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A B S T R A C T

A popular method of building flood-proofing in coastal regions is the use of stilts or piers to elevate buildings.
These elevated building structures are generally well-designed to reduce or withstand the hydrodynamic loading
resulting from flooding waters, storm surge and carried debris. However, design for wind loading on elevated
buildings is not well-informed or codified, despite the changes in the elevated buildings’ aerodynamics. In order
to begin developing the body of knowledge regarding wind effects on elevated buildings, a field study on such
structures in the coastal region of the Florida Panhandle was conducted following 2018 Hurricane Michael. In
addition, wind tunnel testing on large-scale models of an elevated single-story residential home was performed
at the NHERI Wall of Wind Experimental Facility at the Florida International University. The evidence of floor
underside damage from the field study are consistent with trends of pressure patterns from the experimental
program. Measured pressure coefficients on the underside of wind tunnel models were significant and frequently
of similar or greater magnitude to those on the roof, the latter for which estimation procedures have already
been well-established. These findings show that deliberate design for floor underside pressures are necessary,
and provide critical impetus for continued research in order to reduce damages observed in past hurricanes.

1. Introduction

As the popularity of coastal living increases and brings about a
greater coastal population, both coastal property value and the poten-
tial of losses in these properties ascends as well. Though not the
deadliest year on record, the recent 2017 hurricane season inflicted an
estimated 300 billion US dollars of damages on the Eastern Seaboard of
the United States, the highest in recorded history. 2018 culminated in
another 50 billion US dollars of damage, headlined by Category 4
Hurricane Florence and Category 5 Hurricane Michael, the latter ac-
counting for over half of the annual total. The Florida Panhandle, the
location of landfall for Hurricane Michael, faced both catastrophic
winds and accompanying storm surge. Considerable efforts have been
made in the reduction of losses in the event of these hazards, both in the
planning and response stages of a disaster. Among the structural miti-
gation planning for these coastal storms is the use of elevated buildings.

An elevated building is defined as one, where either portions of or in
its entirety is situated above the ground on a structural system

consisting of piers or stilts. Elevated buildings are most commonly used
as a form of mitigation against potential flood hazards which may ac-
company storm events by means of heavy rainfall or coastal storm
surge. In this case and as depicted in Fig. 1, the building elevation,
defined as the distance between the ground plane and the underside of
the building floor (sometimes measured to the lowest horizontal
structural member or to the front door elevation), must be designed
such that the structure remains above the expected stillwater elevation
and wave heights for a given flooding intensity (commonly described
using a return period). On the other hand, the building height is used to
describe the distance between the ground to a particular point being
considered (often the mean roof height) and is distinguished from ele-
vation in this paper. In many jurisdictions where the construction of
elevated homes is prevalent, a freeboard depth, e.g., the clear distance
between the floodwater elevation and building floor, is also commonly
mandated. For instance, in Florida, where storm surge was significant
during Hurricane Michael, a freeboard depth of 1 ft is codified within
the state building code and is of particular importance for residential
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buildings in high flood risk zones (defined by the Federal Emergency
Management Agency, FEMA).

Alternate building types exist that may also be classified as an ele-
vated building. These include residential buildings constructed with an
underlying crawlspace, as well as manufactured homes (also commonly
known as “mobile homes”) situated on steel chassis systems, or steel or
concrete footers. Skirting is commonly attached around the perimeter
of manufactured homes to, amongst other purposes, reduce the wind
passage through the air gap. Unfortunately, skirting commonly be-
comes detached in high wind events (Fig. 2).

The aerodynamic effect of the air gap underneath the floor of ele-
vated houses is not codified and thus neglected during design. As noted
by Vann and McDonald [1], the presence of the floor underside pres-
sures in manufactured homes may exacerbate the uplift of these
structures in severe wind events. In some cases, the detachment of the
structure from the ground may occur, causing a shift of the structure
from its original position or even an overturning of the building. In
contrast, buildings elevated higher are hypothesized to experience
greater negative pressures (or suctions) on the underside of the floor; it

is expected that a sufficiently-large air gap will induce higher magni-
tudes of negative pressures as on the roof, due to flow separation at
edges and turbulent eddies. Uplift forces on the roof would thus be
counteracted by these floor underside pressures which could reduce the
overall uplift forces on the main wind force resisting system. Con-
versely, damages are expected to occur to the underside components
and cladding, which can be removed by high wind suctions if not
properly attached.

Limited amount of field data are available pertaining to the state of
elevated residential buildings following a high wind event. Two sets of
field data are noted for their inclusion of height of building elevation
and related damage states: the first from a population impact survey in
south Miami-Dade County, FL, following 1992 Hurricane Andrew [2],
and the second from an assessment of damages due to 2008 Hurricane
Ike in Galveston County, TX [3,4]. While correlations can be made in
regard to the recorded damages and survivability of elevated homes,
such empirical relationships are not sufficient for recommendations in
structural analysis and design.

The majority of previous research concerning wind on elevated
buildings has focused on manufactured housing, though even such re-
search remains very limited, especially in regards to wind pressure
measurements. Manufactured housing, which can be considered a
subset of elevated buildings, was scrutinized for poor behavior in high
wind events as far back as 1977, the year in which the U.S. Department
of Housing and Urban Development (HUD) published the results of a
six-month study of wind measurements on a full-scale manufactured
home [5]. The HUD report detailed the wind loading on the entirety of
the manufactured home specimen. However, results are limited due to
the testing being performed on an outdoor set-up where the specimen
was placed on a turntable in a parking area known to have heavy winds
and the floor pressure was only measured at the centerline of the
building and generalized over the entire floor area.

Later in 1983, Roy utilized an open circuit boundary layer wind
tunnel to model the effects of wind loading on a 1:100 scale manu-
factured home model, in an effort to compare small-scale wind mod-
eling results to full-scale field measurements [6]. Horizontal force
coefficients were found to be greater on the full-scale model by up to
75%, thereby showing an underestimation of the wind forces on the
structure by the wind tunnel procedure. This underestimation was at-
tributed to a disparity in the effects of Reynolds number in the wake
region. Closer results were obtained in the comparison of vertical force
coefficients when skirting was present, with differences of only about
13%; however, this was not the case when the skirting was removed,
where the recorded forces on the 1:100 scale model were as much as
28% smaller than in the full-scale case. Once the skirting was removed,
the lack of modeling of the support underneath the structure was
highlighted as a potential source of discrepancy.

