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minimize damages, especially to buildings, as they are critical 
infrastructure for a community. To do this, we need to find 
what types of house design (e.g., shapes and materials) can 
withstand strong winds and minimize damages the most. 
 The important factors that affect magnitude and distribution 
of external wind pressures, and therefore the resilience 
of buildings to high winds, include upstream terrain, wind 
direction, presence of surrounding buildings (8). They also 
include house characteristics such as roof shape, roof pitch, 
eave shape, building geometry, and presence of canopy and 
parapet (8). Among them, roof shape and terrain are the most 
important elements to external wind pressures acting on the 
roof structures (8). Focusing on the building characteristics, 
researchers have found that the gable roof experiences 
higher pressure than the hip roof with other factors staying 
the same for a giving storm and therefore is less resistant to 
hurricane-force winds (8-15). The slope of a roof also plays 
an important role in wind resistance. Low-sloped roofs have 
significantly higher wind uplift forces than steeper sloped 
ones; therefore, steeper roofs are more resistant to high 
winds than flatter roofs. The shapes of houses also affect 
their resistance during hurricanes (16,17). For example, 
houses with a hexagonal or octagonal floor plans reduce wind 
loads more than square plans (18). 
 Different models have been developed to predict hurricane 
damages for residential structures (19). In fact, the shape of 
buildings and roofs are so important that HAZUS, the multi-
hazard loss estimation methodology and software developed 
at the Federal Emergency Management Agency (FEMA), has 
the options to change roof shapes (hip, gable, or flat) and 
building shapes (square or rectangle) to more accurately 
evaluate the damages due to hurricanes (14). Despite the 
importance of shapes of buildings and roofs, they are not 
required to be considered in building codes in hurricane-
prone areas (20). Roof regulation focuses on the material 
instead of the shape (21). Additionally, limited research exists 
on evaluating the interaction of house and roof shape in wind 
resistance.   
 Our research objectives were to provide quantitative 
information on the resistance to high winds for buildings with 
different combinations of house and roof shapes through an 
accessible experiment. Accordingly, we had two research 
hypotheses. The first hypothesis is that round houses are 
more resistant to strong winds than box-shaped houses with 
the same shapes of roofs. The second hypothesis is that 
houses with pyramid hip roofs are more resistant to strong 
winds than with flat roofs with the same shapes of houses. Our 
study provided scientific evidence on which shapes of houses 
and roofs could resist strong wind and therefore should be 
encouraged to build in the hurricane-prone areas to mitigate 
house damages and improve communities’ resilience to 
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SUMMARY
Hurricanes cause extensive amounts of damage in 
coastal communities each year. Rebuilding is costly, 
and the impact of hurricanes can be alleviated by 
mitigating the destruction to buildings. As such, 
buildings that are resistant to high winds are the 
key to increasing the resilience of communities 
to hurricanes. Here, we designed an accessible 
experiment to evaluate the effects of house and 
roof shape on wind resistance. We built four types 
of house models: box-shaped houses with pyramid 
hip roofs, box-shaped houses with flat roofs, round 
houses with pyramid hip roofs, and round houses 
with flat roofs. To evaluate the stability of these house 
models, we applied strong winds using a leaf blower. 
We determined stability by measuring the distance 
between the leaf blower and the house models when 
they were blown away, and the time it took for the 
houses to be blown away if the distance was 0 cm. The 
smaller the distance and the longer the time, the more 
resistant the houses are to strong winds. We found 
round houses were more resistant to strong winds 
than box-shaped houses, and houses with pyramid 
hip roofs were more resistant to strong winds than 
houses with flat roofs if other attributes of the houses 
were kept the same. Furthermore, we found roof 
shape was more important than house shape among 
the different combinations of house shapes and roof 
shapes we studied. Our study provides scientific 
data to facilitate policy making in improving coastal 
resilience, particularly through updating building 
codes that account for house and roof shape.

