables swift and precise terrain simulation, addressing the time-consuming and 108 

labor-intensive challenges associated with wind tunnel testing. The Terraformer consists of an 109 

array of 18 × 62 computer-controlled roughness blocks configured in a staggered layout, covering 110 

https://doi.org/10.1016/j.jobe.2023.108350


This file is the final accepted version of the manuscript, published in 
https://doi.org/10.1016/j.jobe.2023.108350 

6 
 

a fetch size of 6 m × 18.3 m. Each roughness element is equipped with an actuator, allowing for 111 

independent height adjustments. These elements possess a plan dimension of 100 mm × 50 mm 112 

and adjustable heights ranging from 0 to 160 mm. The element height is controlled through 113 

LabVIEW software, and the reconfiguration of all 1116 elements typically takes less than 60 s. 114 

Consequently, the Terraformer efficiently simulates an extensive series of homogeneous and 115 

heterogeneous upwind terrains. Additionally, a turntable located at the end of the upwind fetch 116 

enables the simulation of wind effects on structures at various wind incidence angles. 117 

 118 

Fig. 1. Schematic plan of the wind tunnel facility at the University of Florida [26]. 119 

The wind speed was measured at a sampling rate of 1250 Hz using three Turbulent Flow 120 

Instrumentation Cobra probes positioned at the middle of the Terraformer's far end. To obtain the 121 

profile, wind speeds were measured at 36 different heights, ranging from 5 mm to 1500 mm above 122 

the ground. The wind profile was measured independently before placing the building model on 123 

the test section to mitigate the potential impact of the Cobra probe on the wind pressure. 124 

To minimize adverse scale effects, model scales in wind tunnel testing are typically within the 125 

range of 1:10 to 1:100 [27]. In this study, we adopted a 1:50 scale, meaning the maximum vertical 126 

measurement height of 1500 mm in test scale corresponds to 75 m in full-scale representation. The 127 

speed scale is 3.5 (
𝑉𝑓𝑢𝑙𝑙

𝑉𝑡𝑒𝑠𝑡
=

35 𝑚/𝑠

10 𝑚/𝑠
; 𝑉𝑓𝑢𝑙𝑙=approximate hurricane condition in full scale [8]; 𝑉𝑡𝑒𝑠𝑡= 128 

the wind speed in the wind tunnel at 10 m height in full scale). The minimum test duration required 129 

63.4 m
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for 10 minutes equivalent full-scale testing is 42 seconds. Wind speed measurements were taken 130 

over a period of 75 seconds. 131 

2.2. Building Model 132 

The low-rise building has dimensions of 274 mm × 182 mm × 80 mm in testing scale (13.7 m × 133 

9.1 m × 4 m in full-scale) with a 1/4:12 gable roof slope, following the design of the Wind 134 

Engineering Research Field Laboratory (WERFL) building at Texas Tech University [11]. 135 

Pressure measurements were obtained using eight high-speed electronic scanning modules from 136 

Scanivalve ZOC33 [28]. Each module was housed within a robust thermal control unit made of 137 

stainless steel, equipped with an analog-to-digital module featuring remote Ethernet capability. 138 

The thermal control unit is operational in temperatures ranging from -45°C to 65°C. Pressure taps 139 

were connected to the modules via 122 cm long urethane tubing, and the sampling frequency was 140 

set at 625 Hz. Tubing effects on pressure measurements were adjusted to minimize distortion on 141 

amplitude and phase shift [29]. Pressure data were simultaneously recorded based on the time 142 

series. Fig. 2 provides a visual representation of the pressure tap layout on the building model. The 143 

building model was outfitted with a total of 216 pressure taps, comprising 102 roof taps and 114 144 

wall taps. The tap positions adhered to the layout utilized in the WERFL model of the NIST 145 

aerodynamic database [8], with an additional 10 taps incorporated onto the roof to enhance spatial 146 

resolution.  147 

Pressure on the low-rise building was examined using two distinct approaches: the tap line and 148 

roof contour. The tap line was aligned parallel to the X-axis, with the Y-coordinate set at 6.2 m in 149 

full-scale. This tap line has been consistently employed in previous studies to scrutinize flow 150 

separation and reattachment behavior on the building surfaces [8, 21]. Also, analyzing the roof 151 

pressure provides insight into the extent to which the suction on the roof fluctuates. 152 
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The pressure coefficient at a point of interest, denoted as Cp, is defined as the ratio between the 153 

measured building surface gauge pressure and the roof-height dynamic pressure, expressed by the 154 

formula: 155 

 𝐶𝑝(𝑡) =
𝑝(𝑡) − 𝑝0

0.5𝜌𝑈𝐻
2  (1) 

Here, UH represents the wind speed at the eave height of the low-rise building (4 m), and ρ 156 

denotes the air density. The term 𝑝(𝑡) − 𝑝0 signifies the net wind pressure at the point of interest, 157 

with 𝑝0 referring to the reference pressure.  158 

  159 

Fig. 2. Layout of pressure taps on the building models. 160 
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2.3. Selection of Heterogeneous Terrains 163 

