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1. Introduction 
 

During hurricanes and other extreme wind events, low-

rise buildings are considered susceptible to wind damage. 

According to the report issued by NOOA (Smith et al. 

2018), Hurricane Irma - September 2017 was responsible 

for the destruction of more than 25% of buildings in 

Florida, with 65% of the buildings experiencing significant 

damages, and 95 fatality incidents. It has been reported that 

the total damage cost due to climate disasters reported 

between 1980 to 2017 exceeds $1.2 trillion (Smith et al. 

2018). Numerous experimental and numerical studies are 

available in the literature investigating and assessing the 

behavior of low-rise buildings during extreme wind events. 

(Davenport 1977) conducted a series of wind tunnel tests 

for different low-rise buildings with different boundary 

layer wind profiles. (Lin et al. 1995) identified the critical 

corner regions by comparing wind tunnel results with 

existing full-scale measurements for different building 

heights and plan sizes. (Uematsu and Isyumov 1999) also 

reported many wind tunnel and field pressure measurements 

for building roofs. Many other studies were reported in the 

literature investigating wind loads on low-rise buildings 

adopting both experimental (Ginger and Holmes 2006,  
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Kopp et al. 2012, Tecle et al. 2015, Hajra et al. 2016) and 

numerical (Nozawa and Tamura 2002, Yang et al. 2008, 

Montazeri and Blocken 2013) methods. Furthermore, some 

studies introduced aerodynamic mitigation approaches as a 

way of reducing wind loads on low-rise buildings (Kopp et 

al. 2005, Bitsuamlak et al. 2012, Aly and Bresowar 2016). 

The focus of these studies was mainly towards examining 

the induced wind-loads on the external walls of the 

building, assuming intact building with a sealed envelope.  

On the other hand, (Stathopoulos et al. 1979, Holmes 

1980, Vickery and Bloxham 1992, Ginger et al. 1997) have 

carried out model-scale and full-scale studies to examine 

the mean and fluctuating internal pressures in buildings 

with openings and nominally sealed buildings. Afterward, 

(Ginger et al. 2008) expanded on the previous work by 

developing a cohesive relationship between internal 

pressures and external pressures at a dominant opening in 

terms of the sizes and volume of the opening. Moreover, 

(Ginger et al. 2010) studied the effect of roof suction along 

with the internal pressure on a dominant windward opening. 

An extensive literature review about the aerodynamics of 

low-rise buildings with openings was presented by (Holmes 

and Ginger 2012). A wind tunnel test was conducted by 

(Pan et al. 2013) on a one-story gable house model to 

investigate the progressive failure of openings and the effect 

of internal pressure. A detailed summary of the previous 

literature related to wind effect on low-rise buildings is 

summarized in Table 1. 
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Abstract.  In coastal regions, it is common to witness significant damages on low-rise buildings caused by hurricanes and other extreme 

wind events. These damages start at high pressure zones or weak building components, and then cascade to other building parts. The state-

of-the-art in experimental and numerical aerodynamic load evaluation is to assume buildings with intact envelopes where wind acts only on 

the external walls and correct for internal pressure through separate aerodynamic studies. This approach fails to explain the effect of 

openings on (i) the external pressure, (ii) internal partition walls; and (iii) the load sharing between internal and external walls. During 

extreme events, non-structural components (e.g., windows, doors or roof tiles) could fail allowing the wind flow to enter the building, which 

can subject the internal walls to lateral loads that potentially can exceed their load capacities. Internal walls are typically designed for lower 

capacities compared to external walls. In the present work, an anticipated damage development scenario is modelled for a four-story 

building with a stepped gable roof. LES is used to examine the change in the internal and external wind flows for different level of assumed 

damages (starting from an intact building up to a case with failure in most windows and doors are observed). This study demonstrates that 

damages in non-structural components can increase the wind risk on the structural elements due to changes in the loading patterns. It also 

highlights the load sharing mechanisms in low rise buildings. 
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Based on the previous work, it is evident that, the 

contribution of internal walls needs to be considered, along 

with the external walls, for wind load resistance of low-rise 

buildings. Especially with the possibility of wind breaching 

the building envelope due to sudden impact of wind-carried 

debris on non-structural components (e.g., window, door, 

roof tile) or by exceeding the wind load capacity of these 

components. Various damage states may result in (1) 

altering the wind flow field internally and externally, (2) 

redistributing wind loads on the external walls and roof, (3)  

 

 

 

 

subjecting the internal walls to additional lateral loads, 

which are not typically considered in their structural design, 

and (4) exposing building surfaces (walls and roof) to a 

combination of both the internal and external pressures (i.e., 

net forces), which is the main concern of the current study. 

