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Hurricane Maria makes landfall in Puerto Rica in September 2017 - elements of this image furnished by NASA.

Image: lavizzara/Shutterstock.com

Global economic losses due to severe weather events have grown dramatically over 
the past two decades. A large proportion of these losses are due to severe wind storms 
such as tropical cyclones and tornadoes, which can cause destruction to buildings, 
houses, and other infrastructure over large areas. To address the growing losses, 
many new large-scale and full-scale laboratories have been developed. These tools 
are used to examine the issues that could not be solved with the traditional tools 
of wind engineering including model-scale boundary layer wind tunnels, simplified  
standardized product tests, and other methods of analysis. This book presents state-
of-the-art results from the development of the many novel approaches being used 
to mitigate natural disasters around the world.
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Editorial on the Research Topic

Large-Scale and Full-Scale Laboratory Test Methods for ExaminingWind Effects on Buildings

The idea for this Topic originated at a special session of the 3rd United Nations Conference
on Disaster Risk Reduction entitled “Necessity and Efficiency of Large-Scale Facilities for Wind-
Related Disaster Risk Reduction,” in Sendai, Japan in 2015. There has been significant growth in
losses caused by disasters around the world (see Figure 14 in Tamura et al.), which this conference
series is attempting to address. Losses caused by severe storms dominate the overall losses, with
houses, the places where we live, where we shelter during storms, being disproportionately damaged
or destroyed. In contrast, engineered buildings tend to perform better, although cladding systems
remain vulnerable.

Engineered buildings tend not to have major structural failures, even in the most severe
tornadoes. When structural failures do occur, they are (i) often preceded by a cladding/component
failure such as a large window or door, which causes internal pressurization and subsequent
overloading, or (ii) a fastener failure, caused by inappropriate consideration of the load path in
design. This contrasts with earthquakes where the ground shaking tends to first cause failures
of major structural components. So, in earthquakes, one tends to see collapsed buildings while
in severe wind storms one sees an exposed structural system with the cladding missing. Once
cladding fails during a storm, two things happen: (i) debris enters the wind field which can
significantly increase damage downstream (Kaye, 2018), and (ii) rain and wind can enter the
building, destroying the contents (Sparks et al., 1994). Wind-borne debris is also a significant
life-safety issue, particularly in tornadoes, as discussed by Simmons and Sutter (2011).

As Prof. Yukio Tamura stated so eloquently and succinctly in his presentation in Sendai: “wind
resistant design = cladding/component design.” To improve the design process for structures
in severe storm conditions, many new, large-scale, and novel methods have been developed.
Many of these are represented by this collection of papers. These include large-scale or full-scale
wind tunnels (Moravej et al.; Haan; Standohar-Alfano et al.; Tamura et al.; Ge et al.), full-scale
pressure testing systems (Miller et al.; Shen et al.), other full-scale methods (Boughton et al.), and
computational approaches (Kareem and Kwon; Shen et al.).

Wind loads for use in design are typically obtained from scale model tests in boundary layer
wind tunnels. Requirements in building codes are based on data from such facilities. However, wind
tunnels were historically built to determine loads on high-rise buildings at model scales of 1/300
to 1/500. For low-rise residential structures (Tieleman, 2003), or for multi-layer, air-permeable
cladding on high-rise buildings, such scales cannot resolve critical geometric details (Kopp and
Banks, 2013). In many cases, it may only be possible to determine loads on full-scale structures.
This implies a need for larger wind tunnels, four of which are described in this collection, that
can test full-scale cladding and fastener systems placed on relatively small, but complete, buildings.
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Kopp Test Methods for Wind Effects

In the controlled laboratory environment, wind loads can be
measured along with actual responses or failures, providing
a missing link in understanding performance that cannot be
obtained from post-event field surveys alone. While there are no
papers using full-scale field studies in this collection of papers,
such methods are also of critical importance for validation of all
test methods and improved fundamental understanding of the
physical process including details about the wind field and the
wind loads (Levitan and Mehta, 1992; Liu et al., 2009).

Cladding systems are manufactured products, so they are
designed according to various product test standards. For
wind resistance, many of these standards are based on simple,
inexpensive load tests. The advantage of these test methods
is their simplicity and low cost, while their disadvantage
is that they often eliminate the correct physics such that
passing a test does not guarantee good performance in
practice (Kopp et al., 2012). One such example is (ASTM
D5206, 2013), which eliminates the mechanism of pressure
equalization for air-permeable, cladding system, and (ASTM
Standard D3679, 2013), which interprets the loads incorrectly.
This leads to loads that can be low by a factor of two
(Moravej et al.; Miller et al.). Developing simplified and cost-
effective pressure-based test methods is one of the goals
of these new labs so that the product test standards are,
ultimately, a better indicator of real performance (Miller et al.;
Shen et al.). Rain-water intrusion is a significant challenge
and cause of losses. While water can be introduced in
pressure-based systems, realistic simulations can be developed
in full-scale (and large-scale) wind tunnels as demonstrated
by Standohar-Alfano et al.

A topic of emerging importance is the design of buildings,
communities, and critical infrastructure for tornadoes. In light
of recently devastating events, several communities are requiring
tornadoes be considered in design (e.g., City of Moore, 2014;
ICLR, 2018). As a result, several new tornado simulators (Mishra
et al., 2008; Haan et al., 2010; Sabaheesh et al., 2012; Refan
and Hangan, 2016) have been built to provide wind loads
and improved understanding of the wind fields associated with
these events. The paper by Haan provides some significant new
information about tornadic wind loads. Resilient communities
and societies rely on the performance of civil infrastructure
during severe events. The survival of transportation and power
systems are critical. The paper by Ge et al. describes tests of a
super-long bridge at the bounds of what is physically possible to
build.

While improved test methods will improve our understanding
of failure mechanisms and performance, design wind loads,
and product test standards, designers and engineers need to be
able to compute these things. The paper by Kareem and Kwon
describes one such approach. It is hoped that by developing these
new large-scale and full-scale research facilities, disseminating
the subsequent research to various stakeholders, and engaging
leaders in our communities, that losses caused by severe wind
storms can be significantly reduced. There is a lot of work that
remains to be done.
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reducing losses from Wind-related 
natural Perils: research at the iBhs 
research center
Christine D. Standohar-Alfano, Heather Estes, Tim Johnston, Murray J. Morrison* and 
Tanya M. Brown-Giammanco

Insurance Institute for Business & Home Safety, Richburg, SC, USA

The capabilities of the Insurance Institute for Business & Home Safety (IBHS) Research 
Center full-scale test chamber are described in detail. This research facility allows 
complete full-scale structures to be tested. Testing at full-scale allows vulnerabilities of 
structures to be evaluated with fewer assumptions than was previously possible. Testing 
buildings under realistic elevated wind speeds has the potential to isolate important 
factors that influence the performance of components, potentially allowing for modi-
fications to standard testing procedures that are commonly used to evaluate product 
performance. IBHS’ wind-related research is discussed, along with research examining 
natural perils that are highly affected by wind flows around a structure, such as wind-
driven rain during high-wind events and firebrand exposures during wildfires. In addition, 
IBHS’ hail testing capabilities are described.

Keywords: damage, full-scale, hail, water ingress, wildfires, wind

inTrODUcTiOn

In 2010, the Insurance Institute for Business & Home Safety (IBHS) opened its Research Center in 
Richburg, South Carolina. The purpose of the facility was to conduct realistic, objective, state-of-
the-art research to reduce losses to infrastructure resulting from exposures to wind-related natural 
perils. Rather than conducting research on all potential perils that threaten the built environment, 
IBHS focused on filling research gaps where there was a lack of realistic scientific research and, 
therefore, where the new facility could have the largest impact. Based on this objective, the IBHS 
Research Center was designed to focus on four perils: high wind, hail, wind-driven rain, and 
wildfire. The central part of the IBHS Research Center is a large test chamber which allows for 
one- or two-story residential and small commercial buildings to be subjected to the four previously 
mentioned perils. The Research Center also has small-scale laboratory capabilities to further inves-
tigate the perils. The objective of the research is to identify ways to reduce losses for homeowners, 
business owners, insurance companies, and society at large. Research results can provide valuable 
information and visuals that can be used in public outreach and educational programs, providing 
information, which allows individuals to make informed decisions regarding effective mitigation 
strategies to protect their property, and providing guidance on how to implement these mitigation 
strategies. The following sections will describe the facility capabilities and core research being 
conducted in each of the four addressed perils.

high Wind
Wind loads on low-rise structures have been studied extensively over the past 35 years using model-
scale wind tunnels. While these facilities have provided valuable information on wind loads that act 
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on buildings, they are not as well suited for predicting perfor-
mance of building components or evaluating how buildings fail 
when subjected to high winds. Moreover, determining the wind 
loads for extremely complex geometries or cavity flows, which 
are present for many types of building assemblies, is difficult to 
measure, if not impossible in many cases due to the small physical 
model sizes used in these facilities.

Due to increasing wealth and associated infrastructure in 
regions vulnerable to high winds, infrastructure losses have been 
increasing (Pielke et  al., 2008). Understanding how structures 
are damaged and fail is critical in improving their performance 
and ultimately reducing losses. Post-event damage investigations 
have provided good information on building component failures, 
but it is often difficult to determine which component initiated 
failure. Component testing provides valuable information on 
the capacities of individual elements; however, there is a need 
for a better method to evaluate the overall performance of the 
complete structure under more realistic wind loading.

Identification of the vulnerable components, i.e., the weakest 
link(s), allows for targeted improvement of building codes and/or 
standards that will have the largest impact in improving the high-
wind performance of both residential and commercial buildings. 
In addition, having specific knowledge of which components 
are the most likely to fail can allow for targeted, cost-effective 
mitigation or retrofit strategies to improve the performance of 
existing buildings subjected to high-wind events. The IBHS test 
chamber consists of an array of fans which are capable of creating 
a realistic simulation of the lowest portion of the atmospheric 
boundary layer (ABL). This capability allows IBHS to subject 
full-scale buildings to high-wind loads in a controlled, repeatable 
laboratory setting so that the actual performance of the building 
and its components can be evaluated.

hail
There are approximately 3,000 hailstorms in the US every 
year, which typically cause $1–2 billion in damages annually 
(Changnon et al., 2009), with an increasing trend attributed to 
changing dollar values, growing wealth, and exposure of proper-
ties at risk from severe hail (Changnon et  al., 2009; Roeder, 
2012). Despite the high financial costs of hail events, injury 
and fatality rates are low, especially when compared to other 
natural hazards. Because of this, insurers are the primary party 
concerned with the increasing loss trends attributed to hail and 
in determining ways to reduce losses. Some impact-resistant 
(IR) roofing materials are available in the marketplace that can 
potentially reduce hail-related losses, but there are concerns 
regarding how those products are tested, and their long-term 
performance. As a result, there are several hail research thrusts 
running concurrently at IBHS to address the specific concerns 
of the insurance industry. These projects also have implications 
for roofing product manufacturers, as well as modeling and 
forecasting applications. The three primary research avenues 
undertaken at IBHS are: field investigations, small-laboratory 
testing, including standardized testing, and full-scale testing in 
the test chamber.

IBHS has conducted annual field experiments during active 
severe weather months in the Central Plains since 2012, to collect 

ground-truth hail data [e.g., Giammanco and Brown (2014) and 
Giammanco et  al. (2015)]. The knowledge gained from field 
studies is used to improve testing using IBHS’ unique laboratory 
capabilities, which allows for investigations of realistic building 
damages caused by hail (Brown and Giammanco, 2013). Small-
laboratory investigations examine the performance of products 
using several standard impact test methods. In addition, IBHS 
has developed capabilities to manufacture ice spheres (simulated 
hail) that replicate properties of real hailstones obtained from 
field investigations. Impacts from realistic ice spheres can be 
contrasted against impacts using projectiles prescribed in stand-
ardized test methods. Full-scale testing in the IBHS test chamber 
allows the field and small-laboratory testing to be applied to 
recreate realistic events, which allows researchers to evaluate full 
building systems in a controlled environment.

Wind-Driven rain
Water entry through the building envelope can lead to damaged 
interiors, including the development of mold and structural 
degradation of building materials. Sparks et al. (1994) reported 
that a wind-driven rain incident on a residential building caused 
damage nearing the insured value of the building. High levels 
of interior damage often lead to prolonged periods in which a 
building is not usable, leaving occupants displaced and further 
contributing to high loss costs.