INTRODUCTION
 Half of the U.S. population lives within 50 miles of coastlines 
(1,2) that are prone to hurricanes, which are one of the world’s 
costliest natural disasters (3). The total monetary damages 
each decade from 1906 to 2005 in the U.S. due to hurricanes 
range from $24 billion (1916-1925) to $224 billion (1926–1935) 
with an individual hurricane’s damage costing up to $157 
billion (The Great Miami Hurricane of 1926) (4). These values 
are adjusted for inflation, wealth, and population, updated to 
2005 (4). The damages were mostly due to wind, followed by 
flooding from storm surge and/or heavy rain. Given the rapid 
growth of coastal populations with more intense hurricanes 
projected because of climate change, these damages will 
likely increase further (5-7). Dealing with the aftermath of 
hurricanes is a very costly and long process. To make coastal 
communities more resilient to hurricanes, it is important to 
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natural disasters. 

RESULTS
 We tested the wind resistance of four types of house 
models (house or houses thereafter) that vary in shape by 
subjecting them to strong wind from a leaf blower (Figure 
1). We measured the distances between the houses and the 
blower when it blew away the houses. If the blower reached a 
house without blowing it away (distance of 0 cm), we started 
to record time until the house was blown away. Houses with 
shorter distances showed that they were more resistant to 
winds. If the distance reached 0 cm, the house that could 
sustain the wind for a longer time was more resistant.
 Our results showed that different types of houses had 
different capabilities to resist strong winds. Houses with flat 

roofs, no matter the house shape, were blown away before 
the leaf blower reached them. The distances were shorter 
for round houses than for box-shaped houses, indicating 
higher resistance to strong winds for round houses with 
flat roofs (Figure 2). None of the houses with pyramid hip 
roofs were blown away until the leaf blower reached them, 
showing pyramid hip roofed houses were more resistant to 
strong winds than flat-roofed houses (Figure 2). In addition, 
it took longer for the round houses with pyramid hip roofs to 
be blown away than the box-shaped houses with pyramid 
hip roofs, again showing higher wind resistance for round 
houses with the same shapes of roofs, whether the shape 
was pyramid hip or flat (Figures 2-3). There is a statistically 
significant difference between wind resistance, measured 
by the blower distance to house, amongst the four different 
types of houses (one-way ANOVA, p < 0.001). All pairwise 
comparisons were significantly different (Tukey’s post-hoc 
test, p < 0.05) except for the round houses with pyramid hip 
roofs versus box-shaped houses with pyramid hip roofs, as 
their distances were all 0 cm (p > 0.05, Figure 4).
 When the shape of the house remained constant, the 
pyramid hip roofs showed larger resistance to strong winds 
than the flat roofs. However, it seemed that the pyramid hip 
roof made a larger difference for box-shaped houses (p < 
0.001 with a mean difference of 25.19 cm and 95% confidence 
interval of 14.17 to 36.21 cm), and a smaller difference for 
round houses (p < 0.05 with a mean difference of 14.72 cm 
and 95% confidence interval of 0.45 to 22.49 cm). Comparing 
the houses with different shapes and different roofs, round 
houses with pyramid hip roofs were significantly more 
resistant to strong winds than box-shaped houses with flat 
roofs (p < 0.001). In fact, the pyramid hip roof was so influential 
that it made the box-shaped houses more resistant to winds 
compared to round houses with flat roofs (p < 0.05). We used 
a t-test to compare the time it took for the two different shapes 
of houses with pyramid hip roofs to be blown away as that 
cannot be differentiated based on distance. Round houses 
were more resistant to strong winds than box-shaped houses 
(p < 0.05).

Figure 1: Overview of House Models. All house models had the 
same wall height and base area. (A) Round house models with flat 
roof, (B) Box-shaped house models with flat roof, (C) Box-shaped 
house models with pyramid hip roof, and (D) Round house models 
with pyramid hip roof.

Figure 2: Distance between the leaf blower and the house models when the house models were blown away. The shorter the distance, 
the more resistant the house models are to strong winds. As the distances for BP and FP were 0 cm, there were no error bars for these two 
types of houses in the figure. Error bars show standard deviation for two trials for each house model. The most wind-resistance houses had 
pyramid hip roof. With the flat roofs, the round houses were more wind resistant than the box-shaped houses. BF = Box-shaped house with 
flat roof, BP = Box-shaped house with pyramid hip roof, RF = Round house with flat roof, RP = Round house with pyramid hip roof. 1, 2, and 
3 on the x-axis denote replicate number of house models. 
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DISCUSSION
 Wind effects are influenced by the shapes and sizes of 
buildings, their fundamental period of vibration, stiffness of 
surfaces, and strength of connections (8,18). In our research, 
we focused on the effect of shapes, including shapes of 
buildings and shapes of roofs. Our finding that the round 
houses or pyramid hip roofs were more resistant to strong 
winds than box-shaped houses or flat roofs can be explained 
by fluid dynamics. The round house has a more aerodynamic 
shape than the box-shaped house as the round shapes have 
less drag (22). When the wind hits the round house, it goes 
around the house, dissipating the force. When the wind hits 
the box-shaped house, the force is not dissipated as well. 