The current work aims to investigate the change in wind 

flow and wind load distribution along both external and 

internal surfaces of the building under predetermined 

progressive failure scenario. The damage states are assumed 

based on a possible progressive collapse scenario, which is 

found to be satisfactory for investigating the changes in the  

Table 1 Scope and main findings of previous studies focused on wind effect on low-rise buildings 

Reference Method 
Type of 

examined flow 
Scope and main findings 

(Davenport 1977) 
BLWT 

 
External 

Examined different building geometries, showing the significance of the 

boundary layer flow and the effect of turbulence on structures 

(Stathopoulos et al. 1979) BLWT 
Internal and 

external 

Examined the wind-induced internal pressures using low-rise building 

models of different geometry and internal volume 

(Holmes 1980) BLWT 
Internal and 

external 

Examined the mean and fluctuating internal pressures in sealed buildings 

according to windward and leeward openings 

(Vickery and Bloxham 1992) BLWT 
Internal and 

external 
Studied internal pressures in buildings with large openings at model-scale 

(Lin et al. 1995) BLWT External 
Investigated the roof pressure distribution under the corner vortices and 

its variation with wind angle, building dimensions and turbulence. 

(Ginger et al. 1997) BLWT 
Internal and 

external 

Investigated the variation in mean and fluctuating internal pressure in a 

sealed building with changing windward/leeward open-area ratio 

(Uematsu and Isyumov 1999) 
Review 

Paper 
 

Provided a detailed review of data for wind pressures acting on low-rise 

buildings, derived from various sources related to cladding design 

(Nozawa and Tamura 2002) CFD External 
Validated the large eddy simulation (LES) technique for predicting a flow 

around a typical low-rise building for a turbulent flow 

(Stathopoulos 2003) 
Review 

Paper 
 

Provided an extensive review of evaluation of wind loads on low-rise 

buildings using both wind tunnel testing and CFD simulation 

(Kopp et al. 2005) BLWT External 
Examined different parapet geometries to mitigate loading on building 

non-structural components due to the formation of corner vortices. 

(Ginger and Holmes 2006) BLWT External 
Determined the external wind pressure distributions on large low-rise 

buildings with roof pitches of 15° and 35° 

(Kopp et al. 2008) BLWT 
Internal and 

external 

Investigated the effect of various openings on the internal pressure of a 

low-rise building by varying the size, ratio, leakage and location of the 

dominant openings 

(Yang et al. 2008) CFD External 
Validated the wind pressure distributions on a typical low-rise building 

using CFD and compared the results with BLWT 

(Ginger et al. 2008) and 

(Ginger et al. 2010) 
BLWT 

Internal and 

external 

Provided relationships between fluctuating internal pressures and the 

external pressure at a dominant wall opening, in terms of volume and 

dominant opening 

(Kopp et al. 2012) BLWT 
Internal and 

external 

Discussed the utilization of full-scale testing facilities (e.g., Three Little 

Pigs and large-scale wind tunnel) for enhancing the simulation of wind 

loads on low-rise buildings 

(Holmes and Ginger 2012) 
Review 

Paper 
 

Provided an extensive review on fluctuating and peak internal pressures 

in buildings produced by a single dominant opening 

(Bitsuamlak et al. 2012) BLWT External 
Examined architectural elements as aerodynamic mitigation devices for 

reducing high wind-induced suctions at roof and wall corners 

(Pan et al. 2013) BLWT 
Internal and 

external 

Investigated the effect of building geometry and opening size on the 

internal pressure at each stage of a progressive failure 

(Montazeri and Blocken 

2013) 
CFD External 

Determined the mean wind pressure coefficients on building facades with 

and without balconies 

(Tecle et al. 2013, Tecle et al. 