Prior to the development of IBHS’s wind-driven rain system, 
water entry research primarily existed in the form of field-
based studies or laboratory and assembly scale studies utilizing 
models of individual roof and wall sections [e.g., Bitsuamlak 
et al. (2009) and Masters et al. (2010)]. The wind-driven rain 
capabilities at IBHS enable controlled experiments on complete 
full-scale structures. Studies have primarily focused on research 
to assess building vulnerabilities to water entry as a means 
to understand the potential for losses associated with high-
wind rainstorms and determine effective mitigation strategies 
to reduce these losses by preventing or reducing water entry 
into a building. Thus, one of the key, foundational pieces of 
IBHS’s code-plus construction program, FORTIFIED Home™, 
includes the use of a sealed roof deck to prevent or reduce 
water entry if the primary roof cover is lost during high winds. 
IBHS is able to collect water that enters through the roof deck, 
attic vents, and penetrations on the exterior wall (e.g., doors 
and windows) of a test building. These capabilities allow for 
evaluation and comparison of specific components and mitiga-
tion strategies.

Wildfires
On average, the US experiences over 73,000 wildfires annu-
ally (United States Forest Service, 2016), burning millions of 
acres, destroying homes, and in some cases, causing injuries 
or fatalities of residents and/or firefighting personnel. Wildfire 
occurrence and intensity is increasing worldwide, with major 
wildfires occurring outside of the normal fire season (Short, 
2015) stretching firefighting resources. There is continual inter-
est in understanding wildfire hazards and mitigation strategies 
as communities continue to expand into the wildland–urban 
interface (WUI).
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FigUre 1 | Plan view of the iBhs test chamber.
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Ignition of a structure can be caused by direct flame con-
tact from the primary fire front or flames from a spot fire, 
elevated levels of radiant heat, or by wind-blown firebrands 
(also referred to as embers) that ignite vegetation and/or other 
combustible fuels closer to the primary building (Potter and 
Leonard, 2010; Quarles et  al., 2010). Post-fire investigations 
have demonstrated the importance of building ignitions 
resulting from wind-blown firebrands and not from flames 
from the wildfire itself. This mode was reported to account 
for two of every three structural ignitions during the 2007 
Witch Creek fire in Southern California (Maranghides and 
Mell, 2009).

Researchers at IBHS are able to mimic a firebrand attack 
in a controlled, laboratory setting in order to assess structural 
vulnerability to this exposure. The risk of ignition from fire-
brand attacks depends on several factors, including the size 
and number of firebrands, the amount of combustible debris 
or other combustible materials in the vicinity of the building, 
duration of the firebrand attack, and environmental conditions. 
Experiments to evaluate (1) the vulnerability of buildings to 
firebrand exposure and (2) potential associated mitigation 
strategies, accounts for the majority of research at IBHS, since 
there is limited information available on the vulnerability of 
buildings to firebrand exposures. Likewise, there is limited 
coupling between current building codes and standards to 
firebrand exposure from wildfires (Maranghides and Mell, 2012). 
One cause of this knowledge gap is the lack of quantification 
of the firebrand exposure, resulting in an uncertain relationship 
between exposure and building ignition. The full-scale facilities 
at IBHS allow for realistic wildfire experiments that address the 
critical information needed to help mitigate wildfire hazards in 
WUI communities.

large TesT chaMBer FaciliTY 
OVerVieW

The IBHS Research Center is located on a 99-acre campus in 
Richburg, SC, USA. The focus of the facility is the large test 
chamber which is capable of subjecting full-scale residential 
and small commercial structures to Category 3 hurricane 
winds, hail storms, wind-driven rain, and firebrand exposures. 
The flow through the test chamber is produced using 105, 
1.68  m (5.5  ft) diameter vane-axial fans, each driven by a 
261-kW (350  hp) motor. The goal of the test chamber was 
to develop a space where one- and two-story residential and 
small commercial structures could be tested at full scale. 
In  conventional model-scale boundary layer wind tunnels, 
the cross section of test specimens is typically kept to less 
than 8% of the wind tunnel cross section to limit blockage 
effects (ASCE 49-12, 2012). To use this approach in the IBHS 
facility would require a test section so large that it would be 
economically unfeasible to achieve flow velocities sufficiently 
high to bring building components to failure. Instead, the 
IBHS test chamber uses an open-jet wind tunnel design where 
the test section is larger than the inlet jet, which reduces 
blockage effects compared to closed jet wind tunnel designs 

(Barlow  et  al., 1999). Buildings tested in the IBHS facility 
typically have blockage areas between 20 and 30% based on 
the inlet jet area, and the effects of blockage will be discussed 
in Section “Surface Pressure Measurements.”

Figure  1 presents a plan view of the IBHS test chamber. 
The test section has dimensions 44.2 m (145 ft) wide by 44.2 m 
(145 ft) long, with a clear interior height of 18.3 m (60 ft), while 
the inlet jet has dimensions of 19.8 m (65 ft) wide by 9.1 m (30 ft) 
tall. The inlet jet dimensions result in an overall contraction ratio 
of approximately 2:1. The outlet of the test chamber is about 10% 
larger than the inlet with a short diffuser section at the outlet. 
Test specimens are placed on a 16.8-m (55 ft) diameter turntable, 
which can rotate over a full 360°. The leading edge of the turn-
table is located 7.8 m (25.6 ft) downstream of the inlet jet. The 
inlet jet is divided into 15 independent cells, 5 cells spanning 
horizontally and 3 cells spanning vertically. The 5 lowest cells 
contain 9 fans each, with the remaining 10 cells having 6 fans 
each. The fan speed in each cell is controlled independently 
from the others using 15 variable frequency drives, allowing for 
shear flows across horizontal and vertical cells to be achieved. 
The speed of the fans can be updated as fast as 10 times a second 
with a maximum acceleration rate of 2.6  m/s2. At full power, 
code-equivalent 3-s gust wind speeds at 10  m (33  ft) up to 
approximately 58  m/s (130  mph) can be simulated, requiring 
about 30 MW of power.

high WinD research caPaBiliTies

Turbulent wind flows around structures give rise to complex 
flow patterns in close proximity to low-rise structures. The 
interaction between building-generated vortices and free stream 
turbulence results in wind loads that have large spatial and 
temporal gradients. Model-scale wind tunnels have been shown 
to provide reasonably accurate wind loads on structures, but 
do have limitations with complex geometries or where small 

http://www.frontiersin.org/Built_Environment/
http://www.frontiersin.org
http://www.frontiersin.org/Built_Environment/archive


FigUre 2 | Photograph of the inlet of iBhs test chamber.
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gaps or local flow fields significantly affect loads. The IBHS 
test chamber provides a unique opportunity to examine wind 
loads on components that are difficult to accurately reproduce 
in model scale.

In addition, the IBHS test chamber allows for the perfor-
mance of building components, installed in the same way they 
would be in practice, to be evaluated under realistic wind load-
ing. The true performance of different building components 
can then be compared to the expected performance from 
standard test methods. Based on these comparisons, improve-
ments can be made in product evaluations. Since becoming 
operational in 2010, IBHS has conducted numerous studies to 
determine the wind loads on building components that cannot 
be well modeled in model-scale wind tunnels, such as asphalt 
shingles, multi-layer wall and roofing systems (Morrison and 
Cope, 2015), roof-mounted equipment (Morrison et al., 2013), 
and commercial standing seam metal roofing (Morrison and 
Reinhold, 2015).

As discussed in Section “Large Test Chamber Facility 
Overview,” the IBHS test chamber has a large test cross section; 
however, the test section is relatively short in the streamwise 
direction. As a result, the facility cannot naturally produce the 
mean flow and turbulence characteristics of the ABL. In fact, the 
correct replication of the ABL is one of the largest challenges of 
full-scale wind tunnels. In order to achieve an accurate simula-
tion of the ABL, active and passive control elements are used. The 
three control elements used are active control of the fan speed to 
generate large-scale gusts, passive spires located in the lower and 
middle fan cells to inject small-scale turbulence, and active wind 
vanes that move horizontally, which injects lateral turbulence 
into the flow. Both the spires and the wind vanes are indicated 
in Figure 2.

The ability of the IBHS test chamber to simulate realistic 
wind pressures was also evaluated as part of the facilities 
commissioning. A replica of the Texas Tech University Wind 
Engineering Field Research Laboratory (WERFL) experimental 
building was constructed and tested at the IBHS Research 
Center. Details of the WERFL experiments and building details 
can be found in Levitan and Mehta (1992a,b) and Lombardo 
(2009). Results from the IBHS test chamber were compared to 
both those from the WERFL building (Smith, 2010) and those 
from model-scale wind tunnel experiments on the WERFL 
building conducted at the boundary layer wind tunnel at the 
University of Western Ontario’s (UWO) boundary layer wind 
tunnel.

Boundary layer Flow characteristics
The flow characteristics in the IBHS test chamber were quanti-
fied using two multi-hole pressure probes manufactured by 
Turbulent Flow Instruments. The probes are capable of measur-
ing the flow velocity in 3-components and were mounted on 
a gantry and traversed across the cross section of the wind 
tunnel 10.2  m (33.5  ft) downstream of the inlet to the test 
chamber. The work of Gartshore (1973) suggests that the flow 
and turbulence characteristics along the stagnation streamline 
significantly affect the separated shear layers on bluff bodies 
and their point of reattachment onto the body. Therefore, 
achieving realistic flow characteristics along the center line 
of the IBHS test chamber, between the leading edge of the 
turntable and the front of the building [downstream distances 
between 5.8 and 8.65 m (19 and 28.4 ft)], where the stagnation 
point is likely located, is critical in recreating realistic wind 
loads on test specimens. Figure  3 presents the mean and 
streamwise turbulence intensity (Iu) profiles at the centerline of 
the test chamber at 7.9 m (25.9 ft) downstream of the inlet. The 
mean velocity profile follows a target theoretical logarithmic 
boundary layer profile with roughness length zo = 0.01 m and 
matches TTU field data with a similar roughness length from 
Smith (2010), also shown in Figure  3. A slight deficit in the 
mean profile exists at the interface between the lower and mid-
dle cells of the fan array. At heights lower than 5  m (16.4  ft) 
there is good agreement between measured Iu in the IBHS 
test chamber and the theoretical profiles from Engineering 
Data Science Unit (1983). However, above 5  m (16.4  ft), Iu 
decreases much more rapidly than would be predicted from 
the theoretical profiles, with Iu being approximately 3% lower 
than the theoretical profile at 6  m (19.7 ft). The reduction of 
Iu at these heights corresponds to the location where the spires 
in the middle cells terminate.

In addition, the vertical velocity profiles measurements were 
conducted across the span of the IBHS test chamber to ensure 
mean uniformity of the incoming flow. Since the fan speed of each 
cell can be independently controlled, adjustments were made to 
the RPM of each cell to achieve horizontal uniformity cell-to-cell 
without the spires in place. In addition, measurements were con-
ducted across the lower cells with the spires in place to examine 
the uniformity across the cell itself. Mean flow uniformity across 
the cells were found to be approximately ±3%.

Figure 4 presents the longitudinal power spectra at a vertical 
height of approximately 2.4  m (7.9  ft) above the ground at 
both the field site at TTU and in the IBHS test chamber. The 
active control elements within the IBHS test chamber are able 
to change the variance of the velocity over a specific frequency 
range. Since energy is being artificially added over a specific 
frequency range, normalization by the variance can skew the 
comparison between the IBHS theoretical and field measure-
ments, particularly at higher frequencies. Therefore, the power 
spectra presented herein are normalized by the mean velocity 
squared, similar to Davenport (1961), rather than the vari-
ance of the velocity which is more common. Also included in 
Figure 4 are the generalized spectral models from Engineering 
Data Science Unit (1983). The match of the longitudinal spectra 
between the TTU field case and ESDU is quite good up to a wave 
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FigUre 3 | streamwise development of the mean velocity profiles (a) and the streamwise turbulence intensity, iu (B). esDU 82 refers to engineering 
Data science Unit (1982), while esDU 83 refers to engineering Data science Unit (1983).