Complex heterogeneous terrain configurations sourced from real terrains were compiled for wind 164 

tunnel testing. The primary data source was the National Land Cover Database (NLCD) [30] 165 

provided by the US Geological Survey. A total of 529 sites from 32 US states prone to hurricanes 166 

were selected. Each site image obtained from the NLCD dataset had dimensions of 3840 m × 3840 167 

m. To create more comprehensive cases, each image was divided into four smaller images facing 168 

north, south, west, and east, with dimensions of 1860 m × 540 m each. This division resulted in a 169 

total of 2116 images for analysis. 170 

The NLCD dataset furnished land coverage information for each pixel of the image, with a 171 

resolution of 30 m (each pixel covering 30 m × 30 m of land). By utilizing specific land coverage 172 

types and their corresponding local roughness length 𝑧0
𝑙𝑜𝑐𝑎𝑙 values, as shown in Table 1, each pixel 173 

in the image was assigned an appropriate 𝑧0
𝑙𝑜𝑐𝑎𝑙 value.  174 

Table 1. Land coverage classification in NLCD images (z0 range is based on Wieringa [7], Wang and Stathopoulos 175 
[3], Davenport [31], Vihma and Savijärvi [32], and He et al. [33]) 176 

Land cover 
𝒛𝟎

𝑳𝒐𝒄𝒂𝒍 
(full-scale, m) 

Block height 

(test-scale, m) 

Open Water, Perennial Ice, Snow 0.0003 0.0060 

Woody Wetlands, Emergent Herbaceous Wetland 0.0025 0.0100 

Barren Land 0.0055 0.0125 

Dwarf Scrub, Shrub Scrub 0.0105 0.0160 

Pasture, Hay 0.0155 0.0180 

Grassland, Herbaceous, Cultivated Corps 0.0205 0.0200 

Low-rise building 0.5 0.0770 

Mid- to high-rise 1 0.1110 

Deciduous Forest, Evergreen Forest, Mixed Forest 1.65 0.1480 

To select representative terrains with distinct stochastic properties of 𝑧0
𝑙𝑜𝑐𝑎𝑙 , the k-means 177 

algorithm [34]—a commonly used clustering technique minimizing the average squared distance 178 

between points within the same cluster—was applied in the 2D space defined by the mean 179 

𝜇(𝑧0
𝑙𝑜𝑐𝑎𝑙) and standard deviation 𝜎(𝑧0

𝑙𝑜𝑐𝑎𝑙). This process led to the identification and classification 180 

of 50 distinct clusters. 181 
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In the wind tunnel, these 𝑧0
𝑙𝑜𝑐𝑎𝑙  values were correlated with the corresponding block heights 182 

using the improved Lettau relationship proposed by Macdonald et al. [35]. The block height 183 

information for each cover type is presented in Table 1. Fig. 3 provides examples of the selected 184 

sites and their corresponding block height maps in the Terraformer, along with the simulated 185 

terrain morphology generated for site 8.  186 

Additionally, as reference cases for comparison with the complex heterogeneous terrains, 187 

preliminary wind tunnel testing was conducted for homogeneous terrains. All block heights (H) in 188 

the Terraformer were uniformly increased from 10 mm to 150 mm at 10 mm intervals. 189 

 190 

Fig. 3. Example of complex heterogeneous terrains (site 8): (a) Aerial view (Google Earth used for better 191 
visualization); (b) Block height map; and (c) Actual photo in the wind tunnel. 192 

 193 

3. Wind Profiles and Exposure Categorization 194 

The concept of the exposure categories is widely adopted into design standards globally, 195 

including the US [2], Canada [36], and Europe [37], to streamline the design process. In the US, 196 

ASCE 7-22 classifies terrain into one of three exposures: B to D, as outlined in Table 2 [2]. Each 197 

exposure category is defined based on the roughness length (𝑧0), which serves as a representative 198 

measure of the aerodynamic characteristics of the terrain. After categorizing both homogeneous 199 

(a) (b)

x
 (

m
)

y (m)

Terraformer

(c)
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and heterogeneous terrains by their exposure category, potential alterations arising from terrain 200 

heterogeneity within the same exposure category were meticulously quantified. It is noteworthy 201 

that Exposure A has been excluded since ASCE 7-02 due to the significant variability of wind in 202 

this terrain, arising from local channeling and wake-buffeting effects. Due to this uncertainty, sites 203 

identified with 𝑧0 corresponding to Exposure A were excluded from subsequent analysis. 204 

Table 2. Range of 𝑧0 by exposure category [2] (adopted from ASCE 7-22 Table C26.7-1). 205 
Exposure category Lower limit of 𝒛𝟎 (m) Typical value of 𝒛𝟎 (m) Upper limit of 𝒛𝟎 (m) 