2015) 
BLWT 

Internal and 

external 

Examined different dominant opening sizes and compartments and their 

effects on wind pressures on a low-rise gable roof building 

(Aly and Bresowar 2016) 
BLWT and 

CFD 
External 

Compared the performance of aerodynamic roof mitigation techniques / 

devices (edge optimization) in the reduction of roof uplift forces 
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aerodynamics and load distributions for various damage 

stages. Typically, wind damage progresses due to many 

factors including the building layout, the capacity of 

openings (i.e., windows and doors) and upcoming wind 

characteristics. Thus, for a further realistic simulation, 

Computational Fluid Dynamic (CFD) can be coupled with 

structural modeling (e.g., finite element method) assigning 

the non-structural components to rupture when exceeding 

their load capacities. The study model is a four-story gable 

roof house examined for three damage stages in addition to 

the undamaged (or intact) case. CFD simulations are used to 

study the wind effect at the damage stages for two critical 

wind azimuths. In the first two stages, non-structural 

elements (i.e., windows and doors) in the windward face are 

assumed to be damaged allowing the wind to flow through 

the building envelope. While at the final stage, damages are 

assumed to propagate to the leeward face allowing the 

trapped flow to channel through the building. Wind-induced 

pressures and forces acting on walls (internal and external) 

and roof are evaluated. The paper is organized into four 

sections. Section 1 (this section) presents an introduction 

and literature review on the previous studies examining the 

wind effect on low-rise buildings. In Section 2, a 

description of the adopted CFD model is provided. Section 

3 presents the results and discussion. Finally, Section 4 

summarizes the conclusions and main findings of the study. 

 

 

2. Numerical model details 
 

2.1 Study case 
 

The study building occupies a square footprint (20 x 20 

meters) and consists of four stories of equal height (3 

meters). The geometric details of the typical plan and  

 

 

section elevation are shown in Fig. 1. The typical plan 

includes 7 windows and 5 doors, and the story plan is 

divided into 5 regions. The current study assumes a 

predefined progressive failure scenario, which is 

represented by four damage stages (i.e., C0, C1, C2 and 

C3). The damage stages and flow accessibility in each story 

is demonstrated in Fig. 2. For damage stage (C0), the 

building is considered intact with no wind flow allowed to 

enter the building envelope. The first damage stage (C1) is 

assumed to occur at the windward face due to the failure of 

the window (W1) allowing wind to access Zone 1 of Story 

2. As the damage progresses to (C2), wind flow accesses 

Zones 1 and 2 in all stories due to the damage of windows 

(W1, D1 and roof window), while for Story 2, Zone 3 and 4 

become accessible to wind due to the failure of (W2, W3, 

D2 and D3). As for the last damage stage (C3), almost all 

windows and doors (i.e., 83% of windows and 90% of 

doors) are assumed to be damaged allowing the wind to 

reach all the building zones. Damage aerodynamics are 

studied for two critical wind azimuths (i.e., 0° and 45°). A 

detailed summary for the damage stages and failed 

components are presented in Table 2. 

 

2.2 Numerical simulation  
 

Full-scale large eddy simulation (LES) models are 

utilized to simulate and assess the proposed progressive 

failure scenario described in the previous section. The 

computational domain dimensions are defined based on the 

recommendations of (Franke et al. 2007) and (Dagnew and 

Bitsuamlak 2013). A no-slip wall boundary condition is 

assigned to the ground and all walls of the building, while 

symmetry plane boundary condition is assigned for top and 

side faces of the computational domain. 