FigUre 4 | streamwise velocity spectra, Puu, normalized by the streamwise velocity squared. esDU 83 refers to engineering Data science Unit 
(1983).
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number (F/V) of 0.1. The drop off of the field spectra is a result 
of the frequency response of the field instrumentation. Between 
wave numbers of 0.01 and 0.1, the IBHS data show a spectral 
gap where there is too little energy at these frequencies. At 

wave numbers greater than 0.1, the match is good, although the 
presence of the spires increases the amount of energy at smaller 
scales (as would be expected), creating too much fine-scale 
turbulence compared to the ESDU spectrum. The problem of 
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FigUre 5 | comparison of pressure coefficient minima for a wind direction of 30° for (a) field data (smith, 2010); (B) iBhs; (c) model-scale wind 
tunnel and sD pressure coefficients; (D) field data (smith, 2010); (e) iBhs; and (F) model-scale wind tunnel.
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too much fine-scale turbulence is quite common in model-scale 
wind tunnel experiments of low-rise buildings [see Tieleman 
(2003), for a discussion]. The amount of additional energy 
relative to the target power spectrum at higher frequencies 
in the IBHS test chamber is relatively small compared to the 
mismatch present in model-scale wind tunnel investigations 
[e.g., Kopp et  al. (2005)]. However, unlike model-scale wind 
tunnel facilities, the IBHS test chamber is able to match the 
large turbulent scale through the active modulation of the fan 
speeds in time and movement of the wind vanes.

surface Pressure Measurements
Pressures measured in the IBHS test chamber were normalized 
using

 Cp p p
V

=
− ∞

0 5 2. ρ
 (1)

where P is the surface pressure, P∞ is the static pressure within 
the test chamber and V is the 15 min mean velocity at roof height. 
Figures 5A–C presents a comparison of minimum surface pres-
sures between IBHS, field data from TTU (Smith, 2010), and 
model-scale wind tunnel data from UWO. Overall, the match 
between minimum surface pressures from the IBHS test chamber 
to the field observations shows generally good agreement. The 
magnitude of the peak point pressures from IBHS lie in between 

those from field observations and model-scale wind tunnel 
results. Previous studies [e.g., Cohcran and Cermak (1992), Lin 
et al. (1995), and Xu and Reardon (1996)] have shown that peak 
point pressures under separation bubbles on the roof are typically 
under-estimated in model-scale wind tunnels, when compared to 
full-scale field observations.

A comparison of the standard deviation (SD) between IBHS, 
TTU field data, and model-scale wind tunnel data is shown in 
Figures 5D–F. Similar to the minimum pressures, the three stud-
ies match reasonably well along the edges of the roof (in the sepa-
ration regions of the roof). However, the IBHS data have much 
higher fluctuations in the field of the roof after the reattachment 
points than both the field and model-scale wind tunnel studies. 
These higher SDs in the field of the roof may be a consequence of 
the spectral gap between wave numbers of 0.01 and 0.1; however, 
the exact cause has not been definitively identified.

For the wind angle shown in Figure 5, the blockage ratio rela-
tive to the inlet jet is approximately 32%. The mean windward 
wall pressures (not shown) are higher than would be expected 
from both field and model-scale wind tunnel experiments. These 
higher mean windward wall pressures are likely the result of 
blockage or the proximity of the building to the inlet of jet. While 
there are likely some blockage affects, the building surface pres-
sures in the IBHS facility provide a good match to field observa-
tions particularly in the highest loaded regions of the building 
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FigUre 6 | comparison of mean pressure coefficients along the 
centerline of the building at a wind angle of 0°.
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which are of primary interest when evaluating the performance 
of building components.

Figure 6 presents a comparison of mean pressure coefficients 
along the centerline of the building including the windward wall, 
roof, and leeward wall at a wind angle of 0°. Similar to the contour 
plots presented in Figure  5 there is generally good agreement 
between all three studies with the IBHS data typically between 
the model-scale wind tunnel data and the field data from Smith 
(2010) within the separated region on the roof. Beyond the 
reattachment point on the roof and the leeward wall, the mean 
pressure coefficients of the model-scale wind tunnel and IBHS 
data are similar, with the field data having larger suctions. The 
pressures of the model-scale wind tunnel data and field data have 
very good agreement along the windward wall, while the higher 
windward wall pressures in the IBHS are observed similar to the 
trends shown in Figure 5 discussed above.

The uncertainty of mean pressure coefficients can be as high as 
10% in model-scale wind tunnel studies, as discussed by Quiroga 
(2006). To the author’s knowledge, the uncertainty of field pres-
sure coefficients has not been quantified. However, it is likely that 
they are larger than those in model scale. Overall, the minimum 
pressures are within approximately 10% of the field measure-
ments at most locations on the roof. As such, it is reasonable to 
state that the IBHS test chamber is able to replicate realistic wind 
loads on structures within the uncertainty of the measurements, 
notwithstanding the effects of turbulence scale mismatches and 
blockage effects.

Installing additional passive flow control elements to improve 
the turbulence intensities above 6 m (19.7 ft) and reduce the 
spectral gap observed in the streamwise power spectrum 
was considered. However, the added blockage these elements 
would introduce would reduce the maximum wind velocity 
and reduce the ability of the test chamber to look at failures of 
elements at higher wind speeds. Given the good agreement in 
surface pressures, the benefit of any improvements in the flow 

field and resulting surface pressures would be small compared 
to the drawbacks of reducing the wind speeds. As a result, 
additional flow control elements have not been pursued further 
at this point.

hail research caPaBiliTies

While improvements in severe weather warning times have 
provided increased safety for individuals, property losses attrib-
uted to hail have been rising in recent years (Changnon et  al., 
2009; Roeder, 2012). Existing test methods for rating the impact 
resistance of roofing products were based on studies conducted 
by Bilhelm and Relf (1937) and Laurie (1960). However, these 
methods did not always produce results consistent with field 
observations of damage from insurance claims adjustors, and 
results do not necessarily serve as predictors of real-world per-
formance. The capabilities of the IBHS test chamber allow the 
performance of building components, installed in the same way 
they would be in practice, to be evaluated for realistic impacts, 
filling an existing knowledge gap. The true performance of differ-
ent building components can then be compared to the expected 
performance from standard test methods.

The objective of the hail research program at IBHS is to 
properly understand natural hail characteristics and to replicate 
those in the small- and full-scale testing facilities, so building 
damage from hail impacts can be better understood and miti-
gated. Small-laboratory capabilities to assess building material 
performance include standardized impact test methods and 
replication of the properties of real hailstones. Hailstone prop-
erties can be further replicated for use in full-scale testing in 
the IBHS test chamber, where researchers can test full-scale 
residential and commercial structures to determine how build-
ing systems respond to hail impacts. Field research is conducted 
to collect data on the physical properties of hailstones and the 
environmental conditions that create them. This information 
is then incorporated into laboratory testing, to ensure realistic 
impact modes and energies are being simulated. These data can 
further be used to validate modeling and forecast applications, 
as well as for improving dual-polarimetric hail detection algo-
rithm capabilities.

Field research Program
Field research experiments are conducted during active severe 
weather months in the Central Plains to collect ground-truth 
hail data, which are used in modeling, forecasting, and hail 
detection applications, and are applied to improve small- and 
full-scale laboratory impact tests (Brown and Giammanco, 2013). 
The project is fully mobile and strives to collect measurements 
within 10–30 min after the time of hailfall. A database of more 
than 2,500 measured hailstones has been created through this 
work (Giammanco and Brown, 2014; Giammanco et al., 2015). 
Hail impact disdrometers (Figure 7A) (Giammanco and Brown, 
2014), handheld compressive strength devices (Figure  8A) 
(Giammanco et al., 2015), and a 3D laser scanner (Giammanco 
et al., 2016) are used for data collection.

Impact disdrometers are rapidly deployable hail impact 
probes that capture a time history of hail size distributions 
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FigUre 8 | The two compressive force tests devices used by the iBhs field research program (a) and (B) comparison of field and laboratory 
compressive force values as a function of the measured maximum diameter (centimeters).

FigUre 7 | (a) iBhs hail impact disdrometer deployed in 2015 during the field program. (B) impact magnitude and frequency from a deployment of 
the hail disdrometer.
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and kinetic energies. They use a single piezoelectric disk to 
detect falling hail and/or rain (Mikhaylovskaya, 1964; Joss and 
Waldvogel, 1969; Kinnell, 1972). Laboratory calibrations of 
the probes are conducted prior to field deployments; however, 
if impact energies are similar between large raindrops and 
small hailstones, they cannot be differentiated within the data. 
Figure 7B provides an example of the type of data collected by 
the hail impact disdrometers. As shown in Figure 7B, the size 
of the rain or hail is plotted versus time with the colors showing 
the number of impacts of each size. The increased number of 
impacts per minute appears in the warmer colors, while the 
cooler colors represent fewer impacts during a specific bin of 
time. Figure 7B shows that as the swath passed over the dis-
drometer, the frequency of hail impacts increased, but the size 

of hail or rain remained consistent during the core of the swath, 
and settled out as the swath passed by. These data are used 
directly to influence kinetic energies used for impact testing 
of building materials (discussed in Section “Small-Laboratory 
Testing Capabilities”), and concentration data can be used for 
radar-based hail detection applications. In the future, impact 
concentrations and size distributions could be used to improve 
full-scale hailstorm simulations, as discussed further in Section 
“Full-Scale Testing Capabilities.”

To better assess the physical properties of hail, a handheld 
device, shown in Figure 8A, is used to measure the compres-
sive strength of hailstones, which is expected to relate to the 
energy transferred to a building component which may cause 
damage (Giammanco et  al., 2015). These data can be applied 
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FigUre 9 | 3D model data (a) of a hailstone scanned using the handheld scanner system. a 3D printed cavity mold of this hailstone is also shown (B).
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to improve testing capabilities in small-laboratory and full-
scale production of hailstones to better match the strength 
characteristics of real hailstones. Improved characteristics of 
the test projectiles, coupled with improved kinetic energy 
estimates from the disdrometers and Heymsfield et al. (2014), 
will result in better testing and a better understanding of impact 
resistance and damage modes for building materials, when 
compared to the standard test methods discussed in Section 
“Small-Laboratory Testing Capabilities.” Figure  8B shows a 
comparison of field and laboratory compressive force values 
as a function of the measured diameter of the hailstone. The 
mean laboratory compressive strength measurements (red and 
green) are consistent with the mean field measurements (black). 
The gray points also show that field measurements can vary, 
and researchers are evaluating options to consistently recre-
ate certain sizes, shapes, compressive strengths, and densities 
of projectiles to improve the standard impact test methods 
described in the next section.

Hailstones come in many different shapes and sizes and are 
often irregularly shaped. However, the size of a hailstone is typi-
cally reported as the largest dimension, which inherently implies 
a spherical shape. This assumption can lead to significant errors 
when calculating the density of hailstones. Furthermore, impact 
test standards, which are discussed in the next section, prescribe 
the use of spherical projectiles and, therefore, do not account 
for the aerodynamic effects that would result from tumbling of 
irregularly shaped objects, which ultimately affects impact kinetic 
energy. In addition to impact energy effects, it is unclear as to 
whether the shape of a hailstone affects the impact mechanics 
as a result of “spiky” features making contact with a building 
material instead of the smooth surface of a sphere. In September 
2015, IBHS first used a handheld 3D laser scanner to accurately 
measure the shape, size, and volume of hailstones. When the 
volume of hailstones is calculated using the maximum diameter 
of a sphere, the calculated volume may be higher than field values 
(Giammanco et al., 2016). This difference is shown in Figure 9A 
where the volume of a scanned stone was 54% less than would 
have been predicted from the assumption of a sphere based on 
the maximum measured diameter. The collection of 3D models 
of hailstones can be used to create molds and artificial stones 
(Figure 9B). Coupled with disdrometer and hailstone strength 

data, the 3D model data can be used to improve product test 
standards to account for differences in shape, strength, density, 
and kinetic energy to better understand damage modes and 
real-world performance for different building materials.

small-laboratory Testing capabilities
IBHS hail research capabilities include small-laboratory standard 
test methods such as UL 2218 steel ball (Underwriters Laboratory, 
2012) and FM 4473 (FM Approvals, 2005) pure ice ball impact 
tests, which assess the impact performance of new roofing 
materials available in the market. Both tests utilize four classes 
of spherical impact projectiles that range from Class 1 [3.18 cm 
(1.25  in.) diameter] to Class 4 [5.08  cm (2.00  in.) diameter]. 
The tests are intended to match the impact kinetic energy that 
a similarly sized spherical, high-density hailstone would have 
when falling at theoretical terminal velocity. Kinetic energies for 
projectiles range from 4.78 to 32.2 J depending on the size and 
type.