Aa 0.7 2 - 

Bb 0.15 0.3 0.7 

Cc 0.01 0.02 0.15 

Dd - 0.005 0.01 
aCenters of large cities (eliminated since ASCE 7-02) 
bUrban and suburban terrain 
cOpen terrain 
dFlat, unobstructed area and water surfaces 

3.1. Calibration of ARPs 206 

To determine the exposure category of the complex heterogeneous terrains, the effective 207 

roughness length (𝑧0,eff) for each terrain was obtained through anemometric approach [38, 39]. 208 

The curve fitting techniques are used to match the log law to velocity profiles measurements. Since 209 

wind profiles in lower atmospheric surface layer (ASL) are important for assessing low-rise 210 

buildings [40], we estimated aerodynamic roughness parameters (ARP), including friction velocity 211 

(𝑢∗), zero-displacement height (𝑑), and 𝑧0, within inertial sublayer (ISL) [39]. The ISL nominally 212 

exists between 𝑧𝑤 < 𝑧 < 0.25𝛿, where 𝑧𝑤  is a wake diffusion height, where turbulent mixing 213 

sufficiently blends the individual element wakes to produce laterally homogeneous flow, and 𝛿 is 214 

a gradient height. 𝑧𝑤 was assumed as the average height of the block elements in 1/3 of width 215 

direction × 1/6 of length direction (12 lines × 11 lines = 132 blocks) in the front of measurement 216 

points. 𝛿 was set as the maximum vertical height of the measurement (75 m in full-scale). 217 
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For verification of the calibrated 𝑧0,eff, the measured wind profiles were compared with the wind 218 

profile based on log law [41], which is widely recognized for its accuracy in representing the 219 

theoretical mean wind speed within the lower portion of the ABL [42]. 220 

 𝑈(𝑧) =
𝑢∗

𝜅
ln (

𝑧 − 𝑑

𝑧0
) (2) 

𝑈(𝑧) represents the mean along-wind speed at height z, and 𝜅 is von Karman’s constant (=0.40). 221 

This equation holds when the surface is aerodynamically fully-rough, meaning that the surface-222 

roughness Reynolds number 𝑅𝑒∗ = 𝑢∗𝑧0/𝜈 > 2.5 [43], where 𝜈 is the kinematic viscosity of air. 223 

All wind tunnel testing results for complex heterogeneous terrains showed 𝑅𝑒∗ values higher than 224 

2.5. Fig. 4 showcases the measured and predicted wind profiles at sites 1, 5, 39 and 49. Both 225 

measured and predicted wind profiles were normalized by the 𝑈𝑚𝑎𝑥 of the measured wind profile. 226 

The predicted wind profile aligns well with the measured wind profiles within the ISL range, 227 

indicating that the 𝑧0,eff  based on the anemometric approach accurately represents the wind 228 

profiles of the corresponding complex heterogeneous terrains. 229 
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 230 

Fig. 4. Examples of the ARP calibration based on anemometric approach: (a) Site 1; (b) Site 5; (c) Site 39; and (d) 231 
Site 49. 232 

3.2. Exposure Categorization 233 

Tables 3 and 4 present the calculated 𝑧0,eff  values along with their corresponding exposure 234 

categories for both heterogeneous and homogeneous terrains. It is worth noting that Exposure B 235 

contains the highest number of sites (37 of 50 sites), which was possible to expect given that 236 

Exposure B encompasses a relatively wider range of 𝑧0 values compared to Exposure C and D, 237 

making it the most common exposure category. 238 
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Table 3. 𝑧0,eff in full-scale and corresponding exposure categories for complex heterogeneous terrain. 240 

Site  𝒛𝟎,𝐞𝐟𝐟 (m) 
Exposure 

category 
Site  𝒛𝟎,𝐞𝐟𝐟 (m) 

Exposure 

category 

34 0.002 

D 

24 0.342 

B 

49 0.003 23 0.343 

39 0.006 18 0.355 

12 0.008 14 0.355 

36 0.011 

C 

32 0.357 

45 0.017 22 0.362 

13 0.081 30 0.367 

27 0.215 

B 

9 0.368 

40 0.229 10 0.370 

16 0.236 15 0.373 

25 0.237 20 0.391 

1 0.264 28 0.392 

4 0.305 19 0.399 

42 0.306 26 0.402 

43 0.311 48 0.427 

3 0.320 21 0.505 

38 0.323 29 0.524 

41 0.323 11 0.604 

46 0.326 5 0.639 

44 0.329 37 0.782 

A 

47 0.330 50 0.904 

2 0.334 7 0.929 

17 0.339 31 0.942 

6 0.339 33 1.241 

35 0.339 8 1.289 

 241 

Table 4. 𝑧0,eff in full-scale and corresponding exposure categories for homogeneous terrain. 242 
H 

(testing scale, m) 
𝒛𝟎,𝐞𝐟𝐟 (m) 