Though manufactured homes could exhibit similar aerodynamic
characteristics as conventional site-built elevated buildings, manu-
factured homes are not featured in this paper. Instead, focus is placed
on the field observations of site-built homes purposefully elevated to
reduce impacts from flooding and storm surge. Open circuit boundary-
layer wind tunnel modeling on site-built elevated low-rise structures
had also been conducted as well, albeit again for smaller scale models of
1:50 and 1:100 [7]. Notably, the 1994 study by Holmes included an
elevated building case among other testing configurations, where the
model house was elevated based on a full-scale height of 2.1 m (6.9 ft).
Both the roof and wall mean pressure coefficients on the elevated
structure were observed with greater magnitudes compared to non-
elevated specimens, where mean pressure coefficients differed by as
much as 50% on the roof and 100% on the walls when the wind di-
rection was perpendicular to the roof ridge. Root-mean-square and peak
pressure coefficients were also higher in the elevated case. An increase
of mean wind speed at the eave’s height of 20–30% greater translated to
a potential pressure increase of 40–80%. However, no conclusions were
offered regarding negative floor pressures, as this was not an objective

Fig. 1. Vertical measurements used for elevated buildings.

Fig. 2. Manufactured home situated on concrete block footers with damaged
and partially-removed skirting, damaged in 2018 Hurricane Michael. (Photo
credit: Josh Hunt, University of Alabama.)

J.H. Kim, et al. Engineering Structures 221 (2020) 111101

2



of their study.
There have also been studies regarding alternate interpretations of

elevated structures. Liu et al. investigated the turbulence and eddy
dynamics in pedestrian-level winds beneath larger, multi-story elevated
buildings (referred to as being “lift-up”) [8]. The term “elevated
structures” was also used to refer to smaller additions to larger build-
ings, such as skylights and water storage tanks, for which a dynamic
response analysis methodology for wind was developed [9]. Due to the
size of the structures investigated, as well as their main research in-
tentions, these studies provide no input for the case of one- or two-story
residential homes.

Previous experimental testing involving roof pressure and velocity
coefficients for varying mean roof heights had been conducted in the
NHERI Wall of Wind (WOW) Experimental Facility (EF) located at
Florida International University (FIU) using 1:20 scale models of low-
rise buildings with a half-hip roof [10]. The intent of the study was to
determine the possibility of using the results of roof pressure coeffi-
cients for one building height to estimate the roof pressures for a similar
building with a different height. In this case, no air gap was simulated
beneath the building models tested; instead, the change in building
height was the result of increasing the number of stories of the building.
The most relevant results of the study show that both peak pressure
coefficients and velocity coefficients on the hip roof tested did not
change considerably with increasing building height, with the excep-
tion of the coefficients in the corner of the roof which increased.
However, the applicability of the roof pressure relationships are un-
known for elevated buildings where an air gap exists beneath the
structure. The analyses presented here examine changes in roof and
exposed (underside) floor pressure coefficients as a function elevation
and height.

Current design provisions do not have adequate guidance for the
aerodynamic loading on an elevated building. In the United States, the
American Society of Civil Engineers (ASCE) 7 Standard for Minimum
Design Loads and Associated Criteria for Buildings and Other Structures
[11] is widely-adopted as the legally-required wind load provisions for
structural design. Chapters pertaining to the determination of wind
loads on typical structures have been included since the first edition of
this standard, ASCE 7-88 [12], and have evolved and expanded con-
siderably to the most recent edition, ASCE 7-16, to include commentary
for non-straight line winds (e.g., tornados) and rooftop photovoltaic
panels, among others. However, no provisions exist in ASCE 7 per-
taining to wind loading on elevated homes.

In 2011, FEMA published P-55, the Coastal Construction Manual, to
be used for the design and construction of residential buildings in
coastal areas [13]. Elevated building design and construction is out-
lined and recommended for those regions susceptible to storm surge.
Structural design considerations include the load determination on re-
sidential buildings; in this manual, the wind load determination follows
the provisions of ASCE 7-10. The design for the structure and its roof
and wall components are described; however, floor underside wind
loads are only briefly acknowledged in the manual. No recommenda-
tions for the determination of wind loads on the underside of the
structure is provided.

The governing hypothesis leading this research is that the elevation
of a building, resulting in an air gap beneath the building, will modify
the building’s aerodynamics and induce wind pressures on the building
surfaces that are different from those for a similar building that is not
elevated. Moreover, the airflow underneath the building will result in
negative pressure (suction) on the exposed underside of the lowest
floor. This research is timely given that floor underside cladding or
structural failure due to a design that does not consider realistic aero-
dynamic pressures can result in considerable losses or injuries due to
collapse or water infiltration.

This paper describes the effect that building elevation has on wind
pressures using observations recorded from a field research study
conducted in the Florida Panhandle following 2018 Hurricane Michael.

This hurricane proved to be one of the largest challenges faced by the
Gulf Coast region of the United States in the past several years, since the
landfall of Category 3 Hurricane Dennis in 2005.

October 10 marked the landfall of Hurricane Michael near Mexico
Beach, Florida. The National Hurricane Center classified this event as a
Category 5 storm with estimated sustained wind speeds over water of
249 km/h (155 mph) and a minimum central pressure of 91.9 kPa
(919 mbar).These intense conditions also brought about a 4.3 m (14 ft)
storm surge at Mexico Beach; catastrophic damages to nearly every
coastal building in Bay County, and left Mexico Beach devastated.
Extensive damages reached to nearby coastal cities such as Panama City
and Port St. Joe, and further inland. As Hurricane Michael moved
northward, it entered southern Georgia as a Category 3 hurricane and
eventually dissipated. A Major Disaster declaration was made by FEMA
in five Floridian counties: Bay, Gulf, Wakulla, Franklin and Taylor
Counties; the storm resulted in the deaths of 72 people, and at least 5.5
billion US dollars of insured losses in Florida alone.