Current test programs are focused on asphalt shingles because 
of their large market share in residential steep-slope construction 
(approximately 80%). One drawback of the UL 2218 test method 
is the steel ball impacts create crushed granules which is an atypi-
cal damage mode for asphalt shingles, and which are not observed 
in post-event damage investigations. Crushed granules are rarely 
observed in the FM 4473 test method, which uses ice spheres as 
projectiles. Figure 10 provides a comparison of impact test results 
on new products, using (A) UL 2218, (B) FM 4473, and on an 
aged product using (C) ice spheres with dissolved carbon dioxide 
(CO2). Dissolving CO2 into the water prior to freezing introduces 
gas bubbles into the ice sphere, which reduces the density, thus 
creating ice spheres that more closely mimic natural hailstones, 
and better replicate field damage observations.

While the FM 4473 test method produces more realistic 
damage modes compared to UL 2218, the pure ice spheres are 
created in silicone molds as part of the test method, which can 
result in inconsistent densities, shapes, bubble distributions, 
and micro fractures. Inconsistent impact modes have also been 
observed (hard and soft), which can cause different material 
responses. Ongoing research programs use knowledge gained 
from field measurements to guide laboratory ice ball production, 
with a goal of better simulating real-world impact damage modes. 
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FigUre 11 | iBhs hail Machine that was developed with accudyne 
systems inc., to mass produce laboratory hailstones, which mimic 
material properties of natural hail.

FigUre 10 | (a) crushed granules on an asphalt shingle impacted with Ul 2218 class 4 steel ball. (B) indented surface of an asphalt shingle 
impacted with FM 4473 class 4 ice sphere. (c) Damage on a naturally aged two-year-old asphalt shingle impacted with multiple dissolved cO2 ice 
spheres. reproduced from giammanco et al. (2015).
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Improvements in simulating realistic damages will allow for 
improved small-laboratory and full-scale investigations, result-
ing in more representative tests that allow for better prediction of 
real-world performance.

In 2015, IBHS added a new Hail Machine (Figure  11) as a 
result of collaboration with Accudyne Systems Inc., which pro-
duces repeatable and controllable laboratory ice spheres. With 
this new capability, hailstone characteristics obtained from field 
data can be more easily replicated for use in small- and full-scale 
laboratory impact testing. Testing is ongoing to replicate the 
spread of data that is observed in the field (Figure 7), and to better 
understand the relationship between compressive strength and 
damage to materials. The IBHS Hail Machine also allows for rapid 
automated bulk production of ice spheres, which will improve 
efficiency and repeatability for full-scale testing programs.

As part of the commissioning of the Hail Machine, com-
parisons between compressive strength and density of natural 
hailstones and those produced with the machine have been 
made. Results have shown that the machine-produced stones 
better match the values found for real hailstones, and that 
they are more consistent and repeatable than ice spheres cre-
ated using silicone molds following FM 4473. Although the 
hailstones produced from the Hail Machine are frozen from the 
outside in, rather than the natural formation which starts from 
the center and grows outward, the rapid freezing of the ice slug 
in the machine allows for the dissolved gas to remain within the 
ice. When compared to FM 4473 ice spheres frozen in molds, the 
density is more consistent from the machine since the 1-h freeze 
time is significantly less that the 48-h freeze time. Figure  12 
compares compressive strength results for stones at various 
storage times at −12°C (10°F) to the mean and median com-
pressive strength of natural hail. Machine settings and storage 
times and temperatures can be adjusted to create stones which 
are lower or higher in density, or lower or higher in compressive 
strength, and work is ongoing to better match field and lab data. 
Different control parameters on the Hail Machine and different 
storage times and conditions can also be used to drive different 
ice sphere impact modes (bounce, shatter, liquefy), which affect 
the coefficient of restitution. These controls will help researchers 
better understand how density and compressive strength relate 
to impact damages caused by hail.

Full-scale Testing capabilities
IBHS full-scale hail research capabilities include an impact test 
system in the test chamber, where various sizes of ice spheres 
can be propelled to create a realistic hailstorm. The IBHS test 
chamber is equipped with 72 impact barrels, grouped in sets 
of six, to create the hailstone propulsion cannons shown in 
Figure 13A. These cannons propel various sizes of lab-created 
ice spheres at full-scale test buildings (B) from 18.3 m (60 ft) 
above ground. Laboratory ice spheres ranging from 2.54  cm 
(1.00 in.) to 5.08 cm (2.00 in.) in diameter can be manually fed 
into the automated cannon firing system, which pneumatically 
projects the stones into the wind stream. Ice spheres are pro-
pelled at speeds such that impact kinetic energies are similar 
to the energies outlined in the UL 2218 and FM 4473 test 
methods. Therefore, the wind speeds in the test chamber can 
be left at idle or 6 m/s (14 mph) during full-scale hail testing. 
Previous studies (Morgan and Towery, 1976, 1977; Changnon 
et  al., 2009) have indicated hailfall occurrences with wind 
speeds over 27  m/s (60  mph), which can lead to enhanced 
damage caused by higher energies in wind-blown hail. Future 
full-scale experiments could investigate the influence of 

http://www.frontiersin.org/Built_Environment/
http://www.frontiersin.org
http://www.frontiersin.org/Built_Environment/archive


FigUre 13 | (a) One of 12 cannons, featuring 6 impact barrels, located in the test chamber at the iBhs research center. (B) iBhs full-scale 
hailstorm demonstration in 2013. (c) Damage on a 3-tab shingle on the test specimen. (D) Damage on the metal roof on the test specimen.

FigUre 12 | Using particular settings on the iBhs hail Machine, lab-created ice spheres were stored at −12°c and tested to evaluate their 
compressive stress. These data compare compressive strength data to storage residence time for (top) 3.81 cm and (bottom) 5.08 cm ice 
speheres. The mean and median of the measured distribution of natural hailstones tested by iBhs from 2012–2015 field experiments are also 
shown.
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increased wind speeds during hail impact testing, by increasing 
the propulsion speed and varying the angle of impact. The 
cannons in the chamber are modular and controllable such 
that impact energies and hailstone sizes can be adjusted for 
future testing based on field measurements of impact energies 

and size distributions using the hail disdrometers, or desired 
experimental plans.

In 2013, a full-scale hailstorm demonstration was conducted 
in the IBHS test chamber, in which more than 9,000 laboratory ice 
spheres were made and projected at a full-scale residential building. 
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The test building featured different materials or configurations in 
different quadrants of the roof (Figure 13B) to demonstrate the 
capabilities of the cannon system and ability to create realistic 
damage modes which included dents in aluminum gutters, cracks 
and tears in asphalt shingles (Figure 13C), and indentations of 
metal roof materials on the test building (Figure 13D). IR asphalt 
shingles were observed to have less severe damage than unrated 
shingles, and the metal roof was observed to have only cosmetic 
damage.

Future full-scale testing will include performance evaluations 
of different materials and systems, evaluations of cosmetic and 
functional damage modes, and evaluations of repair and replace-
ment techniques. Ultimately, the knowledge gained through these 
kinds of tests could be applied to mitigate damage by selecting 
products with better impact performance, or effectively repair 
damage that may be seen during a typical supercell thunderstorm 
that produces hail, to reduce the need for expensive full roof cover 
replacements and potential loss of use.

WinD-DriVen rain FUll-scale 
TesTing caPaBiliTies

Water entry into a building can cause damage not only to exterior 
and interior finishes, but also to furniture and personal belong-
ings. If not remedied quickly, extensive water entry can result 
in mold growth and/or prolonged loss of use, leading to even 
further loss costs. Because post-event damage investigations have 
reported that failure of the roof cover is commonly observed in 
hurricanes (Liu et  al., 2010), the IBHS code-plus construction 
program, FORTIFIED Home™, requires the use of a sealed roof 
deck for residential construction to minimize water entry into the 
structure if the primary roof cover has failed. Evaluation of these 
systems, as well as other components vulnerable to water entry, 
has been limited in the past, primarily because of the inability to 
fully replicate complex building geometries. Inadequate modeling 
of these building geometries can affect the local aerodynamics 
close to the building which will affect the wetting of the building 
surfaces. The IBHS full-scale wind-driven rain system provides 
a unique capability to fill this gap. The primary goal of IBHS’ 
wind-driven rain research program is to better understand the 
vulnerabilities of roof systems and penetrations in exterior walls 
to the entry of wind-driven water. Research projects also focus 
on the effectiveness of mitigation strategies and help inform 
recommendations for incorporating effective methods into the 
FORTIFIED Home™ program.

The two primary design criteria for the wind-driven rain 
system were to create realistic rain droplet size distributions and 
raindrop deposition rates. Rain droplet size distribution targets 
were based on data collected during Hurricane Ike (Lopez, 2011), 
while a deposition rate of 203 mm/h (8 in/h) in 58 m/s (130 mph) 
winds was selected because of its use in ASTM Test Standards 
E331 (ASTM E331-00, 2016), E547 (ASTM E547-00, 2016), 
E1105 (ASTM E1105-15, 2015), and E2268 (ASTM E2268-04, 
2016). Commercially available spray nozzles arranged in a 0.66 m 
by 0.61 m (2.2 ft × 2 ft) grid across the fan inlet were used. Grid 
spacing was selected to maximize water delivery uniformity. 

It is important to note that deposition rate is not equivalent to 
the wind-driven rain intensity, RWDR, which is the flux of water 
through a vertical plane, but is instead a function of several fac-
tors including building geometry and orientation. Straube and 
Burnett (2005) define the rain deposition rate as

 r V h rvb h= RDF DRF* * cos( ) * ( ) *θ  (2)

where the driving rain factor DRF accounts for the interaction 
of wind and rain in undisturbed wind, θ is the angle between the 
wind vector and the vector normal to the building wall, rh is the 
rainfall rate through a horizontal plane, V(h) is wind velocity at 
some height h, and RDF is the building-dependent rain deposi-
tion factor, as defined for various building categories.

In the commissioning of the wind-driven rain system, Lopez 
(2011) utilized an OTT Parsivel disdrometer and precipita-
tion imaging probe manufactured by Droplet Measurement 
Technologies to demonstrate that the installed gridded noz-
zle system can produce a wetting rate at the building facade 
of 203  mm/h (8  in/h) with a raindrop size distribution that 
matches well with historical literature (Marshall and Palmer, 
1948; Best, 1950). However, historically, these data have been 
difficult to acquire in field settings due to the extreme envi-
ronments present in tropical cyclones and thunderstorms so 
there are limited datasets for which comparisons can be done. 
Figure  14 provides an example of a droplet size distribution 
and concentration measured during a recent test series, where 
smaller droplets were produced in larger quantities than larger 
droplets for the wind speed, pump, and valve settings used. 
These types of data can be used to compare simulations. In 
addition to droplet sizes and concentrations, rainfall accumula-
tion rates have been investigated using Parsivel disdrometers. 
Water flow rates of the wind-driven rain system affect the 
accumulated rainfall amount, as illustrated in Figure 15. These 
data were collected with varying valve settings, but a constant 
pump setting of approximately 60%. Both settings can be 
controlled based on the experimental design. As additional 
field data are collected in the future, or based on experimental 
design, droplets sizes, concentrations, and deposition rates can 
be altered by adjusting valve opening percentages and pump 
rates on the wind-driven rain system, and adjusting the wind 
speed records. The wind-driven rain system is explained in 
more detail in Lopez (2011) and summarized in Brown et al. 
(2015) and Quarles et al. (2012).

The wind-driven rain system injects water into the wind 
stream in a horizontal trajectory, which is different from actual 
wind-driven rain that would likely have a greater vertical 
component. The system can accurately capture a real raindrop’s 
horizontal velocity component (Lopez, 2011), which is approxi-
mately equal to the wind speed, by injecting the droplets into 
the wind stream at fan level. However, rainfall created in the 
test chamber has a weaker vertical component than real rainfall 
as the fetch is too short for the horizontally injected rainfall to 
reach terminal velocity before reaching the test building, and 
therefore impacts the building at a more horizontal angle than 
would real rainfall. As a result, walls, which would be more 
protected from vertical rainfall by eaves or other overhangs in a 
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FigUre 14 | Time history of droplet size and concentrations during a test series using a 22 m/s (49 mph) constant wind speed.