Exposure 

category 

0.01 0.001 D 

0.02 0.01 

C 
0.03 0.04 

0.04 0.08 

0.05 0.12 

0.06 0.16 

B 

0.07 0.21 

0.08 0.26 

0.09 0.32 

0.10 0.38 

0.11 0.46 

0.12 0.53 

0.13 0.62 

0.14 0.72 
A 

0.15 0.83 

 243 
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3.3. Wind Characteristics 244 

Fig. 5 displays the normalized mean wind speed (Ueave/Umax) and turbulence intensity (Iu,eave) 245 

measured at the eave height (4 m) over both complex heterogeneous and homogeneous terrains. 246 

While both terrain types exhibit a decaying exponential relationship between Ueave/Umax and Iu,eave, 247 

complex heterogeneous terrain shows approximately 35% higher Iu,eave compared to homogeneous 248 

terrain at similar Ueave/Umax levels. In Exposures C and D, characterized by relatively smooth 249 

roughness lengths, the differences between homogeneous and heterogeneous terrains are modest, 250 

largely due to the lower Iu,eave level. However, in Exposure B, the contrast becomes more 251 

pronounced due to the elevated Iu,eave.  252 

 253 

Fig. 5. Relationship between Ueave/Umax and Iu,eave for heterogeneous and homogeneous terrains. 254 

Fig. 6 depicts the altered wind characteristics attributed to the terrain complexity. Probability 255 

densities of Ueave/Umax and Iu,eave are presented for Exposure B. As shown in Fig. 6 (a), the 256 

probability densities for heterogeneous terrains demonstrate similar mean and standard deviation 257 

values as those observed in homogeneous terrains. Consequently, the mean wind speed levels 258 

appear comparable between homogeneous and heterogeneous terrains. This result aligns with 259 

expectations, as exposure categories were classified based on 𝑧0,eff , determined through an 260 

anemometric approach utilizing the mean wind profile.  261 
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However, in the case of Iu,eave as depicted in Fig. 6 (b), both the mean and standard deviation 262 

exhibited an increase on complex heterogeneous terrain when compared to the homogeneous 263 

terrains. This observation, evident in Figs. 5 and 6, underscores how the terrain complexity of 264 

complex heterogeneous terrain enhances turbulence intensity even within the same exposure 265 

category. Given that turbulence properties in the approaching wind flow significantly impact the 266 

pressure distribution [21], such a discrepancy in Iu,eave can lead to an unexpected variation in the 267 

pressure coefficient experienced by the low-rise building. 268 

 269 

Fig. 6. Probability density of wind characteristics at eave height for Exposure B: (a) Ueave/Umax; and (b) Iu,eave. 270 

Ensuring similarity in the turbulence characteristics of the inflow wind is crucial for accurately 271 

predicting unsteady wind loads. Fig. 7 presents the wind power spectrum at eave heights for both 272 

complex heterogeneous and homogeneous terrains, featuring similar 𝑧0,eff values (0.32 m). The 273 

power spectrum was determined through Fast Fourier Transform (FFT) using the Welch method 274 

[44]. The full-scale time series were segmented into 1-minute sub-segments with a 50% overlap. 275 

The Hamming window was applied to mitigate side-lobe leakage. Additionally, for comparison, 276 

the empirical model from the Engineering Sciences Data Unit (ESDU) [45], defined by Eq. (3), is 277 

included in the plots. 278 
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𝑛𝑆𝑢𝑢

𝜎𝑢
2

=
4𝑓

(1 + 70.8𝑓2)5/6
 (3) 

Here, 𝑆𝑢𝑢  denotes the power spectrum for the longitudinal turbulence component, n is the 279 

frequency (Hz), 𝜎𝑢 represents the standard deviation of the fluctuating wind components, and 𝑓 =280 

𝑛𝐿𝑢
𝑥 /𝑈, where 𝐿𝑢

𝑥  stands for the longitudinal integral length scale, and U is the mean wind speed.  281 

For both types of terrain, the measured spectrum closely corresponds with the ESDU empirical 282 

model. In the case of the heterogeneous site, there is notably more energy at higher frequencies 283 

compared to the homogeneous case. Moreover, the heterogeneous spectrum exhibits a greater 284 

overall variance, indicating higher turbulence levels.  285 

 286 

Fig. 7. Wind power spectrum at eave height for homogeneous terrain and complex heterogeneous terrain.  287 

 288 

4. Results and Discussion 289 

A comparative analysis of pressure coefficients between homogeneous and complex 290 

heterogeneous terrains was conducted. The investigation primarily focused on the mean (Cp,mean), 291 

root-mean-square (Cp,RMS), and peak (Cp,min and Cp,max) pressure coefficients. The estimation of 292 

peak pressure coefficients was carried out using the Gumbel distribution fitting method, widely 293 
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employed in practice [46]. Gumbel parameters were computed utilizing the Liblein BLUE 294 

formulation [47]. A total of 15 observed peaks were used for estimating the Gumbel parameters, 295 

aiming to obtain the best-expected peak for the entire record as reported by Gavanski et al. [46]. 296 