 

Table 2 Summary for cases naming and damage details 

Case 

name 

Damage 

stage 

Angle of 

attack (AoA) 
Failed windows Failed doors 

C0-00 C0 0° -- -- 

C1-00 C1 0° 
W1 in Story 2 

(3.5% of total windows) 

D1 in Story 2 

(5% of total doors) 

C2-00 C2 0° 

W1 in all stories 

W2, W3 in Story 2 

and roof window 

(24% of total windows) 

D1 in all stories 

D2, D3 in Story 2 

(30% of total doors) 

C3-00 C3 0° 

All in Stories 2, 3 and 4 

W1, W4 in Story 1 

and roof window 

(83% of total windows) 

All in Stories 2, 3, 4 

D1, D2, D3 in Story 4 

(90% of total doors) 

C0-45 C0 45° -- -- 

C1-45 C1 45° 
W1 in Story 2 

(10% of total windows) 

D1 in Story 2 

(10% of total doors) 

C2-45 C2 45° 

W1 in all stories 

W2, W3 in Story 2 

and roof window 

(24% of total windows) 

D1 in all stories 

D2, D3 in Story 2 

(10% of total doors) 

C3-45 C3 45° 

All in Stories 2, 3 and 4 

W1, W4 in Story 1 

and roof window 

(83% of total windows) 

All in Stories 2, 3, 4 

D1, D2, D3 in Story 4 

(90% of total doors) 
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The outflow of the computational domain is defined as a 

pressure outlet, while the inflow is defined using the Consistent 

Discrete Random Flow Generation (CDRFG) introduced by 

(Aboshosha et al. 2015). Fig. 3 shows the computational 

domain dimensions and the boundary conditions assigned for 

the LES. The profile for the mean, turbulence intensity and 

turbulence length scales are generated adopting an urban 

terrain exposure following the (ESDU 2001) guidelines (Fig. 

4). The computational domain is discretized into hexahedral  

 

 

meshes using the trimmer meshing algorithm for a total of 

1.6M cells. The mesh size of 4.0 meters is selected for the 

region away from the study area at (Mesh Zone 1). The 

computational domain is further refined (i.e., mesh size = 0.2 

meters) near the study building and in the region between the 

inlet and the building (Mesh Zone 2), so as to capture the 

generated turbulence from the inflow boundary condition and 

to maintain the Y+ value around 1.0, as shown in Fig. 5. The 

time step is chosen to be equals to 0.05 seconds to maintain the  

 

Fig. 1 (a) Typical Plan and (b) Section Elevation (E 1-1) dimensions (in meters) for the study building 

 

 

 

(b) 

(a) 
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Courant number below 1.0 to ensure numerical convergence of 

the solver (Courant et al. 1928). The numerical simulations are 

conducted for 2,000 time-steps, which represent 100 seconds. 

The numerical model required 400 time-steps (i.e., 20 seconds) 

to reach statistical conversions, where this period was 

neglected in evaluating the aerodynamic results.  

 

 

 

 

For the remaining 1600 time-steps, the results were extracted 

for all time steps (i.e., sampling frequency equals 1) .The LES 

are conducted using (Star CCM+ v.10.02.011 2016) by 

employing a dynamic sub grid model proposed by 

(Smagorinsky 1963) and utilizing a coupled velocity-pressure 

solver. The CFD details including the adopted mesh resolution,  

 

Fig. 2 Wind accessibility zones through damage stages 

 

Fig. 3 Computational domain dimensions and boundary conditions 

 

Fig. 4 (a) mean velocity, (b) turbulence intensity and (c) turbulence length scale profiles used for inflow generation using 

CDRFG technique 

C0 C1 C2 C3 

  

 

 

 

 

 

 

 

(a) (b) (c) 
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the time discretization, the inflow generation and the solver 

characteristics are used assigned as per (Franke et al. 2007) and 

(Dagnew and Bitsuamlak 2013).  