2. Hurricane Michael field study

Ten days after the landfall of Hurricane Michael, a National Science
Foundation-funded RAPID field research study was launched in the
impacted areas of the Florida Panhandle. The overall goals of this study
were the on-the-ground observation and classification of damages to
elevated structures and manufactured homes as a result of the hurri-
cane. Six researchers from the University of Kansas and the University
of Alabama conducted this study from October 20 to 24, 2018. Much of
the debris on the roadways were cleared at this point, allowing access
into the affected areas. However, at the time of the study, the majority
of Mexico Beach remained open only to residents and authorized dis-
aster management personnel.

Upon arriving in Florida, the team first moved to use internet re-
sources to identify potential locations with elevated structures, namely
coastal regions near Panama City and Mexico Beach, the most popu-
lated areas in the proximity of the location of the hurricane’s landfall.
Google Satellite and Street View imagery was used to observe the
general regions. Preliminary wind maps, showing estimated peak 3 s
gust wind speeds at 10 m above ground over flat open terrain, from
Applied Research Associates, Inc. (ARA) were used to inform this
planning process. The winds in these maps were estimated by using the
peak gust winds recorded at numerous wind stations, including local
Florida Coastal Monitoring Program towers and the National Oceanic
and Atmospheric Administration’s National Data Buoy Centers and
Automated Surface Observing Systems. Data points from multiple wind
speed regions were desired to help observe the efficacy and perfor-
mance of elevated structures in high wind.

Data collection was facilitated through ArcGIS’s Survey123 app.
Using a customized survey form constructed for this investigation, field
investigators were able to use their smart phones to compile recorded
observations, collected photos, and site geo-tags into a single data
point. The customized survey included building attributes, such as
elevation height and number of stories, as well as questions to docu-
ment damaged components and classify damage states. A total of 69
elevated structures were surveyed in this study, located between
Mexico Beach and Port. St Joe, Florida (geospatially depicted with ARA
wind contours in Fig. 3). Considering the ARA wind maps, data points
within three approximated wind speed contours of 193–209, 209–225,
and 225–241 km/h (120–130, 130–140, and 140–150 mph) were col-
lected. Note that these wind estimates pertain to an open terrain con-
dition (approximately ASCE 7-16 Exposure Category C) instead of if
they were flowing over open water (ASCE 7-16 Exposure Category D).
However, adjustments to the wind speeds in terms of exposure and
mean roof height were deemed unnecessary for the purposes of guiding
in-field data collection.

Of the 69 elevated buildings surveyed, 50 were observed to have
some form of floor underside cladding; for the remainder of the
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buildings, it was unclear from the observation photos if cladding was
present, or the sheathing panels on top of the floor joists were left ex-
posed. These claddings generally consisted of either vinyl slats or pa-
nels, hardboard panels, or plywood or oriented strand board panels (see
observed cladding examples in Fig. 4). Within the 50 cases with

cladding, survey photos show that at least 28 were visibly damaged,
with a minimum of detachment of some cladding from the supporting
members. Detachment of vinyl cladding and fracture of hardboard were
the most common forms of damage, with limited damages seen in the
wood structural paneling. In addition to aesthetic concerns, damages

Fig. 3. Hurricane Michael best track and radii of hurricane and tropical force winds on Saffir-Simpson Hurricane Wind Scale (Data from [14]) with inset of location of
elevated buildings surveyed following Hurricane Michael.

Fig. 4. Types of floor underside cladding and damage observed after Hurricane Michael; (a) vinyl with fastener failure, (b) hardboard with panel failure, and (c, d)
wood structural panels with fastener failure. (Photo credits: (a, b) Elaina Sutley, University of Kansas, (c) Josh Hunt, University of Alabama, (d) Jae Kim, University of
Kansas.)
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and removal of floor underside cladding can expose structural members
and possibly lead to water infiltration into the building during or after
the storm event.

As shown in Fig. 3, elevated buildings were surveyed across three
levels of estimated peak wind speeds. Though many more elevated
buildings were surveyed in the highest wind speed region (just south-
east of Mexico Beach), a trend toward more cases of floor underside
cladding damage at higher wind speeds is clearly identifiable. A sum-
mary of the cladding damage breakdown is presented in Table 1.

Basic post-storm analysis identified building cases which may have
flooded during peak storm surge inundation depth. This analysis used
the hindcast inundation models for Hurricane Michael published by
Coastal Emergency Risks Assessment [15]. Inundation depths above
ground were obtained for locations of each elevated building surveyed
during the field study, and compared to the recorded elevation of the
lowest horizontal structural element for each building. Only eight of the
damaged cases were expected to have been partially underwater during
storm surge flooding; another eight of the undamaged cladded cases
were also expected to be inundated. Thus, a large percentage of the
damaged cases are assumed to be the result of wind damage alone,
rather than due to storm surge floodwater loading or a combination of
the two. It should be noted that the time of maximum inundation depth
is not necessarily expected to coincide with the occurrence of the
maximum wind gusts; therefore, conclusions regarding wind pressures
and damage at the time of significant storm surge were not made.

No clear correlation could be discerned between elevation height
above grade and whether the floor underside cladding would be da-
maged or not. Unfortunately, accurate estimates of cladding damage
were unable to be determined using the collected photos for the ma-
jority of the buildings surveyed. However, at least some evidence of
damaged cladding due to wind was observed on buildings elevated in a
range of 1.7–3.7 m (5.6–12.0 ft). A total of 57 of 69 buildings were
elevated within this range encompassing the majority of the range of all
building elevations observed during the field study (0.4–4.9 m;
1.3–16.0 ft).