4.1. Tap Line 297 

Fig. 8 illustrates the (i) Cp,mean, (j) Cp, RMS, and (k) Cp,min at the tap line within Exposure B for three 298 

wind incidence angles: (a) 0°, (b) 45°, and (c) 90°. The statistics derived from complex 299 

heterogeneous terrains are presented as boxplots. Meanwhile, those obtained from homogeneous 300 

terrains are selectively shown for the lower bound (LB, 𝑧0,eff = 0.16 m), typical value (TYP, 𝑧0,eff 301 

= 0.30 m), and upper bound (UB, 𝑧0,eff = 0.62 m) of Exposure B (Refer to Table 4). The tap line’s 302 

position was normalized by the building height h (x/h=0 signifies the leading edge of the building).  303 

On the roof region, the peaks of the three statistics were primarily located around the leading 304 

edge, within the range of 0<x/h<1. While the trend of separated and reattached flow regions 305 

observed in complex heterogeneous terrains was consistent with that of the homogeneous terrain, 306 

the complex heterogeneous terrains exhibited a larger magnitude of the pressure coefficient than 307 

the homogeneous terrain in the separated region. Particularly, the amplification of the peak of 308 

Cp,mean was noticeable at the windward wall and the roof. As shown in Fig. 8 (c-i), the peak of 309 

Cp,mean on the roof at 90° occurred at x/h=0.36. In homogeneous terrain, the peak was 310 

approximately -1.2 and there was no significant change in the Cp,mean level within Exposure B. 311 

However, in the heterogeneous terrain, it ranged between -1.2 and -2.0. The overall level and 312 

variability of Cp,mean increased. 313 

In the case of Cp,RMS, the difference trend between homogeneous and heterogeneous terrain 314 

differed slightly from Cp,mean. Cp,RMS also demonstrated an increase in variability in complex 315 

heterogeneous terrains, but the overall level did not change as much as Cp,mean. At x/h = 0.36 in 45° 316 
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of wind incident angle (Fig. 8 (b-j)), Cp,RMS in homogeneous terrain ranged between 0.52 and 0.64. 317 

Meanwhile, in the heterogeneous terrains, Cp,RMS ranged from 0.57 to 0.87.  318 

Regarding Cp,min, the peak range did not change significantly compared to Cp,mean or Cp,RMS. Both 319 

terrains showed a consistent peak Cp,min about -8 at around x/h=0.1~0.4. This observation indicated 320 

that the peak Cp,min can take into account the effects of wind gusts and is insensitive to the upstream 321 

turbulence levels, which was consistent with the results reported by Wang et al. [12].  322 

As shown in Fig. 8 (a), when the wind incident angle is 0°, there were no significant changes in 323 

statistics according to x/h because the direction of the tap line was perpendicular to the wind 324 

direction. Peaks occurred in the area close to the edges (around x/h = 0 and 2.3). 325 
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 326 
Fig. 8. Pressure coefficient statistics for homogeneous and heterogeneous terrains at the tap line, Exposure B: (a) 0°; (b) 45°; and (c) 90°; with (i) Cp,mean; (j) Cp, 327 

RMS; and (k) Cp,min. 328 
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For a more precise quantification of the differences in pressure coefficients, four peak statistics 329 

were extracted on the tap line for both complex heterogeneous and homogeneous cases: peak 330 

Cp,mean, maximum Cp,RMS, minimum Cp,min, and maximum Cp,max. Given the variation in pressure 331 

distribution across a low-rise building, we conducted individual investigations on the windward 332 

wall, roof, and leeward wall. To further distinguish between the upwind region, characterized by 333 

significant suction due to flow separation, and the downwind region, the roof was divided into two 334 

sections: Roof 1 (0<x/h<1.8) and Roof 2 (1.8<x/h<2.3). Note that the peak Cp,mean corresponds to 335 

the maximum Cp,mean on the windward wall, and the minimum Cp,mean for other regions. Fig. 9 336 

provides a visual representation of these peaks for each region with varying 𝑧0,eff  at a wind 337 

incidence angle of 90°. Fig. 9 (i) displays peak statistics across all homogeneous and 338 

heterogeneous terrains (the entire 𝑧0,eff range). The y-axis range is unified from -15 to 10 for easy 339 

comparison of magnitudes across different regions. In wind tunnel testing, a 𝑧0 of 0.3 m was 340 

commonly used for suburban terrains [8, 48, 49]. Fig. 9 (j) delves into the statistics of the pressure 341 

coefficient around the typical 𝑧0  value for Exposure B (0.30 m<𝑧0,eff <0.34 m), focusing on 342 

enlarged representations of enlarged Cp,mean, Cp,RMS, and the dominant peak pressure coefficients 343 