 

 

 

 

As a validation for the adopted CFD model, additional 

simulations are conducted for a low-rise building that is 

experimentally tested by (Ho et al. 2005) with a gable roof  

 

Fig. 5 Mesh grid resolution utilized in the CFD simulations 

 

Fig. 6 Spatial variation of the (a) mean and (b) rms pressure coefficients along a line of taps at the middle of the building 

for a wind angle of 270° 

 

Fig. 7 Spatial variation of the (a) mean and (b) rms pressure coefficients along a line of taps at the middle of the building 

for a wind angle of 325° 
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(roof slope = 3/12; and eaves height = 7.32 meters) for two 

wind angles of attack (i.e., 270° and 325°). All aerodynamic 

and geometrical details in these validation models are assigned 

to match the experimental setup, including the building 

geometry and inflow characteristics. The mean and fluctuating 

pressure distributions obtained from the CFD agreed well with 

the wind tunnel tests (i.e., average error is 3.5%), as shown in 

Figs. 6 and 7. The discrepancy between the numerical and 

experimental work is attributed to the nature of extraction of 

pressure reading between CFD and wind tunnel. 

 

 

3. Results and discussions 
 

3.1. Wind flow field and pressure distribution 

 

The mean wind velocity field and mean velocity 

streamlines are shown in Figs. 8 and 9 for cases of wind 

AoA equal to 0° and 45°, respectively. It can be noted that 

there are slight differences in the wind flow structure 

surrounding the building, especially for damage stage (C3), 

as the flows channelling through the study building,  

 

 

disrupting the flow in the wake behind the building. On the 

contrary, the internal mean flows vary significantly across 

different damage levels. For instance, at Case C1-00, the 

incoming wind flow at Story 2 was trapped due to the 

opening of W1 and D1 forming a recirculation in Zone 1. 

This entrapped flow is expected to cause high values of 

fluctuating forces on the internal walls surrounding it. As 

the damage progresses to (C2), the flow channels through 

the building and exiting the building through W3. As for 

(C3), two channelling flows are formed in both Story 1 and 

Story 2 where the wind enters through W1 and W4, and exit 

through W3 and W7, respectively. Regarding cases of 

AoA=45°, a similar internal flow is developed for (C1). 

While for (C2) and (C3), W2 and W3 are both on the 

windward faces of the building and the flow is entrapped 

inside (as opposed to forming channelling flow unlike cases 

of AoA=0°). Figs. 10 and 11 show the mean pressure 

coefficient (Cp) distributions for the cases of AoA equal to 

0° and 45°, respectively. It can be observed that the mean 

Cp distributions on the external walls do not change 

significantly over different damage stages (i.e., less than 

3.5%). However, rms Cp distributions on the external wall 

 

Fig. 8 Mean velocity contours and wind flow streamlines for different damage stages (AoA=0°) 

 Elevation Plan (at Story 2) 

C0 

  

C1 

  

C2 

  

C3 

  

 
 

 

395



 

Ahmed Elshaer, Girma Bitsuamlak and Hadil Abdallah 

 

 

(Figs. 12 and 13) show low fluctuations in wind pressure 

for cases (C0 and C1) and the fluctuations increases as the 

building continues to be damage (C2 and C3). During the 

assumed early damage stages, incoming turbulence and 

flow interaction with the buildings create large fluctuating 

components of both external and internal wall forces. 

Progressing to the later assumed damage stages, the 

channelling flow tends to reduce the fluctuating flow, which 

lead to a slightly reduced rms values. 

 

3.2 Wind forces on walls and roof 
 

The total foundation level wind forces (drag and lift) have 

been evaluated by integrating the wind pressures on both 

external and internal walls of the building. The drag force on 

wall is computed in the direction of the flow, while the lift 

force is computed in the perpendicular transversal direction to 

the flow. Figs. 14 and 15 show the total drag and lift forces 

acting on the building walls for cases of AoA equal to 0° and 

45°, respectively. The figures show the mean forces on the 

external walls has not changed significantly with the change in 

the damage level (i.e. less than 3.0%) for both wind directions.  

 

 

While the fluctuations component of wind forces on the 

external wall have been suppressed (i.e., up to 25% compared 

C0) as the building damage progresses. This can be attributed 

to the opposition of wake formation caused by the flow 

channeling through the building. A significantly high 

fluctuating component in the drag forces on the internal walls 

(i.e., ~1.5 times the corresponding external forces) can be 

observed in damage stage (C1), especially for the wind 

azimuth of 0°. The amplification of the fluctuating component 

of the internal wind forces is due to a flow resonance, which is 

known as “Helmholtz resonance” (Holmes 1980). As the 

building damage progresses, this high fluctuation in the drag 

forces decreases due to the release of the trapped flow through 

leeward openings, thus interfering with the flow circulation 

zones at the sides and wake. On the other hand, the lift force on 

the internal walls start to be significant (i.e., almost equivalent 

to the corresponding external forces) only after window 

damages on the side walls (e.g., W2 and W3) of the building 

(i.e., C2 and C3). Table 3 summarizes the mean, rms and peak 

wind forces on external and internal walls in Newtons (for 

reference velocity at the eave height =10 m/s). 