The modes of failure observed consisted of both fastener failure and
panel failure, though the former appeared to be more frequent and
based on the regularity in shape of the cladding losses (loss of entire
rectangular sections between connection locations). An example of each
type of failure is provided in Fig. 4; the top photo shows the result of
fastener failure where entire panels of cladding are removed, and
failure of the panels themselves can be seen in Fig. 4b. The locations of
floor underside cladding damage were often near the edges of the
surveyed buildings (Fig. 5). Such a pattern would be consistent with
locations of high pressures on wall or roof surfaces of a building, where
flow separation occurs at edges. Additional damages were also seen
closer to the center of the floor surfaces, where significant cladding
panel loss was observed (Fig. 6). The damage to the central areas of the
underside floor may be the result of progressive panel loss, initiating
with fastener loss at the floor edges and leading to wind infiltration into
the cavity between the panels and the structure. This panel loss over
large areas may also be attributed to the simultaneous occurrence of
high suctions; this phenomenon may occur due to high correlation of
aerodynamic pressures across large sections of the floor underside. Such
correlations were analyzed using wind tunnel test results and will be
discussed in a later section.

Fig. 7 presents examples of damage patterns observed on three
particular coastal homes residing between Mexico Beach and Port St.
Joe. Building IDs are assigned to each home and are associated to the
Object ID labels of the data points collected during the field survey
[16]. The elevating structures, columns or poles, are shown in crossed
squares or circles respectively. Dashed lines represent the location of
elevated decking, under which floor underside cladding was typically
not used. The properties of the three buildings from Fig. 7 are described
in Table 2.

As seen in Fig. 7, much of the wood structural panel cladding did
not remain intact in the presence of the 225–241 km/h (140–150 mph)
3-second wind gusts estimated by the ARA wind maps for this area, the
highest speeds in the areas surveyed. A photo of the underside of
Building 225 is presented in Fig. 8 in which both fastener failure, on the
left, and panel failure, near the center, can be observed. Examples of the
edge cladding failures and possible progressive inner cladding damage
is observable in the damage location maps in Fig. 7.

3. Experimental testing

To supplement the empirical data obtained after Hurricane Michael
for more specific conclusions on underside floor wind pressures and
damage patterns, the results of a relevant experimental test were ob-
tained and examined.

3.1. Wind tunnel testing

The physical model testing was conducted using the WOW EF. The
WOW facility features a 12-fan open-jet wind tunnel capable of simu-
lating winds and wind-driven rain attributable to hurricane conditions.
The WOW EF has a 6.1 m (20-ft) wide by 4.3 m (14-ft) high open-jet
testing section. Triangular spires and floor roughness elements are used
to simulate turbulence and boundary layer characteristics. The size of
the testing section allows for testing of large- and full-scale models.
Large-scale models (e.g., 1:30 or larger for low-rise buildings) are ex-
pected to reduce scaling errors relating to geometrical details and
Reynolds numbers that can arise from using smaller-scale models [17],
as well as reveal finer details pertaining to low-rise structures which
may be missed at smaller scales [18].

The spires and floor roughness elements were configured to simu-
late an open terrain exposure condition. The wind speed profile and
turbulence characteristics, as a function of height above the ground,
were measured through the use of a pitot-static rake with a series of
Turbulent Flow Instrumentation Cobra Probes. For the purposes of the
testing, the winds were generated using a 40% fan throttle. This fan
throttle rate was used to avoid the exceedance of the measurement
range of the pressure scanners installed on the building models. The
wind speeds at heights corresponding to the mean roof heights of the
test model are listed in Table 3. Fig. 9 shows the wind speed spectrum
observed in the wind tunnel when testing the 1.08 m mean roof height
model, compared to the von Karman spectrum. Normalized long-
itudinal wind speed and turbulence intensities in the Wall of Wind fa-
cility are presented in Fig. 10, compared to target ESDU profiles [19].

Aerodynamic testing was conducted on a scale model of a single-
story low-rise residential building. The prototype (full-scale) case-study
building had length (L) × width (W) × height (H) dimensions of

Table 1
Observations of floor underside cladding damage after Hurricane Michael.

ARA-estimated 3-sec gust wind speed at 10 m
above ground

Number of elevated buildings
surveyed

Number of elevated buildings with floor
underside cladding

Number of floor underside claddings
damaged

193–209 km/h 11 4 1
209–225 km/h 9 7 2
225–241 km/h 49 39 25
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8.76 × 6.40 × 3.81 m (28.75 × 21 × 12.5-ft), with a gable roof
pitched at 4 on 12 (Fig. 11). Four levels of building elevation were
considered, using 0, 0.61, 2.13, and 3.66 m (0, 2, 7, and 12-ft) stilt
heights. These elevations correspond to a non-elevated building
(baseline case), a manufactured home case (low elevation), the original
elevation of the case study building (medium elevation), and a further-
elevated case (high elevation), respectively. Using 1:5 scale, the test
model was reduced to dimensions of 1.75 × 1.28 × 0.76 m
(69 × 50.4 × 30-in), with corresponding stilt heights (building ele-
vations) of 0, 0.12, 0.43, and 0.73 m (0, 4.8, 16.8, and 28.8-in). The
scaled model, pictured in Fig. 12, was produced using a wooden frame
constructed from 2 × 4 lumber stock, and 9-mm thick clear poly-
carbonate panels; 4 × 4 lumber stock was cut to length to construct the
stilts. Soffit overhangs and numerous stilts were not simulated in the
scaled-model for the purpose of simplicity, resulting in a single stilt
located at each corner of the building. The resulting generic building
shape should be relatable to a greater variety of buildings, though the
need for alternative building test configurations are discussed later in
this paper.

Wind pressures on each model were captured using 363 pressure
taps located along each exterior surface including the roof, walls, and
floor underside, allowing for the determination of aerodynamic pres-
sure distributions on the building models, including localized cladding
loads. The pressure taps were connected to a total of six Scanivalve
ZOC33 pressure scanners using tubing lengths varying between 0.3 m
and 1 m, based on the height of the models. Corrections were done for
the tubing length effect using the method described by Irwin et al. [20].
A Scanivalve DSM4000 Digital Service Module recorded high-resolu-
tion pressure time-histories at a sampling rate of 520 Hz. The pressure
data were low-pass filtered using a cut-off frequency of 200 Hz. The
aerodynamic testing for different wind directions was accomplished by
using the WOW turntable. The symmetry of the test model allowed for
reducing the required range of wind directions as 0–90°. Intervals of
3°were used to simulate the number of wind directions considered for

each case. Pressures for each wind direction for each building elevation
case were recorded for 60 s. The wind velocity was captured at the
mean roof height for each elevation case during a separate test ex-
cluding the presence of the building model. The mean roof height ve-
locity was used as reference wind velocity to estimate the pressure
coefficients for each model.