(Cp,max in windward wall and Cp,min in other regions). Additionally, Fig. 9 (k) provides a closer 344 

view of Fig. 9 (j), particularly zooming in on Cp,mean. 345 

The peak of statistics exhibited an increase with rising 𝑧0,eff values across all regions, irrespective 346 

of whether the terrain was homogeneous or complex heterogeneous. The fluctuations observed in 347 

pressures stemming from the oscillation and resizing of vortices are directly impacted by the 348 

turbulence of the wind [50, 51]. It was thus natural that the peaks of statistics would rise with 349 

increasing 𝑧0,eff . Notably, the results obtained from complex heterogeneous terrains revealed 350 
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larger magnitudes or variability compared to their homogeneous counterparts, with the extent of 351 

the difference dependent on the specific statistic or geometric location. 352 

As Fig. 9 (i) illustrates, higher magnitudes of Cp,mean, and peak Cp were evident on the windward 353 

wall and roof 1 when compared to roof 2 and the leeward wall. The windward wall experienced 354 

predominantly positive pressure since this region was directly exposed to the incoming wind flow. 355 

In roof 1, flow separation occurred, leading to strong negative pressure (i.e., suction) in this region. 356 

Roof 2 and the leeward wall, on the other hand, were affected by flow reattachment and the wake 357 

generated by the structure itself. This resulted in a more turbulent and unsteady flow, translating 358 

to lower wind pressures when compared to the windward wall and roof 1. 359 

As shown in Fig. 9 (a-k) and (b-k), in the windward wall and roof 1, differences in the degree of 360 

Cp,mean between homogeneous and complex heterogeneous terrains were apparent. In the windward 361 

wall, the maximum Cp,mean ranged from 1.2 to 1.4 in the heterogeneous case, while it was 362 

approximately 0.8 in the homogeneous case. In roof 1, Cp,mean in homogeneous terrain hovered 363 

around -1.0, whereas it approached -1.5 in heterogeneous terrain. Conversely, as demonstrated in 364 

Fig. 9 (a-j) and (b-j), no discernible difference in the overall level was observed for Cp,RMS and the 365 

dominant peak Cp between homogeneous terrain and heterogeneous terrain. However, there was a 366 

clear increase in dispersion in the heterogeneous cases. 367 

Fig. 9 (c) and (d) depict the peak of statistics on the roof 2 and the leeward wall. In these regions, 368 

changes attributed to terrain complexity were insignificant. There was scarcely any disparity in the 369 

levels between homogeneous and heterogeneous terrains for Cp,mean and Cp,RMS. Although the 370 

variability of minimum Cp,min increased in the heterogeneous case, the magnitude was quite small 371 

when compared to the windward or roof 1 regions. Hence, the absolute change remained modest.  372 
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Consequently, Cp,mean can be amplified by up to about 75% on the windward wall, and by about 373 

50% on roof 1. In roof 2 and the leeward wall regions, the alteration in pressure coefficient due to 374 

terrain complexity was marginal. 375 
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 376 

Fig. 9. Relationship between 𝑧0,eff and peak statistics at the tap line for 90°: (a) Windward wall; (b) Roof 1; (c) Roof 377 
2; and (d) Leeward wall; with (i) Full measured 𝑧0,eff range; (j) 𝑧0,eff range 0.30 to 0.34, and (k) Enlarged for peak 378 

Cp,mean. *Peak Cp,mean indicates maximum Cp,mean in the windward wall, and minimum Cp,mean in the roof and leeward 379 
wall. 380 

As observed in Figs. 8 and 9, the peak Cp,mean can be amplified on heterogeneous terrain even 381 

when exposed to the same category of exposure and possessing similar 𝑧0,eff  values. These 382 
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findings suggested that errors might arise in wind load assessments if real terrain complexities 383 

were oversimplified as homogeneous terrain during the design process. As we confirmed in 384 

Section 3.3, terrain complexity resulted in higher Iu,eave values compared to homogeneous terrains 385 

in the same exposure categories. Elevated turbulence intensities play a pivotal role in reinforcing 386 

vortices within the separated shear layer, which in turn generates stronger pressure fluctuations 387 

[21, 52]. Thus, the increased magnitudes of Cp,mean in complex heterogeneous terrains could be 388 

attributed to the turbulence properties of the wind flow. 389 

The relationship between Iu,eave and the peak Cp,mean at a wind angle of 90° is depicted in Fig. 10. 390 

In the windward wall and roof 1, as shown in Fig. 10 (a) and (b), both the maximum and minimum 391 

Cp,mean increased with higher Iu,eave values. Particularly, in Fig. 10 (b), the results of Akon and Kopp 392 