FigUre 15 | rainfall accumulation rates as measured by a Parsivel disdrometer, as a function of flow rate for the wind-driven rain system at iBhs. 
The pump rate was held constant at approximately 60%.
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FigUre 16 | roof deck sealing strategies included (a) double layer felt underlayment, (B) synthetic underlayment, (c) modified bitumen tape, and (D) 
closed cell spray foam.
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real wind-driven rain scenario, would receive a greater amount 
of rainfall during testing.

Recent experiments have evaluated the efficacy of several 
sealed roof deck strategies allowed in the IBHS FORTIFIED 
Home™ program, such as those shown in Figure  16 (Brown 
et al., 2015; Johnston et al., 2016). These strategies, each evaluated 
individually, included double layer ASTM D226 Type II 30# felt 
underlayment and synthetic underlayment applied across the 
roof deck, modified bitumen and acrylic 10.2  cm (4  in.) tape 
applied at sheathing seams, and closed cell spray foam applied 
at panel-to-panel joints and sheathing seams on the interior of 
the roof. Water entry through vents has also been investigated 
(Quarles et al., 2012). In each of these studies, water collection 
systems such as those shown in Figure  17B were designed to 
capture and quantify water that entered the building (shown 
in Figure  17A) in different capture zones under the roof, or 
from different vents, windows, or doors on the test building. 
Using these systems, water weight, volume, and entry rates were 
determined, allowing for direct comparisons of the performance 
of sealing strategies and vent systems, which varied as a result 
of different wind speed and building orientations based on the 
geometry of the building.

WilDFire FUll-scale TesTing 
caPaBiliTies

As communities continue to expand into the WUI, the potential 
for property losses, injuries, and fatalities increases. In the past, 

research programs have focused on mitigation guidance, spe-
cifically the concept of defensible space surrounding a structure. 
Identification and evaluation of structural vulnerabilities has 
been limited, relying on post-event damage surveys and anecdo-
tal information from fire officials. Similar to the wind-driven rain 
peril discussed in Section “Wind-Driven Rain Full-Scale Testing 
Capabilities,” experimental testing of systems and components 
has been limited primarily because of the inability to replicate 
complex building geometries, which will affect the local flow close 
to the building and, therefore, firebrand exposure and accumula-
tion. The IBHS full-scale firebrand generator system provides 
a unique capability to fill this gap. The capabilities for studying 
the effects of wildfire include both small- and large-scale test-
ing of structural ignition potential when exposed to firebrands, 
direct flame contact, or radiant heat. Results from experiments 
conducted add to the understanding of the relationship between 
firebrand exposure and building ignition, which is useful for 
developing mitigation strategies for individual buildings and 
communities.

A custom-made firebrand generator system, shown in 
Figure 18, was designed and manufactured at the IBHS Research 
Center to simulate a firebrand exposure similar to conditions 
observed in wildfires. The initial design was based on the generator 
developed at the National Institute for Standards and Technology 
(Manzello et al., 2008). To automate fuel delivery during testing, 
an auger system was developed. The fuel is comprised of a mixture 
of 80% pine wood chips and 20% wooden dowels that is dried to 
a moisture content of less than 10% before being placed in the 
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FigUre 17 | (a) Test building featuring two different sealed roof deck methods positioned on the turntable in the test chamber. (B) Water collection 
system allows water entry rates to be monitored in real time for different roof zones and penetrations.

FigUre 18 | (a–e) auger feed and firebrand generation system installed at the iBhs research center. The two hoppers are shown in (a); (B) 
indicates the auger feed lines which deliver fuel to the 10 generators indicated in (c); (D) is the fan array behind the generators; and (e) is a 
representative test building. (F–h) schematic of the firebrand generators used in the wildfire experiments. (F) is the auger feed line which introduced 
the fuel into the generator; (g) is the location of the vertically oriented fan; and (h) is the exhaust chute.
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hoppers shown on the left side of Figure 18 at point A. Beneath 
the hoppers, five augers (not shown) are used to feed the fuel into 
the auger feed lines shown at point B of Figure  18. The auger 
feed lines move the fuel to the generators at point C in Figure 18. 
Fuel is delivered intermittently to prevent the generators from 
overheating.

The right side of Figures 18F–H illustrates one of the firebrand 
generators. The auger feed lines previously described connect to 
individual generators at point F. Fuel falls onto a metal grate (not 
shown) located over a burner inside the generator. Below the 
burner, a vertically oriented fan is placed on the bottom of the 
generator, indicated at point G on the right side of Figure  18. 
The fan introduces a vertical component of wind which pushes 
firebrands up and out of the exhaust into the wind stream of the 
test chamber at location H.

Figure 19 shows the operation of the firebrand generator sys-
tem during testing. Experiments conducted using this system are 
unique compared to previous studies because of the ability to test 
full-sized buildings rather than individual components or two-
dimensional assemblies, with exposure to realistic fluctuating 
boundary layer wind conditions (described in Section “Boundary 
Layer Flow Characteristics”), rather than constant winds. In addi-
tion, the effect of wind direction on the deposition of firebrands 
relative to the building geometry can be evaluated, allowing 
researchers to investigate where firebrands accumulate. This 
can be especially useful for complex building geometries where 
localized wind patterns can impact the location of maximum 
firebrand accumulation. Likewise, the performance of structural 
features subjected to a firebrand exposure can be assessed. Recent 
experiments have evaluated the ignition potential of wood and 
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FigUre 19 | Firebrand exposure produced at the iBhs research 
center.
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wood-plastic composite decking materials, vegetation materials, 
and roof and wall materials resulting from firebrand exposures. 
Firebrand entry though vents has also been investigated. Both 
quantitative and qualitative observations of entry, accumulation, 
and ignition are used to understand implications of firebrand 
exposures.

accumulation of Firebrands
The accumulation of firebrands close to a structure is linked 
with ignition potential, so understanding the impact of wind 
speed and direction on firebrand accumulation in the vicinity 
of a structure is important in identifying vulnerable locations. 
Firebrand accumulation is typically evaluated using water-filled 
pans placed at select locations adjacent to a test building. The 
water quenches the firebrands, which are then collected, oven-
dried, and weighed to determine spatial variations in accumula-
tion. Observations during recent experiments indicated that 
re-entrant corners, shown in Figure 19, were an area with high 
firebrand deposition. Previous experiments at IBHS have also 
qualitatively investigated the location of maximum firebrand 
accumulation based on surface roughness immediately adjacent 
to a building. Firebrands on smooth surfaces were captured in 
the recirculation flow and able to settle further from the building. 
For rough surfaces, firebrands caught in the recirculation were 
captured in the rougher surface, resulting in areas of maximum 
accumulation immediately adjacent to the wall, which creates a 
higher risk of ignition and a subsequent flame contact and/or 
elevated amount of radiant heat.

Results from a recent accumulation study are shown in 
Figure 20. For each test, pans were placed at various locations 
along a test building. As expected, there was variability in the 
accumulation depending on building orientation, wind speed, 
and pan section [wall is immediately adjacent to the building; 
field is approximately 0.3 m (1 ft) from the building]. As indicated 
in Figure 20, a total of 13 different orientations were investigated 
in this given experiment. The orientation of the test building as 
shown in Figure 19 was designated as 90°. A clockwise rotation 
of the turntable allowed for an assessment of angles less than 

90°. Similarly, for the larger angles investigated, the turntable 
was rotated counter-clockwise. The difference between 0°A 
and 0°B was the location of the re-entrant corner on the test 
building. In most cases, the accumulations for the wall sections 
were larger than the accumulations for the field sections, thus 
indicating greater vulnerability at locations immediately adjacent 
to the building. This is problematic, especially if the building is 
constructed with combustible materials that can directly ignite 
from a firebrand exposure. Likewise, a building can indirectly 
ignite if combustible material (i.e., vegetation, fences, etc.) near 
the building ignites from the firebrand exposure. These results 
highlight the importance of maintaining a non-combustible 
region immediately adjacent to a home or business.

Firebrand characteristics
Representative samples of firebrands generated by IBHS were 
collected so they could be characterized by their mass and 
surface area to allow for comparison in future active wildfires. 
An example of firebrand characterization from recent IBHS 
experiments is shown in Figure  21. The firebrands produced 
at the IBHS Research Center are smaller than those observed by 
Manzello et al. (2011). However, this is compensated by the fact 
that the IBHS generators produced significantly more firebrands 
than the firebrand generators used by Manzello et  al. (2011). 
Overall, the characterization of IBHS produced firebrands pro-
vided an initial assessment of the mass and size distribution. The 
fuel used in future research initiatives can be modified to better 
replicate the characterization of firebrands collected from active 
wildfires. Additionally, several recent tests at IBHS have included 
high resolution video of firebrand exposure in the vicinity of 
test buildings that will be used to track and count individual 
firebrands. This can be used to count firebrands impacting a 
specific location of a building or to count firebrands as they are 
generated from different fuels. This information, in conjunc-
tion with the mass and surface area of firebrands, can be used 
to estimate a firebrand mass flux (grams per square meter). 
Quantification of this variable will aid in the development of a 
WUI hazard scale that could be used to consistently quantify 
expected fire severity based on firebrand and fire exposure 
(Maranghides and Mell, 2012). By understanding the firebrand 
flux and resulting structural ignition, fragility curves could be 
developed for wildfire hazards.

cOnclUsiOn

Over the last 50 years, important advances have been made to 
improve the performance of both commercial and residential 
infrastructures subjected to wind-driven natural hazard events. 
Casualties in the US are dramatically lower for high-wind events 
than in developing countries around the world. Despite these 
improvements to the built environment, economic losses due 
to these natural perils have continued to increase (Pielke et al., 
2008). Often, damage to a structure is severe enough to make it 
uninhabitable until repairs are made, resulting in social conse-
quences for both individuals and communities at large.

Research programs at IBHS have focused on creating unique 
and realistic testing capabilities to improve understanding of 
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FigUre 21 | Mass versus surface area for firebrands collected from the firebrand generators.

FigUre 20 | Firebrand accumulation by orientation, pan location, and wind speed.
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real-world performance. Furthermore, these programs focus 
on identifying ways to make structures more resilient with the 
goal of reducing both the economic and social impact natural 

perils have both in the US and around the world. Research at 
the IBHS Research Center for high wind, hail, wildfire, and 
wind-driven rain aim to identify vulnerabilities in structures 
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Wind-induced damage to multi-layer building wall systems, such as systems with vinyl 
siding, is common, especially in hurricane-prone areas. Wind load distribution through 
these multi layered walls and the amount of load reduction due to pressure equalization 
is expressed through pressure equalization factors (PEFs). The ASTM D3679 standard 
suggests a PEF of 0.36, which means a 64% reduction in the net pressure on the siding. 
This paper presents results from an experimental study conducted on a low-rise building 
subjected to realistic wind loading conditions at the wall of wind (WOW) experimental 
facility at Florida International University. Results from area-averaged mean and peak 
pressure coefficients indicated that a very small portion of the total wind load is carried 
by the vinyl siding. However, PEFs were found to be much higher when individual taps 
were considered. For instance, PEFs ranged from 71 to 106% for the case of pressure 
coefficients with negative sign (suction) and from 39 to 110% for the case of pressure 
coefficients with positive sign (pressure). When a combined set of taps was considered, 
PEFs ranged approximately from 50 to 80% for the case of “suction” and from 15 to 
75% for “pressure.” Based on the 1 m2 of tributary area used in ASCE 7-10 Standard, 
results show that the net load on vinyl wall siding can be obtained by reducing the net 
design load for the entire wall assembly by 25 and 60% for suctions and pressures, 
respectively. However, a smaller tributary area (<1 m2) can experience a local peak load 
that can induce damage to connections, especially in the case of relatively flexible wall 
coverings, with no or very little load sharing between connection points. Results indicate 
that for smaller areas (~0.2 m2) the allowable percentage reductions should not be more 
than 15 and 25% for suctions and pressures, respectively. This study shows that the 
suggested ASTM PEF of 0.36 may lead to the underestimation of loads for the design 
of details affected by local loads. However, further research is needed to consider more 
cases when developing adequate design load guidelines for vinyl wall sidings.