3.2. Analyses of peak pressure coefficients

A prior study conducted by Stathopoulos and Surry [21] demon-
strated the limitations of conducting large-scale wind tunnel testing, in
that turbulence integral scales are not properly simulated in relatively
confined testing spaces. In these cases, the large-scale, low-frequency
turbulence effects are not fully-realized, causing a relative over-abun-
dance of high-frequency turbulence effects. These issues can be sa-
tisfactorily addressed by using methods such as the Partial Turbulence
Simulation (PTS) method [22,23], by adequately modeling the high-
frequency turbulence effects in the experimental wind tunnel testing
and analytically incorporating the effects of the missing low-frequency
gusts as though they are quasi-steady. Through the use of PTS, the
calculation of peak positive and negative pressures is conducted with
the full spectrum of appropriate turbulence in real atmospheric flows.

The full-scale turbulence intensities and integral length scales were
obtained referring to document ESDU 85020, which describes turbu-
lence characteristics in strong wind conditions [19]. A target full scale
roughness of 0.08 m was utilized for these characteristics. Wind velo-
city data captured by the Cobra Probes yielded the integral length
scales and mean velocities at the model scale. For every test config-
uration, a one-minute duration for the model-scale testing was used.
The peak pressure coefficients (reported later) were estimated corre-
sponding to full-scale duration of one hour in order to estimate statis-
tically meaningful results. All wind and structural conditions used for
PTS are summarized in Table 4.

For the benefit of the comparison analysis of the test results, the

Fig. 5. Examples of edge and corner floor underside cladding damage. (Photo credit: Jae Kim, University of Kansas.)

Fig. 6. Examples of large sections of cladding panel loss on the floor underside. (Photo credit: Jae Kim, University of Kansas.)
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recorded data was normalized into the form of pressure coefficients, CP,
by

=C P
ρV
Δ

p 1
2

2
(1)

where PΔ is the recorded differential wind pressure, ρ is the density of
the air, and V is the reference mean wind velocity (at mean roof height
of each model case). Peak pressure coefficients were obtained using the
PTS methodology, the validation of which was described in Mooneghi
et al. [22] and Moravej [23] based on comparisons of large-scale ex-
perimental results and field measurements on the Silsoe cube and Texas
Tech University buildings. These coefficients can be used for the pur-
poses of structural wind design, and are used in this paper for com-
parison of wind pressures on different building surfaces.

3.3. Pressure coefficient patterns

Linearly-interpolated contour maps of the peak pressure coefficients
on the test model’s roof and floor underside are presented in Figs. 13
and 14, respectively. These contours present the largest magnitude
pressures on each region of the building surfaces, based on the worst
aerodynamic pressures from the results of all the wind directions tested;
negative (suction) pressure coefficients are shown, given that these
pressures commonly have much higher magnitudes (and are mostly

responsible for damage initiations) when compared to the positive
pressures on these building surfaces. Only three contours appear in
Fig. 14 due to the no elevation case not having an exposed floor surface
to depict. Further, the large white sections in the bottom right corners
of the contours in Fig. 14 are due to the supporting stilts and depict the
locations where no pressure tap readings were taken.

Some clear trends can be seen within these results. First, the peak
pressure coefficients on the roof surface do not noticeably differ with
increasing building elevation. This is consistent with the results ex-
pected if the mean roof height of the building models were increased
without the introduction of an air gap underneath, as demonstrated
previously by Moravej et al. [10].

While no significant differences were observed in the peak pressure
coefficients of the roof surface, the same cannot be said for the floor
underside. Immediately obvious in Fig. 14 is the development of the
higher peak pressure coefficients (in magnitude) approximately ad-
jacent to the corner stilt at the higher elevation cases. At the 2.13 m and
3.66 m elevated cases, peak floor pressure coefficients reach magni-
tudes comparable to those on the roof corners and ridge, these being
known critical locations for component and cladding pressures. Floor
pressures coefficients were quite similar to each other for the 2.13 m
and 3.66 m cases. Conversely, floor pressure coefficients greatly varied
between the 0.61 m case and the two higher elevated cases. Looking
closer at Fig. 14, high pressure coefficients are concentrated on the

Fig. 7. Three examples of damage patterns (hatched) on floor underside cladding on buildings with ARA-estimated peak 3-second wind gust speeds of 225–241 km/h
(140–150 mph).
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windward edges, bounded by a sharp gradient in pressure coefficients;
this suggests zones, such as those which are assigned wind pressure
coefficients in ASCE 7, could be appropriate for floor underside wind
pressure determination in codes and specifications. These locations of
high pressure coefficient concentrations are compared to the field study
observations at the end of the paper. Overall, the contours in Figs. 13
and 14 show that the pressure coefficients observable on the floor un-
derside can be as concerning as those on the roof. The identification of
the location of these critical pressure coefficients on the floor underside
was also enlightening since this is necessary for design and can also be
compared with observations taken from the field.

To take a closer look at the relative magnitudes of the roof pressure
coefficients in comparison to those on the floor surface, cross-sections
along the two horizontal dimensions of the floor and roof surfaces are
taken. Fig. 15 provides the pressure coefficients along the horizontal
length of the building at three cross-sections. Fig. 16 provides the
pressure coefficients along the horizontal width of the building at three
similar cross-sections. Distances along the length and width, respec-
tively, were normalized with respect to the building dimensions. TheTa
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Fig. 8. Floor underside cladding damage on the southeastern edge of Building
225. (Photo credit: Josh Hunt, University of Alabama.)

Table 3
Mean wind velocities at various heights above test floor.