Similarly, the hip roof has a more aerodynamic structure than 
the flat roof. A flat roof experiences outward pressure (18). 
The overhang on the flat roof can cause the wind to pick the 
house up by its roof, which is much less likely to happen to the 
hip roof. 
 Engineers understand the importance of aerodynamic 
structures. They apply a well-established technique, the wind 
tunnel, to test reduced scale home models in an atmospheric 
boundary layer to evaluate the effect of house shapes on 
wind loads (10,16,23,24). Prior research conducted at the 
Department of Aerodynamics and Climatic Engineering 
at Center for Building Science and Technology in France 
showed that a home with a hexagonal or octagonal floor 
plan with multiple panels reduced wind loads, and roofs with 
multiple slopes, such as hip roofs, could reduce more wind 
loads than gable roofs (18). Though our experiment did not 
compare the same types of house shapes or roof shapes, 
and our research did not involve expensive equipment like a 
wind tunnel, our finding that a multi-slope roof (hip) was more 
resistant to winds than a flat roof (no slopes) is consistent 
with the finding of this previous work (18). Additionally, we 
took a further step to test different combinations of house 
and roof shapes and found that the shape of the roof was 
more important than the house shape through our two-
factorial design. A previous study also showed that the shape 
of the roof for light-frame and low rising buildings a more 
important house characteristic to affect wind force loading 
and houses’ resistance to high wind compared to roof pitch, 
eave shape, building height, overhang ration and aspect ratio 
(8). Therefore, to build more resilient houses, we need to start 
by building roofs that are more resilient.
 On the other hand, applying the appropriate engineering 
knowledge into the construction of houses that could 
withstand strong winds in cyclone-prone areas is lagging 
behind (25). In some regions, like the Caribbean islands, 
engineers have rarely been involved in the design of houses 
(16). To facilitate the application, the results of our experiment 
and other experiments using wind tunnels and modeling must 
be extrapolated to explain different resistances of the houses 
to high winds or building performance in the real world. This 
endeavor requires further studies that link the reduced-scale 

Figure 3: Time it took for the house models to be blown away after the leaf blower reached the house models. The longer the time, 
the more resistant the houses to strong wind. Error bars show standard deviation for two trials for each house model. Round houses were 
more wind resistant than the box-shaped houses with the same pyramid hip roofs. BP = Box-shaped house with pyramid hip roof, RP = Round 
house with pyramid hip roof. 1, 2, and 3 on the x-axis denote replicate number. 