Keywords: pressure equalization factor, vinyl siding, PVc siding, multi-layer wall, wall of wind, low-rise building

inTrODUcTiOn

Multi-layer wall systems such as vinyl siding walls can provide continuous insulation for buildings. 
Furthermore, their satisfactory performance in preventing water intrusion and their esthetic quality 
are among the factors that account for their popularity. However, the performance of these walls dur-
ing extreme wind events raises concerns. In a detailed study of wood framed buildings damaged by 
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FigUre 1 | Wall of Wind (WOW) at Florida international University: (a) 
12 fans; (B) spires and roughness elements.
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hurricane Katrina, vinyl siding failures were reported in several 
cases to be the initiation source of more extensive damages, such 
as gable end wall losses, through a progressive failure mechanism 
(van de Lindt et al., 2007). In June 2014, more than 25% of homes 
experienced damage to vinyl siding due to a tornado strike at 
Angus, ON, Canada (Miller et al., 2015).

The distribution of wind loads across multi-layer systems is 
complex and is affected by several contributing factors, such as 
the temporal and spatial gradient of the wind load, the magni-
tude of the load, spacing between layers, and the flexibility of 
the siding material. These factors have not yet been investigated 
extensively but have been the subject of several studies by Kramer 
et al. (1979), Amano et al. (1988), Cheung and Melbourne (1988) 
on wind pressure distribution through permeable roofs, and 
Oh and Kopp (2014), who developed a mathematical model for 
double-layer roof systems to study the pressure distribution in the 
cavity of air-permeable layers for given pressures on the external 
surfaces. In addition, there have been several studies focusing on 
the wind load distribution across multi-layered walls [e.g., Suresh 
Kumar (2000), Kopp and Gavanski (2011), Miller et al. (2015), 
Van Bentum and Geurts (2015)]. Assessing wind loads on the 
fasteners used in multilayer systems is also an important topic 
that has been studied by Cope et al. (2014).

Basically, the air permeation into the cavity between layers 
leads to a pressure equalization on opposite sides of a layer, which 
can reduce the net loads acting on that layer and thus result in a 
reduced design load. This equalization mechanism, which devel-
ops in small volume cavities, has been observed in other cases of 
wind studies, e.g., by Moravej et al. (2016), in which hurricane 
shutters were found to carry just a small amount of the wind load, 
causing the unprotected window surface to be the main carrier of 
the induced load.

To design the multi-layer wall systems, the commentary to 
chapter 30 of the ASCE 7-10 Standard (2010) addresses the load 
reduction due to the partial air pressure equalization between 
exterior and interior surfaces. In the absence of detailed infor-
mation on the load distribution across individual layers, it is 
conservatively suggested to apply the entire pressure difference 
of the wall system in the design of individual load carrying layers, 
or to look for an alternative solution in the recognized literature. 
However, very few published studies are available on this topic.

Except for a field measurement by TenWolde et al. (1999), the 
research done on multi-layer wall systems has been conducted 
primarily in pressure chambers and under uniform static loading. 
In 2002, a study by Architectural Testing Inc. reported that the 
pressure equalization factor (PEF) for vinyl siding ranged from 
0.03 to 0.18 (Architectural Testing Inc., 2002). The PEF value of 
0.03 means a 97% reduction in net pressure on the siding, which 
implies almost full pressure equalization. Annex A1 of ASTM 
Standard D3679 (2009, 2013) applies a 0.36 PEF to evaluate the 
pressures on vinyl siding, which translates into a load obtained 
by applying a 64% reduction to the net pressure across the entire 
wall system. It has been observed that when there is a uniformly 
distributed static pressure applied, the pressure on the back of the 
siding equalizes the external pressure completely, whereas when 
there is a pressure gradient across the wall, the net load increases 
substantially (Miller et al., 2015).

To overcome the limitations of uniform static pressure test-
ing, there have been some efforts to simulate a more realistic 
testing condition by using dynamic pressure chambers. These 
studies showed that the PEF value is sensitive to the magnitude 
of the applied load: a higher magnitude of negative load leads to 
a lower equalization factor (Kopp and Gavanski, 2011; Kochkin 
et al., 2012). The PEFs they evaluated for the vinyl siding were 
close to zero, which was in agreement with the earlier research 
conducted in uniform static tests (Architectural Testing Inc., 
2002). However, the critical point is that the effect of a spatial 
pressure gradient on the wall’s outer surface was not assessed. 
Without the spatial pressure gradient, unrealistically low PEF 
values are quite possible. A recent study by the Insurance 
Institute for Business & Home Safety (IBHS) research center, 
which included the spatial pressure gradient effects through 
tests in a full-scale wind tunnel facility (Cope et al., 2012) and a 
multi-chamber pressure testing apparatus (Miller et al., 2015), 
showed high PEF values of about 0.8 for the case of pressure 
coefficients with negative sign (suction), that is, only a 20% 
reduction in net pressure. Therefore, according to these studies, 
carried out in more realistic test conditions, the PEF value of 
0.36 (i.e., 64% reduction) suggested by ASTM D3679 should 
be considered as unconservative. These uncertainties in design 
load calculations call for further study into the wind effects on 
vinyl siding walls.

In the current study, wind-induced pressures on a vinyl siding 
wall were investigated at full scale for various wind directions to 
determine pressure equalization effects as a function of tap loca-
tions and combinations. The objective was to study localized wind 
effects on smaller tributary areas. The research was conducted 
at Florida International University (FIU) wall of wind (WOW) 
experimental facility, which can generate design level wind 
speeds in a boundary-layer flow. Sections “Experimental Setup” 
and “Data Analysis Methods” of the paper describe the experi-
ments carried out at the WOW and the analysis method and are 
followed by Section “Results and Discussion.” Conclusions are 
presented in Section “Conclusion.”

eXPeriMenTal seTUP

WOW experimental Facility
The WOW is a state-of-the-art large scale wind engineering 
experimental facility consisting of 12 fans (Figure 1A), each pow-
ered by a 700-hp motor. The 12-fan system is capable of generating 
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FigUre 3 | Building model on the turntable.

A B

FigUre 2 | aBl characteristics measured in the WOW:  
(a) velocity profile; (B) turbulence intensity profile.
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wind speeds exceeding 70 m/s (157 mph), which is equivalent to 
Category 5 hurricane wind speeds as per Saffir–Simpson scale. 
Spires and roughness elements in a flow management box help 
generate an atmospheric boundary layer over a length of 9.75 m 
downstream of the contraction zone (Figure 1B). The open jet 
test section is 4.3 m high by 6.1 m wide.

The velocity and turbulence intensity profiles corresponding 
to an open terrain ABL simulation used for this experiment are 
shown in Figure  2. Wind velocities were measured by Cobra 
probes (Turbulent Flow Instrumentation, 2008). The velocity 
profile plot is normalized with the mean wind speed of 28.4 m/s 
at the reference height, which is taken as the test building model 
eave height (2.34 m).

Building Model Used for the study
The wood frame building model used for the study had plan 
dimensions of 2.43 m × 2.74 m and eave height of 2.34 m. The 
wood frame building was sheathed by a layer of plywood over 
which a moisture barrier layer was applied and was then cov-
ered by the vinyl siding. Figure 3 shows a view of the finished 
building placed on the turntable. The vinyl siding consisted of 
several individual panels that were connected to the building wall 
sheathing using nails (using spacing of 23 cm or 9″). In order to 
collect the pressure data on the vinyl siding, one side of the build-
ing was instrumented with 49 pressure taps on both the exterior 
surface of the siding and on the plywood layer. The schematic of 
Figure 4A shows the locations of the exterior, cavity, and inter-
nal taps, that is, (i) exterior taps on the vinyl siding to measure 
external pressures, (ii) cavity taps on the inner layer (plywood 
with moisture barrier) to measure pressures in the cavity between 
the vinyl siding and the inner layer, and (iii) internal taps inside 
the building model to measure building internal pressures. The 
model had a total of 102 taps. Sample taps on the building model 
are shown in Figure 4B, while Figure 4C shows the location of 
the taps on the building wall and the cavity.

The model was placed on a turntable, which was rotated to 
test for wind directions ranging from 0° to 180°, where 0° is 
wind normal to the wall with siding (shown using bold line in 
Figure 5A). A section of the wall showing the various parts of 
the vinyl wall siding is shown in Figure 5B. The pressure data 
collected on the test model wall system were sampled at a rate of 
512 s−1 using a “Scanivalve ZOC 33” miniature pressure system 
(Scanivalve Corporation, 2013). A tubing transfer function 
was used to correct for the distortion effects introduced by the 
tubing (Irwin et  al., 1979). The partial turbulence simulation 
(PTS) technique was used to determine the peak pressure coef-
ficients, as described in Asghari Mooneghi et  al. (2016). The 
PTS technique focuses on obtaining a good match of the high 
frequency part of the turbulence spectrum, while the effect of 
the missing low frequency part of the spectrum for large scale 
models is compensated in the post-test analysis process through 
a quasi-steady approach. This peak analysis method was used to 
study the area-averaged net loads on the entire wall. To study the 
PEF for individual taps or combination of them, observed peaks 
of instantaneous load summations were calculated, which will be 
discussed in the following sections.

DaTa analYsis MeThODs

The collected pressures at each of the taps were initially area 
averaged over the whole wall area to obtain the mean and peak 
area-averaged pressure coefficients using Eqs 1 and 2.
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FigUre 4 | (a) Schematic showing the locations of taps, (B) circles marked as 1 and 2 show sample cavity and exterior surface tap locations, (c) location of taps 
on the vinyl wall siding (locations marked in green are exterior taps, those marked in red are interior taps, while the remaining taps are located within the cavity).
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where Pmean and Ppeak are the mean and peak area-averaged pres-
sures, respectively, and Umean and U3s are the mean and peak (i.e., 
3 s) wind speed at the eave height, respectively.

To study the extent of wind load reduction on the siding, peak 
pressure coefficients on the exterior side of the wall and in the 
cavity are reported herein, followed by the net peak Cp coeffi-
cients on the vinyl siding. The area-averaged peak net pressures 
were calculated based on the instantaneous pressure differences 
across each layer to provide an understanding of the pressure 
equalization phenomenon. In this paper, the terms “pressure” 
and “suction” have been used to indicate positive and negative 
pressure differences (relative to an ambient reference pressure), 
respectively.

However, to further examine the degree of load reduction 
and the effect of including various areas in the calculation of the 
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FigUre 5 | Building model used for the study: (a) plan view and the convention for wind direction; (B) vertical section showing the various parts of 
the vinyl siding; (c) side and front views of one siding panel (showing nail connections).
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PEF, individual taps as well as various combinations of multiple 
taps were considered. Two methods for calculating the PEF are 
reported in the literature. One method is based on the peak values 
over all the directions, which is similar to the approach used in 
the ASCE 7 for components and cladding (Cope et  al., 2012). 
Following this concept, the PEF of peak values is defined in this 
paper by Eqs 3–7.

 ∆P t P t P t1 ext cav net load on the vinyl siding( , ) ( , ) ( , ) [ ]θ θ θ= −  (3)

 ∆P t P t P ttotal ext int net load on wall assembly( , ) ( , ) ( , ) [θ θ θ= − ]]  (4)

 ∆ ∆P P t1 max 1max, [ ( , )]= θ  (5)

 
∆ ∆P P ttotal max totalmax, [ ( , )]= θ

 
(6)

 
PEF     tap numbermax

total max
i

P
P

i= = …
∆
∆

1 1 2 49,

,

, , , , ( )
 

(7)

where Pext is the pressure on vinyl siding, Pcav is the pressure on the 
exterior side of the plywood, which is assumed to be same as the 
pressure in the cavity between vinyl siding and plywood, and Pint 
is the internal pressure in the building, as illustrated in Figure 6.

Then ΔP1,max and ΔPtotal, max are defined, respectively, as the 
peak values of the ΔP1 and ΔPtotal over all wind directions. The 
parameter θ denotes the direction as defined in Figure 5. Having 
ΔP1,max and ΔPtotal, max, the PEFi is calculated for each tap location. 
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FigUre 6 | schematic of the wall section and the locations of 
pressure measurements.

FigUre 8 | Mean cp for vinyl siding and cavity over the entire wall 
area.

FigUre 7 | Positive peak cp for vinyl siding and cavity over the entire 
wall area.
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Also to calculate the PEF for a group of taps, ΔP1(t,θ) and 
ΔPtotal(t,θ) should be constructed by summation of instantaneous 
load vectors formed on the tributary areas of each included tap.