Height above floor [m] Mean velocity [m/s]

0.65 20.01
0.78 20.63
1.08 22.69
1.39 23.07

Fig. 9. Wind speed spectrum in the wind tunnel when testing the 1.08 m mean
roof height model, compared to the von Karman spectrum.
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three cross-sections are taken along the midline, the edge, and at a
section in between the midline and the edge, as denoted in the maps
below the nine plots in Figs. 15 and 16.

In general, the magnitudes of the floor pressure coefficients were
usually equal or lower than those of the roof across the entire building.
An exception is noted in Fig. 15(e) and (h), where very large negative
peak pressure coefficients occur adjacent to the stilts and at the edge of
the floor underside. Similarly in Fig. 16(e) and (h), peak pressure
coefficients on the floor exceed those on the roof near the edge. Much
higher roof pressure coefficients are also observed along the roof ridge/
floor underside midline (Fig. 15(a), (d), and (g)), where flow separation
is possible on the roof but not on the floor. Similarly, much higher roof
pressures are also observed along the roof ridge in Fig. 16 in all cross-
sections and elevated cases. Notably in Fig. 15(c), (f), and (i), high peak
pressure coefficients are observed on the roof near the corner, but
cannot be compared to the floor since measurements were not possible
at the stilts. This is similarly observed in Fig. 16(a), (d), and (g), where
high peak pressure coefficients are observed on the roof near the

corner, but not captured for the floor.
Another important observation was the distinction in the results due

to the effect of building elevation on the wind pressure patterns, or lack
thereof. Predictably, the change in building elevation did not greatly
affect the magnitudes or patterns of the roof pressure coefficients.
Indeed, the critical wind pressure coefficients on the roof did not vary
significantly with increasing elevation, contrary to the findings of
Holmes [7]; these results fall more in-line with those presented by
Moravej et al. [10]. The overall wind pressure coefficient patterns on
the floor underside were also quite similar for the two higher-elevated
cases and less similar to the low elevation case. This trend is observable
with both the contour maps as well as the cross-sectional plots. A
possible reason for such a distinction is that the 0.61 m (full-scale) air
gap beneath the building was small enough to significantly constrain
the wind flow with the presence of the vertical stilts, the ground, and
the floor underside surface. For those models with greater elevations,
the increase in gap size between the underlying ground and the floor
underside resulted in a wind flow which was not substantially con-
strained. In other words, the air beneath the 2.13 m and 3.66 m cases
was able to behave more similarly to the relatively unconstrained air
layer above the roof, while this was not the case for the 0.61 m elevated
case. This hypothesis is revisited in the next section, where trends of
pressure time-history correlation coefficients are investigated. The re-
lative size of the stilts (approximately 0.44 × 0.44 m at full scale)
should be noted here, as they create large, blunt bodies that disturb the
wind flow and can result in the turbulent eddy formation.

3.4. Correlation coefficients

Cross-covariances pertain to signals at different points (therefore,
separated by a non-zero distance) as well as at different times, sepa-
rated by time intervals τ . The cross-covariance function of two sta-
tionary signals z t( )1 and z t( )2 with zero means, in this case fluctuations
of the pressure time-histories at two pressure taps, is defined as follows:

∫= +
→∞ −

R τ
T

z t z t τ dt( ) lim 1 ( ) ( )z z
T T

T

/2

/2
1 21 2 (2)

The more z1 differs from z ,2 the lower is the value of the cross-cov-
ariance Rz z1 2. The cross-correlation coefficient of two fluctuating pres-
sure signals is defined by the ratio of their cross-covariance by the
product of their standard deviations, i.e.,

Fig. 10. Normalized longitudinal wind speed (U/Uref) and longitudinal turbu-
lence intensity (Iu%) in the Wall of Wind facility, compared to ESDU target
profiles.

Fig. 11. Experimental test model dimensions at full-scale (1:1) ≡ large-scale (1:5), and wind direction orientations.
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=ρ z z τ
R τ
σ σ

( , , )
( )z z

z z
1 2

1 2

1 2 (3)

where σz1 and σz2 are the standard deviation of z1 and z2, respectively.
In this study, peak pressure coefficient estimations were supple-

mented with cross-correlation coefficients (for =τ 0). Whereas the peak
pressure coefficients are particularly useful in identifying critical pres-
sure zones on the building surfaces, correlation coefficients of pressure
fluctuations can provide information about the correlation of pressure
signals (the extent to which they are in phase or out of phase) over
effective wind areas to help articulate how area averaged pressure
coefficients reduce as a function of increasing tributary areas. Note that,
however, the correlation coefficients determined are not fully sufficient
to develop wind pressure coefficient zones, as they are not indicative of
the magnitudes of the pressure coefficients.

Cross-correlation coefficients of pressure fluctuations at taps on
both the roof and floor underside surfaces were investigated and eval-
uated for three wind directions (0°, 45° and 90°) corresponding to wind
traveling parallel and perpendicular to the gable roof ridge, and 45°
between these two directions. The same six cross-sections used for the
peak pressure coefficients and the three levels of building elevation
were used when investigating the cross-correlation coefficients.

Correlations were determined at each cross-section by comparing
the pressure time-history of the ‘edge-most’ tap (the pressure tap lo-
cated closest to the building edge in the cross-section) with those of the
taps of increasing distance along the cross-section. Therefore, correla-
tion coefficients for increasing distances between measurement loca-
tions were obtained. The results are plotted in Figs. 17 through 22.

Larger correlation coefficients between pressure tap readings imply
that the pressures are more correlated. Correlation coefficients close to
unity are expected between pressure taps which are immediately ad-
jacent to one-another, since the effects of the wind within a very small
area should be relatively consistent. As the distance between pressure
taps increases, this correlation is expected to reduce, implying that the
peak wind loads at those locations do not occur simultaneously.
Looking across Figs. 17–22, this behavior is observed consistently: the
correlation coefficient is one at the far-left end of each subplot where

the distance between points is zero and the correlation coefficient de-
creases as distance increases.