Figure 4: 95% of confidence intervals of Tukey's multiple 
comparisons (indicated by horizontal lines). Mean values of leaf 
blower distance (in cm) between different types of house models 
(treatment) were compared. BF = Box-shaped house with flat roof, 
BP = Box-shaped house with pyramid hip roof, RF = Round house 
with flat roof, RP = Round house with pyramid hip roof.
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house experiments with the empirical analysis related to 
hurricane damage assessments. Scaling these houses up is 
not linear and involves many uncertainties related to simplified 
spatial-temporal varying wind loads in the experiments, 
resolution of numerical models, and building component 
capacity (8). Full-scale or large-scale wind tests are needed 
to fill in the knowledge gap and should be promoted in future 
research, but will be challenging due to social, economic, and 
institutional barriers (8,26). 
 Observations through post-hurricane assessment have 
confirmed the importance of aerodynamic structure design to 
mitigate damages. For example, most houses with hip roofs in 
Puerto Rico after Hurricane Maria appeared to be undamaged 
(27). Researchers also found that hip roofs performed better 
than gable roofs after Hurricane Hugo (18). However, the 
post-hurricane damage assessments do not always relate the 
damages to the shapes or other properties of houses, though 
this information is important to understand empirically how 
the house properties affect wind resistance. High-resolution 
remote sensing images (aero-photographs, Unmanned 
Aerial System images, or high-resolution satellite images) 
can provide a useful tool for us to evaluate sustainability of 
different shapes and sizes of houses/roofs efficiently at a 
broad spatial scale. 
 To build more wind resistant houses, we also need to 
consider socio-economic factors. Previous research shows 
that single family damage after Hurricane Ike in 2008 can 
be predicted by hazard exposure, structural characteristics, 
and socioeconomic characteristics (28). Social vulnerability 
can turn hurricane hazards into hurricane disasters (29). 
Addressing social vulnerability is important to increasing 
coastal resilience, but it is beyond our study. We did not 
consider cost either, so the feasibility of building pyramid 
hip roofs should be further evaluated. In general, building 
pyramid hip roofs is more expensive than building flat roofs 
because there are more materials needed, and it is a much 
more difficult design (30).
 Though our experiment was simple and used common 
household items, it clearly supported the findings from 
the research that is generally not accessible to high 
school students (like the wind tunnel experiment), and it 
demonstrated the importance of house and roof shape in 
determining houses’ wind resistance. The experiment can 
be repeated by anyone, and it provides key information to 
policy makers to facilitate the design of mitigation plans to 
build more resilient communities. The study particularly urges 
city planners in coastal regions to consider accounting for 
shapes of roofs in the building codes. The information can 
also help insurance companies, as they can play an important 
role in setting policy guidelines and providing incentives in 
premiums to encourage more aerodynamic designs in new 
houses to mitigate hurricane damages (25). 
 In conclusion, we designed a low-cost and accessible 
experiment to evaluate how different combinations of shapes 
of houses and roofs affected resistance of houses to high 
winds. We found round houses were more resistant to strong 
winds with the same shapes of roofs (flat or pyramid hip), and 
houses with pyramid hip roofs were more resistant to strong 
winds with the same shapes of houses (box-shape or round) 
given other factors stayed the same (height, base area, wind 
power, terrain, etc.). In addition, the shape of the roof was 
more important than the shape of the house in affecting wind 

resistance of houses. These findings suggest some feasible 
ways to make communities more resilient to hurricanes, like 
accounting for the shape of roof in building codes or providing 
incentives from federal programs in FEMA or insurance 
companies that can make expensive pyramid hip roofs more 
affordable.

MATERIALS AND METHODS
Construction of house models
 We first built house models that had two different shapes: 
round/cylinder and square/box using cardboard and two 
different shapes of roofs: pyramid hip and flat using magazine 
paper. We built three replicates for each house and roof 
combination: box with flat roof, box with pyramid hip roof, 
round with flat roof, and round with pyramid hip roof (Figure 
1). All twelve house models had the same materials, same 
wall heights (10 cm) and same base areas (100 cm2). 

Wind resistance trials
 For each trial, we glued one house model to the floor at 
one time using Elmer’s white school glue. After two minutes, 
the leaf blower was turned on 3 meters away from the house. 
The wind speed of the leaf blower was 150 miles per hour 
(mph), very close to sustained wind speed in Category 5 
hurricane (157 mph or higher) based on the Saffir-Simpson 
Hurricane Wind Scale (31).  We steadily walked closer to the 
house at a straight line until the house was blown away or 
the blower reached the house. We measured the distances 
between the house models and the blower when it blew away 
the house models. If the blower reached the house (distance 
of 0 cm), we started to record time until the house got blown 
away. For each of the 12 houses, we conducted 2 trials. We 
averaged the distances or time of the two trials for each house 
to conduct statistical analysis.  

Statistical Analysis
 To evaluate whether there existed significant differences 
in the distances (resistance to winds) among the four types 
of house models we tested, we applied Analysis of Variance 
(ANOVA) in R (32). P-values smaller than 0.05 indicated a 
significant difference. If we detected significant difference, we 
further performed post-hoc analysis in R based on Tukey’s 
multiple comparisons of means to derive which two types of 
house models differed in their resistance to winds. We also 
conducted a statistical test on time for the house types with 
distances of 0 cm. As this only applied to two types of houses, 
we implemented t-test in R. We generated figures using the 
ggplot2 package in R.
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