 

 

Fig. 9 Mean velocity contours and wind flow streamlines for different damage stages (AoA=45°) 

 Elevation Plan (at Story 2) 
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Fig. 10 Mean of Pressure Coefficient on external walls of the study building for different damage stages (AoA=0°) 
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Fig. 11 Mean of Pressure Coefficient on external walls of the study building for different damage stages (AoA=45°) 
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Fig. 12 RMS of Pressure Coefficient on external walls of the study building for different damage stages (AoA=0°) 
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Fig. 13 RMS of Pressure Coefficient on external walls of the study building for different damage stages (AoA=45°) 
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The peak wind pressure is calculated using Eq. (1). 

peak mean f rmsF =F +g .F   

where fg  is the peak factor (assumed = 3.5) 
(1) 

Fig. 16 shows the time histories of roof forces (F1, F2 and F3) 

over the different damage stages for (AoA = 0°). When the 

building reaches damage stages C2 and C3, the internal 

pressure is found to alter the mean wind forces on Roof 1 and 2 

(F1 and F2) from being positive stabilizing forces to negative 

uplift forces. In addition, the internal pressure inside the 

building increases the total uplift force on Roof 3 (F3) with the 

increase in building damage (i.e., up to ~1.9 times the 

maximum uplift force compared to the undamaged case C0). 

This is expected as both internal and external wind forces are 

acting in the same direction with respect to the roof. This 

increase in the developed uplift force on different parts of the 

roof indicates the potential increase in wind risk with the 

progression of building damage. 

 

 

 

 

4. Conclusions 

 

This study investigates the concept of varying 

aerodynamics and wind risk in relation to the progression in 

damage of non-structural components (i.e., windows and 

doors) of a typical low-rise building. The change in wind 

flow and wind-induced load throughout an assumed 

progressive failure scenario is highlighted by comparing an 

undamaged case to three different damage levels for two 

different wind incident angles (0° and 45°). The case studies 

explain the use of CFD-based approach to illustrate the 

changes in wind flow, in addition to assessing the change in 

wind pressure and load on walls (internal and external) and 

roof surfaces. As the building damage progresses, the wind 

flow entering the building envelope is found to subject the 

internal walls to an unanticipated design load case and 

increased cladding loads. This additional wind load case is 

found to increase both the mean and fluctuating components 

of the wind forces on the internal walls (up to 1.5 times the 

corresponding external wind forces) and roof (up to 1.9 

times the maximum uplift force compared to the  

 

Fig. 14 Drag and lift forces time histories on the (a) external and (b) internal wall for different damage stages (AoA=0°) 

 (a) External walls (b) Internal walls 
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Fig. 15 Drag and lift forces time histories on the (a) external and (b) internal wall for different damage stages (AoA=45°) 

 

Fig. 16 Time histories of roof forces for different damage stages (AoA=0°) 

 (a) External walls (b) Internal walls 
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undamaged case C0). On the contrary, the development in 

building damage has a minor effect on both the wind flow 

around the building and the wind pressure on the external 

walls. In conclusion, the local damages of non-structural 

elements during wind events increase the wind risk on the 

overall structural elements (walls and roof), which 

illustrates the necessity of accounting for progressive 

collapse scenarios in the resilient structural design process. 

CFD-based simulations can be a useful tool that highlights 

the load sharing mechanism among various elements of 

building during the progression of building damage due to 

wind events. However, the exact impact of considering 

internal flow during the study of progressive damage 

depends on multiple parameters including the building 

layout, configuration of openings and inflow characteristics. 
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