However, there are noticeable differences between how correlation
coefficients change over distance for each of the roof and floor surfaces,
cross-section locations, wind directions, and building elevations. Each
of these are discussed individually. First, as seen across all cross-sec-
tions and wind directions, roof pressure correlations do not appreciably
change as building elevation increases. The same cannot be said of the
floor underside pressure correlations. For floor pressure correlations,
higher correlation coefficients are generally observed at the lowest
elevated case in comparison to the moderate and highest elevations.
Similar to the contours and peak pressure coefficient cross-sections,
differences between correlation coefficients for the moderate and
higher elevated case on the floor are miniscule. The differences between
the lower elevated case (2.13 m) versus the other two elevated cases is
more pronounced in the horizontal length cross-sections at 0 and 45°,
(Figs. 17(a) and 19(a)) and in the horizontal width cross-sections at 45
and 90° (Figs. 20(a) and 22(a)). It can be said that a more-constrained
air flow beneath the building results in stronger correlations over larger
distances, and at some point (in this case, at 2.13 m elevation) the air
flow beneath the building is no longer meaningfully constrained. This is
a critical observation, as the implication stands that buildings elevated
to lower levels may have a higher propensity to experience relatively
higher (in magnitude) area averaged negative pressures (suction) over
large areas simultaneously, compared to those elevated higher off the
ground.

Wind directionality also appeared to affect the correlations between
tap pressures. In general, most roof and some floor pressure correlations
tended towards zero more slowly when the cross-section was perpen-
dicular to the wind direction. However, less subtle differences became
apparent for a particular set of correlation coefficients along a cross-
section; take for instance subplots (e, h) of Figs. 18, 20 and 22. Contrary
to the other cross-sections investigated, a change in wind direction
instead resulted in a flip in the concavity of the correlation coefficients
decay over distance.

The cross-section location at which correlations were computed also
influenced the behavior of correlation decay over distance. The most
significant differences came between the floor cross-sections located
along the edge of the building and those located closer to the middle.
The influence of this cross-section position was less consistent: corre-
lations along cross-sections parallel to the roof ridge were typically
higher for the edges, whilst the opposite was true when the cross-sec-
tion direction was perpendicular. In addition, this was less so the case
for the roof, where for the most part, the shape of the plotted correla-
tion coefficients appeared similar across-section locations.

Finally, general comparisons between roof and floor correlation
coefficients were also made. Overall, the floor pressures showed either
the same or higher correlations over larger distances than on the roof,
especially for the 0.61 m elevated case, the clearest exceptions being
the edge cross-section perpendicular to the roof ridge (Figs. 18 and
20(a), (d), and (g)). As stated earlier in this paper, the floor correlations
at this low elevation were typically higher than for the higher eleva-
tions, whereas the roof correlations did not change noticeably with
increasing building elevation.

Fig. 12. Photograph of the elevated building test specimen, located in front of
the wind tunnel spires and floor roughness elements. (Photo credit: Arindam
Gan Chowdhury, Florida International University.)

Table 4
Wind and structural conditions used for PTS.

Stilt height [m] Length scale Turbulence intensity [%] Integral length scale [m] Mean velocity [m/s] Duration [min]

0.61 (1:1) ≡ 0.12 (1:5) Full scale (1:1) 21.24 22.65 46.59 60
Model scale (1:5) 15.06 0.5 20.63 1

2.13 (1:1) ≡ 0.43 (1:5) Full scale (1:1) 20.12 34.64 48.24 60
Model scale (1:5) 10.54 0.5 22.69 1

3.66 (1:1) ≡ 0.73 (1:5) Full scale (1:1) 19.35 47.45 49.52 60
Model scale (1:5) 8.74 0.5 23.07 1
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4. Discussion

Both the observations from the Florida Panhandle and the wind
tunnel testing show that floor underside pressures can be critically high,
leading to damages to the building and its components. Improperly

estimated pressures and subsequent design of components and fasteners
can lead to avoidable losses in the midst of severe wind events. As
demonstrated here, floor underside negative pressure coefficients can
reach the same magnitudes as those on a gable roof, thus a deliberate
design is necessary to limit damages. Fasteners at the edges of the

Fig. 13. Maximum (in magnitude) negative peak 3-second wind pressure coefficients on southwest gable roof for all wind directions: (a) 0 m, (b) 0.61 m, (c) 2.13 m,
and (d) 3.66 m elevations.
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building floor are of particular concern, where pressure coefficients are
highest.

The positive pressure coefficients on the floor underside estimated
from the wind tunnel testing were quite low and were disregarded in

this study. While further experimental testing can discern more detailed
conclusions regarding positive pressures, the effect of positive pressures
on the building as a whole (for instance, if one considered uplift of the
building) would appear to be minimal. Instead, it is the negative

Fig. 14. Maximum (in magnitude) negative peak 3-second wind pressure coefficients on southwest floor underside for all wind directions: (a) 0.61 m, (b) 2.13 m, and
(c) 3.66 m elevations.

J.H. Kim, et al. Engineering Structures 221 (2020) 111101

12



pressures on the cladding and floor structural system which will war-
rant further investigation to inform proper design procedures for ele-
vated buildings.

4.1. Connecting experimental work with Hurricane Michael survey

During the discussion of the field observations taken following
Hurricane Michael, two patterns of wind damage to the floor underside

claddings of elevated buildings were discerned, as demonstrated in
Figs. 5 and 6: edge panel loss at the boundaries of the building floor,
and widespread panel loss across the floor surface. These patterns are
especially interesting due to the conclusions formed as a result of the
experimental program conducted at the WOW. The potential for edge
cladding loss is corroborated by the pressure coefficient patterns seen
on the floor underside at higher elevations (Fig. 14), where there exists
peak pressure coefficients comparable to those specified for gable roof

Fig. 15. Comparing the roof and floor maximum peak negative pressure coefficients (considering all wind directions) along a horizontal length cross-section of the
test model. Each column and row refer to a cross-section location and a level of elevation, respectively.
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component and cladding loads in ASCE 7-16. Damages to roof com-
ponents (such as shingles and sheathing) are already regularly seen in
the aftermath of severe wind events; corresponding damage to the floor
underside due to similar potential of pressure loading should thus be
expected and was observed for both roof and floor surfaces after Hur-
ricane Michael. Note, however, that the structure tested at the WOW
was highly simplified and lacks many building characteristics such as
porches, overhangs and additional stilts which were seen on real-world
homes. The results of the experimental testing are therefore not affected
by these surface irregularities which would likely have resulted in dif-
ferent flow separation characteristics and consequently altered pressure
patterns.