The other method used is to calculate instantaneous PEFs for 
individual taps or a combination of adjacent taps and generate a 
time history of PEFs (Cope et al., 2012; NAHBRC, 2012). The PEF 
time history is calculated for all wind directions and is plotted 
against the time history of the external pressure exerted on the 
tributary area of each tap, which eventually produces a plot with 
a wide dispersion, especially at the lower magnitudes of external 
pressures. As a result, higher PEFs are obtained at lower external 
pressure. When used with the worst case exterior pressure, these 
PEFs could lead to highly conservative results. Therefore, the 
method of maximum PEFs (Eq. 7) is deemed more appropriate 
for practical design applications.

Since code provisions provide the worst case combination of 
exterior and internal pressures, the PEF can be applied to obtain 
the critical net load on the siding as expressed by Eq. 8.

 P  (GCpi)   PEF = ×qh[(GCp) ]−  (8)

where qh is velocity pressure, and GCp and GCpi are external and 
internal pressures, respectively, as described by ASCE7-10 Eq. 
30.4-1.

The pressure equalization across a component of the wall is 
dependent on the instantaneous pressures on both sides on that 
component as conceptualized using the schematic shown in 
Figure 6. As explained earlier, the net pressure on the vinyl sid-
ing is represented as ΔP1 = (Pext − Pcav), where Pext is the external 
pressure on vinyl siding and Pcav is the pressure inside the cavity 
between the vinyl siding and the plywood sheathing. Pressure 
equalization across the vinyl siding will be significant when the 
external pressure and the cavity pressure act in opposite direc-
tions and have comparable magnitudes. As noted in Figure 3, the 

corners of the building model were fitted with vertical L-shaped 
edge trim fittings, which ensure that there is not an opening at the 
extremities. In addition, the vinyl siding panels were connected to 
each other using a sliding interlocking mechanism to minimize 
airflow and water intrusion through the overlaps. These design 
details are expected to minimize air leakage; however, this also 
reduces the effect of pressure equalization. The results presented 
in the study corroborate this phenomenon as they indicate a lim-
ited reduction of the net loading on vinyl siding due to pressure 
equalization.

resUlTs anD DiscUssiOn

Figures  7–9 illustrate the results for area-averaged mean and 
peak pressure coefficients over the entire wall, including (i) 
external pressures (measured on the vinyl siding), (ii) cavity pres-
sures (measured on the plywood), and (iii) net pressures (based 
on instantaneous differences between the external and cavity 
pressures). Figure 7 shows that due to pressure equalization the 
peak Cp values obtained in the cavity and on the exterior of the 
wall are very comparable for all wind directions. As a result, for 
all tested wind directions the net peak Cp is considerably low. 
Figure 8 shows that the mean Cp values for the exterior and cavity 
had similar trends, as observed in the positive peak Cp plots. In a 
similar manner, the net mean Cp values are minimal for all wind 
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TaBle 1 | Peak pressure equalization factor (PeF) values for individual 
tap locations.

Tap number  Peak PeF (suction) Peak PeF (pressure)

1 0.90 0.74
3 0.87 0.91
5 0.90 1.08
7 0.91 1.04
9 0.89 1.06
11 0.86 1.10
13 0.88 0.89
15 1.00 0.97
16 0.91 1.05
17 0.84 1.01
19 0.90 1.06
21 0.94 0.88
24 0.86 1.08
26 0.97 0.92
28 1.06 0.77
30 0.91 0.85
32 0.91 0.94
34 1.03 0.77
37 1.02 0.95
40 0.92 0.83
43 0.88 0.80
47 0.78 0.39

FigUre 9 | negative peak cp for vinyl siding and cavity over the 
entire wall area.

TaBle 2 | Peak PeF values for combinations of adjacent taps.

case 
no.

included taps Peak 
suction

Peak 
pressure

Tributary area 
(m2)

1 16:17 0.83 0.74 0.214
2 15:17 0.77 0.64 0.315
3 15:17,22:24 0.69 0.55 0.641
4 15:17,22:24,29:31 0.71 0.47 0.956
5 15:17,22:24,29:31, 36:38 0.73 0.43 1.272
6 29:35 0.69 0.19 0.743
7 33:35,40:42 0.81 0.36 0.641
8 33:35,40:42, 47:49 0.82 0.35 0.956
9 1:49 0.52 0.13 5.205
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directions. Finally, Figure 9 shows that peak Cp values (suction) 
for the exterior and cavity were also comparable for most of wind 
directions, except between 70° and 90°. For these directions, the 
net mean Cp values where higher. This observation is generally 
in agreement with past studies, in which a lower load reduction 
was observed for higher magnitudes of negative load (Kopp and 
Gavanski, 2011; Cope et al., 2012). Overall, the results show that 
for a non-sealed system (as the current vinyl wall siding), when 
pressures are averaged over a large area of the vinyl siding, signifi-
cant pressure equalization is observed and net wind pressure is 
minimal. This effect has been captured in the current testing also. 
Results presented later (in Table 2) show that, in general, pressure 
equalization effects increase when pressures are averaged over 
larger areas, which reduce the net wind pressures.

However, damage reconnaissance after high wind events indi-
cated that the failure of siding is initiated by localized damage. 
Therefore, the analysis of the experimental data needs to take into 
consideration smaller tributary areas. Such areas can experience 
high localized wind loads that may cause local damage leading 
to progressive failures of large portions of the wall siding. The 
following section focuses on studying PEFs for smaller tributary 
areas comprising various combinations of taps.

Pressure equalization Factors
The PEFs (as discussed earlier) were obtained for individual taps 
and combination of taps based on Eqs 3–7. Table 1 presents peak 
PEF values for individual tap locations (see Figure  4A for tap 
locations) for pressure coefficients with negative sign (suction) 
and positive sign (pressure). The PEF values shown in Table 1 
are the highest (in magnitude) values obtained from all wind 
directions tested. The results indicate that when local pressure 
differences are considered, higher values of PEF are possible. 
Essentially, PEF values are expected to fall between 0 and 1, but 
the results of individual tap locations showed a few cases with 
PEFs greater than 1 or less than 0. A value greater than 1 indicates 
that the pressure on one side of a wall layer is of opposite sign to 
that on the other. In summary, the PEF values range from 71 to 
106% for suctions and from 39 to 110% for pressures.

As discussed previously, aside from looking at individual 
taps it is important to consider various combinations of multiple 
taps. The tap combinations considered in this study are shown in 

Figure 10. The tap combinations were mainly chosen to capture 
wind effects on tributary areas for one or more connections (i.e., 
nails connecting the vinyl siding panels to the wall sheathing). 
This was considered to be important as damages often occur when 
a single connection fails or a group of connections fail. When 
considering smaller numbers of taps, such as in combinations C1, 
C2, C3, C6, and C7, the taps were chosen in one or two row(s) 
[instead of in column(s)] as that would engage one or more nails 
attaching the siding panels, which were oriented horizontally as 
shown in Figure 3. Table 2 presents peak PEF values for a combi-
nation of taps as well as the corresponding area covered by those 
taps. The findings show some considerable differences compared 
to the individual tap approach. For instance, by considering taps 
16 and 17 in case 1 (shown as “C1” in Figure 10B), a peak suction 
PEF of 0.83 was obtained, which means that the load reduction 
due to pressure equalization is about 17%—note that the load 
reduction when taps 16 and 17 were considered individually was 
9 and 16% respectively. According to Table 2, PEFs range from 
52 to 83% for the case of “suctions” and between 13 and 74% for 
the case of “pressures.”
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FigUre 10 | notation of tap combinations considered in the study;  
(a) cases 3–5, (B) cases 1–2; 6–8.
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These results are considerably different from those of pressure 
chamber tests addressed earlier. However, they are in close agree-
ment with the full-scale study conducted at IBHS (Cope et al., 
2012), the result of which indicated that the vinyl siding was 
subjected to 75–80% of the “suction” design pressures. ASCE 7 
wind load provisions use a smallest tributary area of about 1 m2 to 
estimate localized design pressures for component and cladding 
elements of buildings. Table  2 shows in bold italic the WOW 
test-based PEF values for similar tributary areas. The average of 
these values indicate that for tributary areas of about 1 m2 the 
design wind loads can be estimated by using PEF values of 0.75 
and 0.4 for “suctions” and “pressure” loading, respectively. This 
suggests that based on Eq. 8, the net load on vinyl wall siding can 
be obtained by reducing the net design load for the entire wall 
assembly by 25 and 60% for “suction” and “pressure” loading, 
respectively. However, it might be more relevant to relate the 
results to a smaller tributary area (<1 m2) experiencing a local 
peak load that can induce damage to connections, especially in 
the case of relatively flexible wall coverings, with no or very little 
load sharing between connection points. This aspect of smaller 
tributary areas is relevant to higher maximum loads on the con-
nections (fixings) leading to the initiation of damage to vinyl 
siding. Depending on the installation method and considering 
the tributary area of the connections, the effective area may be 
much smaller than 1 m2, as is the case for C1 and C2 in Figure 10 
(which represent the tributary areas for three and five nail con-
nections, respectively). Based on this study, for smaller areas 
(~0.2  m2) the allowable percentage reductions should not be 
more than 15 and 25% for suctions and pressures, respectively. It 
should be emphasized that connection failures will be generally 
due to suctions.

As discussed earlier and also indicated in Table  2 (and 
Figures  7–9), when considering the entire wall, there is an 
increased effect of pressure equalization. This could be attributed 
to the lack of correlation of external pressures on the vinyl siding 
over a larger area. The cavity pressure is expected to be more 
uniform as compared to the external pressure. As a result, the 
net pressure on the vinyl siding, represented as ΔP1 = (Pext − Pcav), 

is expected to be smaller in magnitude when averaged over a 
larger area, which implies higher pressure equalization. As the 
tributary area reduces (such as for smaller areas as C1), the cor-
relation of external pressures increases, which leads to limited 
load reduction. Further study is recommended to delve into the 
aspect of spatial and temporal correlations of external and cavity 
pressures to improve our understanding of effects of tributary 
areas on pressure equalizations. Further testing is also needed 
to consider more types of vinyl siding systems (with different 
design configurations, panel flexibility, corner details, etc.) when 
developing adequate design load guidelines for vinyl wall sidings 
and their connections.

cOnclUsiOn

This paper presented results from an experimental study con-
ducted at the WOW experimental facility at FIU to study wind 
effects on vinyl siding on low-rise buildings. One of the walls of a 
full-scale test building was cladded with vinyl siding and instru-
mented to estimate net pressures across the siding and across 
the entire wall system as a function of different wind directions. 
The findings from this study indicated that when the area being 
considered is the whole wall, area-averaged mean and peak pres-
sure coefficients, indicate very low net loads on the wall siding. 
However, designing vinyl wall siding for these low net loads may 
not be adequate, as was indicated by the poor performance of 
vinyl wall systems during past high wind events where most of 
the failures were initiated by local damages. Thus, it deemed 
necessary to study localized wind pressures that may lead to local 
damages and cascading failures.

To study local wind pressures on the wall siding, PEFs were 
calculated for various tributary areas. Results indicated that for 
individual points PEFs are not less than about 70% for cases of 
negative pressure coefficients and about 40% for cases of pressure 
coefficients with positive sign (pressure). When tap combina-
tions covering larger areas were considered, PEFs ranged from 
approximately 50 to 80% for cases of pressure coefficients with 
negative sign (suction) and from 15 to 75% for cases of “pres-
sure.” According to various cases considered, the average wind 
pressure carried by the vinyl siding is about 75% of the design 
suction pressure for the whole wall assembly and about 40% of 
the “pressure.” These results indicate that the suggested ASTM 
PEF of 0.36 is somewhat unconservative for the design of details 
and local supports. The current results suggest that the net load 
on vinyl wall siding for 1 m2 of tributary area can be obtained by 
applying PEFs of 0.75 and 0.40 to the net design “suction” and 
“pressure” loading, across the whole wall assembly, respectively. 
However, for smaller tributary areas (~0.2 m2), the PEF should 
be about 0.85 to help prevent local failure of connection(s) that 
could lead to cascading failure. Further research on pressure 
equalization on vinyl siding cladded wall systems is needed to 
explore the effects of different size internal cavities and different 
types of siding materials and wall details. Future studies on this 
topic should also consider other factors such as different ratio of 
plan dimensions, change in building height, etc. This will help to 
establish appropriate wind design provisions to lessen the risk of 
damage to vinyl wall sidings under high winds.
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This paper first discusses the current status of natural hazard-induced disasters, with 
special focus on devastating wind-related disasters in the Asian region. The importance 
of the combined effects of wind and water hazards, the importance of performance of  
cladding and components in wind-resistant design of buildings, and deterioration of 
metal roofing systems of long-span structures mainly caused by fatigue of fixing joints 
due to daily solar heating effects are demonstrated. Some human errors caused by 
lack of attention to aerodynamic and structural behaviors are also indicated. Then, psy-
chological impacts and social impacts are discussed, and common underestimation of 
social impacts of wind-induced disasters on society is pointed out. The main reason for 
repeated wind-induced damage is lack of information on the real performance of clad-
dings, components, and main frames under wind actions. The demand and necessity 
for full-scale tests are emphasized, aiming to check the performance of building and 
structural systems under realistic and controlled conditions of extremely strong actions 
of wind, rain, snow, fire, solar heating, and so on. Finally, the academic and social signif-
icance of the full-scale storm simulator is discussed.