[53], Okada and Ha [54], and Tieleman et al. [50] are presented alongside our observations. They 393 

also utilized the WERFL model and conducted wind tunnel tests simulating open and suburban 394 

terrains using homogeneous block arrays. In their testing, Iu ranged from 0.1 to 0.3, and the 395 

measured minimum Cp,mean was comparable to the results from the homogeneous cases in this 396 

study.  397 

For roof 2 and the leeward wall, as shown in Fig. 10 (c) and (d), no discernible relationship 398 

between minimum Cp,mean and Iu,eave was observed. Irrespective of of Iu,eave, values of -0.2 to -0.4 399 

were observed in roof 2, while values of -0.15 to -0.35 were noted in the leeward wall. Combining 400 

the insights gained from Figs. 9 and 10, it could be concluded that the minimum Cp,mean in roof 2 401 

and leeward wall regions shows no correlation with turbulence properties resulting from terrain 402 

complexity. The change in minimum Cp,mean in roof 2 and the leeward wall regions could be 403 

primarily explained to 𝑧0,eff. 404 
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The measured minimum Cp,mean exhibited a relatively larger magnitude compared to previous 405 

studies involving low-rise buildings [8, 12, 53]. The key difference between this study and earlier 406 

ones lies in the level of turbulence intensity. In homogeneous conditions, it was rare to observe 407 

Iu,eave values exceeding 0.3, as seen in this test and in numerous prior wind tunnel experiments [8, 408 

12, 53]. However, in complex heterogeneous terrains, Iu,eave can attain higher levels. It has been 409 

firmly established in previous studies that Cp,mean increases with rise of Iu,eave. Cp,mean was observed 410 

to exhibit a continuous increase even in cases where Iu,eave exceeded 0.3. 411 

Fig. 11 presents the maximum Cp,RMS. The peak magnitude of Cp,RMS increased as Iu,eave rose in 412 

both homogeneous and heterogeneous terrain. This trend was similarly observed in a previous 413 

study by Fernández-Cabán and Masters [55], which conducted a series of wind tunnel tests for 414 

homogeneous terrains with increasing block height. However, in complex heterogeneous terrains, 415 

the increase in Cp,RMS did not continue as Iu,eave increases, unlike Cp,mean. Although heterogeneous 416 

terrain exhibited higher Iu,eave, it shows similar levels of Cp,RMS as homogeneous terrain. As a result, 417 

as seen in Fig. 9, the overall magnitudes of Cp,RMS were similar between homogeneous terrain and 418 

complex heterogeneous terrain, but the dispersion increases at the complex heterogeneous terrain. 419 
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Fig. 10. Relationship between Iu,eave and the peak Cp,mean at a wind angle of 90°: (a) Windward wall; (b) Roof 1; (c) 420 
Roof 2; and (d) Leeward wall. 421 
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 423 

Fig. 11. Relationship between Iu,eave and the maximum Cp,RMS at a wind angle of 90°: (a) Windward wall; (b) Roof 1; 424 
(c) Roof 2; and (d) Leeward wall. 425 

4.2. Roof Contour 426 

Roof contours were compared to examine how the terrain complexity influence the pressure 427 

coefficient on the building roof when 𝑧0,eff is similar. Figs. 12 and 13 present the roof contours of 428 

Cp,mean and Cp,RMS, respectively. In both figures, (a) homogeneous terrain (H=0.09 m, 𝑧0,eff = 0.32 429 

m) and (b) complex heterogeneous terrain (0.30 m<𝑧0,eff<0.34 m) are compared along with the 430 

three wind incident angles: (i) 0°, (j) 45°, and (k) 90°. In the case of heterogeneous terrains, the 431 

roof contours display the peak values for each tap among the selected sites (i.e., envelope). To 432 

maintain consistency in contour color, the color bar range has been standardized for each angle. 433 
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In Cp,mean, the largest magnitude occurred near the corner of leading edge for both terrains. The 434 

heterogeneous terrain exhibited a larger magnitude, and it also demonstrated a longer reattachment 435 

length. This was because as longitudinal turbulence intensity increases, the mixing in the shear 436 

layers enhance the rate of entrainment, which reduces the shear layer’s radius of curvature [55, 437 

56].  438 

The largest Cp, RMS also occurred near the corner of the leading edge, and there was no significant 439 

difference in its magnitude level between homogeneous and heterogeneous. This result was similar 440 

result to what observed in the roof 1 and 2 regions of the tap line. 441 

 442 

Fig. 12. Comparison of Cp,mean on roof: (a) Homogeneous terrain (H = 0.09 m); and (b) Envelop of selected 443 
heterogeneous terrains (0.30 m<z0,eff≤0.34 m); with wind incident angle of (i) 0°; (j) 45°; and (k) 90°. 444 
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 446 

Fig. 13. Comparison of Cp,RMS on roof: (a) Homogeneous terrain (H = 0.09 m); and (b) Envelop of selected 447 
heterogeneous terrains (0.30 m<z0,eff≤0.34 m); with wind incident angles of (i) 0°; (j) 45°; and (k) 90°. 448 

Fig. 14 illustrates the relationship between Iu,eave and the peak of statistics: (i) Minimum Cp,mean 449 

and (j) Maximum Cp,RMS, on the entire roof at the three wind incident angles: (a) 0°; (b) 45°; and 450 

(c) 90°. While the peaks of statistics were predominantly observed at the corner of the leading 451 

edge. The overall pressure behavior was similar to that observed in the tap line.  452 