As noted in the analysis of the correlation coefficients study, the

potential for high pressures acting over large areas of the floor under-
side also exists. It is ultimately not clear what the mechanism of damage
was when large areas of the floor underside cladding failed in the field;
it is possible that the damage occurred progressively or initiated via
debris impact. The possibility of mass panel failure has been corrobo-
rated with the relatively high trends observed in the floor pressure
correlation coefficients, and therefore remains a potential failure mode
for elevated buildings.

Both such modes of floor underside cladding failure have ultimately
been evidenced in the floor damage maps produced from the field case
studies (Fig. 7). All three buildings portrayed in these damage maps
experienced at least some edge cladding loss, and ample cladding loss
for two of the cases. It is also important to point out that the wind

Fig. 16. Comparing the roof and floor maximum peak negative pressure coefficients (considering all wind directions) along a horizontal width cross-section of the
test model. Each column and row refer to a cross-section location and a level of elevation, respectively.
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tunnel testing was performed over a simulated open terrain exposure
condition whereas the buildings observed in the field following Hurri-
cane Michael were located in Exposure D denoted as flat terrain near
the shoreline. These differences are not presumed to sacrifice the merits
of the comparison provided here but should be considered in future
studies.

The most susceptible elevated buildings will be those with relatively
high pressure coefficients and higher correlations of pressures across

the floor surfaces. The 0.61 m building had the highest correlation
coefficients, but the magnitudes of the pressure coefficients were low
enough to not necessarily cause damage. The 3.66 m elevated case will
have damage at the edges due to very high suction, but may not have
damage near the center as the correlation reduces quickly such that the
area-averaged pressures over large areas are small. The 2.13 m elevated
case will have edge damages, which may also extend to the center
panels.

Fig. 17. Correlation coefficients between the edge-most tap and taps at increasing distances along a horizontal length cross-section, where both taps exist on either
the roof or floor of the model, for a wind direction parallel to roof ridge.
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Looking at Figs. 21 and 22, the correlation is maintained over long
distances for the floor underside as compared to similar distances for
roof surfaces. This means that area-averaged pressure coefficients will
be relatively larger for floor underside surfaces compared to roof sur-
faces. The rapid change observed in ASCE 7-16 plots of pressure coef-
ficients versus effective areas for roof component and cladding loads
will be less drastic for floor underside component and cladding loads.
More research is needed on area-averaged pressure coefficients for the
floor underside. Nevertheless, these higher correlations could be re-
sponsible for damage propagation leading to progressive failures of
large panels as observed in the field.

4.2. Potential for future research

The body of knowledge pertaining to wind pressures on elevated
buildings will greatly benefit from further wind tunnel testing on large-
scale models of differing building configurations with the goal of
gaining insight into the aerodynamics of the elevated building. The
testing conducted for this project has been limited to one building
configuration of three heights above elevation, building aspect ratio,
and gable roof angle. Compelling variables to test include the size and
distribution of stilts, given their propensity to generate large negative
pressures, and a finer distribution of building elevations to investigate
the constriction of the underfloor air flow.

Likewise, further careful study of elevated homes and other build-
ings damaged during high wind events will also augment the

Fig. 18. Correlation coefficients between the edge-most tap and taps at increasing distances along a horizontal width cross-section, where both taps exist on either
the roof or floor of the model, for a wind direction parallel to roof ridge.
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understanding of wind pressure patterns on the vulnerable floor.
Evidence of this sort of damage has already been presented in this
paper; further refined findings are needed for robust design guidelines.

5. Conclusion

Given the observed lack of understanding of the wind aerodynamics
and pressure distributions on buildings elevated above the ground,

large-scale experimental wind tunnel testing and a field study following
a major hurricane in the Florida Panhandle were conducted. Both stu-
dies were intended to produce preliminary observations regarding the
wind pressures on the roof and floor underside of the building.

Floor underside cladding on the buildings investigated in the field
study, along with the damages to such cladding, were mapped and
discussed. Approximately 58% of buildings with floor underside clad-
ding had damages to these components. Evidence of damage was found

Fig. 19. Correlation coefficients between the edge-most tap and taps at increasing distances along a horizontal length cross-section, where both taps exist on either
the roof or floor of the model, for a wind direction 45° to roof ridge.
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at all three wind speed ranges considered (193–241 km/h, overall),
and, critically, in the cases where storm surge floodwaters did not reach
the floor underside.

According to the wind tunnel results, roof pressure coefficients on
the elevated models did not change considerably compared to the non-
elevated case. However, evidence of significant peak floor underside
pressures were found. Pressure coefficients were especially high along
the edges of the building and directly adjacent to the corner stilts when
the building models were elevated to the scale equivalent of 2.13 m and
3.66 m, in some particular cases surpassing those on the roof at the
same relative location by nearly 60%. At these building elevations,
regions of extremely high negative pressure coefficients near the edges
of the building were identified, while such regions were not observed in
the 0.61 m elevation case. In general, floor underside maximum peak

pressure coefficients were lower than those on the roof; the same was
the case for the pressure coefficients across the floor underside when
compared to those on the gable roof. However, they remain substantial
enough to require proper and deliberate consideration during design,
especially given that the recorded floor pressure time-histories had
noticeably higher correlations with one-another over greater distances
compared to those recorded on the roof.

Common trends were identified between the field study observa-
tions and the experimental results. Damages to the floor cladding near
the edges of the buildings were frequent, patterns of which are backed
by the presence of critical negative pressure coefficients in the wind
tunnel data. Further commonalities are suggested between observations
of widespread floor cladding damage and the relatively high correlation
coefficients for the floor underside. Thus, concluding, more work is

Fig. 20. Correlation coefficients between the edge-most tap and taps at increasing distances along a horizontal width cross-section, where both taps exist on either
the roof or floor of the model, for a wind direction 45° to roof ridge.
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needed both in research and with immediate translation into practice.
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