The minimum Cp,mean increased continuously as Iu,eave increased, with larger suction occurring in 453 

heterogeneous terrain compared to homogeneous terrain. This pattern was consistently observed 454 

at 0°, 45°, and 90°. 455 
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The trend of maximum Cp,RMS increasing as Iu,eave rises was observed in both homogeneous and 456 

heterogeneous terrains. However, heterogeneous terrain did not exhibit a greater magnitude. This 457 

pattern was equally observed at 0°, 45°, and 90°. 458 

As depicted in Fig. 14 (b), at a wind incident angle of 45°, significant variability occurs due to 459 

the influence of conical vortices [10]. Consequently, minimum Cp,mean and maximum Cp,RMS of 460 

relatively large magnitude were observed compared to 0° or 90°. At this angle, the minimum 461 

Cp,mean for homogeneous terrain was only about -3.7, while the minimum Cp,mean for heterogeneous 462 

terrain was observed to reach up to -6, an increase of more than 50%. 463 
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 464 

Fig. 14. Relationship between Iu,eave and the peak statistics on the roof: Wind incident angles of (a) 0°; (b) 45°; and 465 
(c) 90°; with (i) Minimum Cp,mean; and (j) Maximum Cp,RMS.  466 
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5. Conclusions 470 

This study conducted extensive wind tunnel tests using 50 actual terrain morphologies in the US 471 

to investigate the impact of terrain complexity on wind pressure for low-rise buildings. The results 472 

were compared with testing on homogeneous terrain to analyze variations in pressure coefficients. 473 

The main findings are as follows: 474 

• Complex heterogeneous terrain exhibited stronger turbulence intensity compared to 475 

homogeneous terrain, even with similar 𝑧0,eff . After calculating 𝑧0,eff  using the 476 

anemometric method, wind characteristics at sites corresponding to the same exposure 477 

were compared. While there was no difference in mean wind speed between homogeneous 478 

terrain and complex heterogeneous terrain, turbulence intensity was approximately 35% 479 

higher on average in heterogeneous terrain. This disparity in turbulence properties proved 480 

to be a crucial factor in explaining the change in Cp,mean in heterogeneous terrains. 481 

• The analysis of pressure coefficient statistics along the tap line leading to the windward 482 

wall, roof, and leeward wall revealed that the magnitude of statistics increased in both 483 

homogeneous terrain and heterogeneous terrain as 𝑧0,eff increased. This phenomenon may 484 

occur because increased wind turbulence in cases with higher 𝑧0,eff directly affects the 485 

resizing of vortices and oscillations. Also, terrain complexity may increase the magnitude 486 

of the peak of Cp,mean on the windward wall and the roof 1. Around the typical 𝑧0  of 487 

Exposure B (0.3 m), it was observed that the peak of Cp,mean on the windward wall and roof 488 

1 increased by approximately 75% and 50% compared to homogeneous terrain, 489 

respectively. Conversely, no discernible difference was observed between homogeneous 490 

terrain and heterogeneous terrain on roof 2 (downwind region on the roof) and the leeward 491 

wall. Thus, in windward wall and roof 1 regions, changes in turbulence properties resulting 492 
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from terrain complexity would have an insignificant impact due to flow reattachment and 493 

the wake generated by the structure itself. 494 

• Cp,mean is primarily influenced by Iu,eave. In the windward wall and roof 1 regions, the 495 

magnitude of peak Cp,mean continuously rose as Iu,eave increased. Notably, it was observed 496 

that the correlation between Iu,eave and Cp,mean, previously established for Iu,eave values below 497 

0.3, also held true for higher Iu,eave values exceeding 0.3. However, In the case of Cp,RMS, 498 

the same tendency for the value to increase as Iu,eave increased was observed. Unlike Cp,mean, 499 

the phenomenon of magnitude continuously increasing as Iu,eave increased was not observed. 500 

Therefore, no significant difference in magnitude was observed between homogeneous 501 

terrain and complex heterogeneous terrain. 502 

• Examination of the roof contour confirmed that the reattachment length in complex 503 

heterogeneous terrain was longer than that in homogeneous terrain. This was attributed to 504 

the higher turbulence intensity level in heterogeneous terrain, leading to a reduction in the 505 

shear layer’s radius of curvature. The trends observed for minimum Cp,mean and maximum 506 

Cp,RMS on the entire roof were similar to those of the tap line. 507 

• For Exposure B, significant terrain complexity could arise due to the wider range of 𝑧0 508 

compared to Exposures C and D, resulting in the highest Iu,eave. This led to Cp,mean with the 509 

largest magnitude. Comparison of the minimum Cp,mean on the roof when the wind 510 

incidence angle was 45° revealed that while it did not exceed -4 in homogeneous terrain, it 511 

could reach -6 in complex heterogeneous terrain. Relying on a hasty homogeneous terrain 512 

assumption may lead to substantial errors in wind load assessment, emphasizing the need 513 

for additional examination of the influence of terrain complexity. 514 

 515 
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