Keywords: full-scale storm simulator, wind-related disaster, tropical cyclone, tornado, economic loss, human 
loss, psychological impact, social impact

InTRoDUcTIon

Human beings spend their daily lives within the range of the atmospheric boundary layer (ABL), in 
which the air flow is affected by friction due to ground surface roughness. The air flow within this 
range is generally called wind, and strong wind occasionally causes severe damage to infrastructures 
and people due to its aerodynamic effects. However, weak- or medium-level wind can cause severe 
vibrations of structures or members and can have serious environmental impacts on human society, 
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FIgURe 1 | Image of cyclone Bhola, november 11, 1970 (noAA, 
Wikipedia).
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such as air pollution problems and thermal effects. There are sev-
eral wind climates that cause damage to buildings and structures, 
including monsoons, frontal depressions, tropical cyclones, gust 
fronts, downbursts, tornadoes, dust devils, katabatic winds, lee 
waves, and so on. Tropical cyclones are intense cyclonic storms 
that occur over tropical oceans, mainly in summer and early 
autumn. They are known as typhoons in the West Pacific Ocean 
region, cyclones in the Oceania and the Indian Ocean regions, 
and hurricanes in American and Caribbean regions, with slightly 
different definitions. The diameters of tropical cyclones, defined 
by the isobar of 1,000 hPa, range from around 100 to 2,000 km, 
but are usually of the order of several 100  km. The thickness 
of the atmosphere involved is about 10–12 km, and a roughly 
circular “eye,” or “hot tower,” is formed in the storm’s center. It 
should be noted that tropical cyclones are often accompanied by 
severe local storms (SLSs) such as tornadoes and downbursts. 
Almost all devastating wind-induced disasters result from com-
bined effects of strong wind and accompanying water hazards 
due to heavy rain and storm surge. The social impacts of these 
“wind-related” disasters have been some of the most severe in 
our human society (Tamura et al., 2012). At the bottom of the 
ABL, human activities are also seriously disturbed by other 
meteorological phenomena such as snow, hail, extremely hot/
cold temperature, and so on, and winds always have strong 
impacts on those phenomena. Fire hazards also occur at the 
bottom of the ABL either as meteorological/natural hazards or 
man-made hazards, and they cannot be treated without wind 
effects.

The risk of future disasters continues to escalate with popula-
tion shifts toward urban centers, and the impending threat of their 
increased intensity and frequency as hypothesized by potential 
climate change. Urbanization has also led to the deterioration 
of regional and global environmental quality with a far reach-
ing impact on public health. Not only accidentally occurring 
extremely strong wind events but also serious environmental 
problems in weak- or medium-level wind conditions should be 
treated as hazards causing severe disasters in our human society. 
The latter are invisible and long-lasting disasters and can be more 
dangerous than the former. This calls for a sustainable society 
that emphasizes reduced energy consumption and improved 
environmental quality (Tamura et al., 2012).

The Science Council of Japan (SCJ) selected 207 projects as 
the Academic Master Plans 2014 of Large Research Facilities 
and Large Research Projects (Master-Plan-2014, hereafter) 
(SCJ, 2014). In addition, the SCJ especially selected the 27 most 
important and most urgent projects from among the 207 projects 
in the Master-Plan-2014 as Priority Policy Projects (PPPs). The 
SCJ belongs to the Cabinet Office, Government of Japan, and 
consists of 210 Council Members and 2,000 Members from 30 
academic fields including civil engineering and in various areas 
such as liberal arts, social sciences, life sciences, physical sciences, 
chemical sciences, and engineering including civil engineering. 
The majority of the 27 selected PPPs are from areas in the life and 
physical sciences, and a few are from engineering. The “full-scale 
storm simulator (FSSS) and Meteorological Hazards Science Park 
(MHSP)” proposed by the first author of this paper has been 
selected as one of the 27 PPPs.

This paper emphasizes the importance, efficiency, and neces-
sity for full-scale facilities for disaster risk reduction (DRR), 
especially in the Asian region.

DeVASTATIng WInD-RelATeD 
DISASTeRS (WRDs) eSpecIAlly In 
ASIAn RegIon

Typhoon Vera attacked the central part of Japan in September 
1959. Its maximum recorded peak gust was 55.3  m/s, and the 
Japan Meteorological Agency estimated 75 m/s as the maximum 
peak gust from the lowest pressure recorded of 895 hPa. Fatalities 
and missing numbered 5,098, and the majority were caused by the 
storm surge. We should emphasize the combined effects of wind 
and water hazards.

In 1970, Cyclone Bhola (see Figure 1) struck East Pakistan. 
The highest record of 10-min mean wind speeds was 57 m/s, and 
the lowest pressure was 966 hPa. Economic loss was estimated at 
460 million USD, which is relatively high considering the GDP 
of this country. However, more seriously, a shocking number of 
fatalities and missing were reported, 300,000–500,000, of which 
there is no exact information. The majority of fatalities and 
missing were caused by the storm surge, again resulting from 
the combined effects of strong wind and water hazards. It is said 
that one of the reasons, why East Pakistan became independ-
ent from West Pakistan in 1971, was insufficient support from 
West Pakistan for this devastating disaster. Thus, the hot spots of 
human losses are in developing countries, especially in the South 
Asian region.

Typhoon 7513 recorded a maximum peak gust of 67.8 m/s at 
Hachijo Island, Tokyo, Japan, in 1975. The effects of topography 
and impacts of wind-borne debris were significant as seen in 
Figure 2.
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FIgURe 4 | Damage to two-layer folded steel plate roofing system of 
Spring-8, Riken, hyogo, Japan, by Typhoon chaba and Typhoon 
Songda, 2004 (by Kyodo: Tamura et al., 2005).

FIgURe 3 | Tornado damage in Manikganj, Bangladesh, April 1989.1FIgURe 2 | Debris impacts, Typhoon 7513 at hachijo Island, Tokyo, 
Japan.
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One of the most serious cases of damage in terms of fatalities 
due to tornados happened in Manikganj, Bangladesh, in April 
1989 as shown in Figure  3. Fatalities unofficially numbered 
800–1,300 (DMB, 2009). Based on the statistics of 36 years from 
1961 to 1996, the total number of fatalities due to tornados and 
SLSs in Bangladesh were 10,766, averaging around 300 people 
killed every year.

Examples of typical recent damage to long-span roof struc-
tures in Japan in 2004 are shown in Figures 4–7. Ten typhoons 
made landfalls on the Japanese main islands in 2004, which was 
a special year, while three or fewer typhoons make landfalls 
annually on average.

Figure 4 shows damage to roof plates of SPring-8 in Hyogo, 
Japan, due to two typhoons in 2004. Bolts connecting a two-layer 
folded steel plate roofing system to the main frames of the build-
ing had been damaged by fatigue effects due to daily solar heating 
before two typhoons struck this area. The peak gusts recorded at 
the site during these two typhoons, Chaba and Songda, were 39 
and 36 m/s, respectively. These were far below the corresponding 
design wind speed, which was around 60 m/s at 10 m high over 
open flat terrain. One side of the upper folded steel plate was 
engaged between the saddle and the clamp metal and crimped. 
The opposite side covered the end of the next upper folded steel 
plate on the clamp metal, and the upper folded steel plates were 
not fixed to prevent rain leakage and to allow the upper folded 
steel plates to slide along the roof span. This was expected to deal 
with the extension and contraction of the folded steel plate due 
to temperature change. This building was a special experimental 
facility having a 1.5-km-long perimeter and a 30-m roof span, 
and contained ultra-precision devices and instruments, which 
did not allow building deformation. The number of striations 
observed in the bolts closely corresponded to the number of days 
after building construction in 1996. This suggests the need for 
careful design of the building’s cladding and components, as well 
as emergency inspections of this kind of structure and periodic 
inspections every 5–10 years to maintain the quality of the roof 
system. Structural designers are mainly concerned with struc-
tural frames and give less attention to cladding and components. 

An efficient and feasible system to guarantee the performance of 
claddings with close collaboration between structural designers, 
manufacturers, and constructors should be established.

1Rahman, M. S. (2014). Bangladesh Disaster Preparedness Center (BDPC), Personal 
Communication.
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FIgURe 5 | Damage to membrane dome structure in Shimane, Japan, 
caused by Typhoon Songda, 2004 (nishimura et al., 2005).
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Figure  5 shows damage to a dome structure with wooden 
truss frames in Shimane, Japan, due to Typhoon Songda. The 
membrane was made of glass fibers with a Teflon coating. In 
order to create the beautiful V-shape waves seen in Figure 5, 
outer cables are used. However, dust had accumulated between 
the outer cables and membranes, and their surfaces had been 
continually rubbing each other due to micro-tremors by 
ambient excitations. As a result, the coated upper surface of 
the membrane had already been damaged before the typhoon 
excitation.

Figures 6 and 7 suggest a similar situation of roof cladding 
systems to Figure 4 due to solar heating and resultant fatigue 
effects on connecting bolts and elements as well as less atten-
tion to periodic maintenance. It is especially ironical that the 
upstream non-engineered traditional house survived without 
serious damage but the steel roof sheets of the engineered 
downstream school gymnasium were significantly damaged, as 
seen in Figure 7. This demonstrates that the roof sheets of the 
gymnasium had not been sufficiently fixed to the roof frame 
and had no resistance to suction forces. The reason for this 
can be attributed to deterioration over time, including fatigue 
effects.

In 2005, a single-layered lattice dome coal yard in Hualien, 
Taiwan, collapsed during Typhoon Haitang. The open-top 
structure has disadvantages from both aerodynamic and struc-
tural rigidity viewpoints, and the single-layered-dome system 
fosters structural instability. Hurricane Katrina caused serious 
human and economic losses to the US due to the combined 
effects of wind and water hazards. It has been reported that 
more than 2,500 people were killed, and 108 billion USD of 
damage was caused (Brunkard et al., 2008; Blake et al., 2011) 
also in 2005. Some damage to tall buildings reported by the 
media strongly suggested the importance of cladding design, 
especially window panes and roof cover sheets. Damage to the 
Louisiana Super Dome also suggested poor performance check-
ing and maintenance of a roofing system similar to those shown 

in Figures 4, 6 and 7. More importantly, many people evacuated 
to this dome and were forced to spend a very uncomfortable 
time inside it. This devastating disaster by Hurricane Katrina 
also suggested the serious combined effects of wind and water 
hazards.

Damage to cladding and components of a building is not 
limited to them. The situation inside the building can become 
terrible, as seen in Figure 8, which shows damage to window 
panes of a tall building in Houston, TX, USA, due to Hurricane 
Ike in 2008. Wind and rain got into rooms and destroyed almost 
everything, because design of materials and systems used 
inside rooms of buildings basically do not consider the effects 
of external forces (Brewick et al., 2009). Damage to furniture, 
equipment, and other articles contained inside this building 
stopped its required functions and caused significant economic 
losses.

In the same year, 2008, Cyclone Nargis made landfall in 
Myanmar and had significant impacts on the society, as seen in 
Figure 9. Fatalities and missing numbered more than 138,000, 
and economic losses were estimated at 10 billion USD (Zaw, 
2009). There was a shocking number of human losses and a high 
ratio of economic losses to Myanmar’s GDP. This devastating 
disaster was also due to the combined effects of wind and water 
hazards.

Figure 10 shows collapsed roof frames of a convention center 
in Leyte, the Philippines, due to Typhoon Haiyan in 2013. The 
Severe Weather Bulletin for Typhoon Haiyan by the National 
Disaster Risk Reduction and Management Council estimated 
the maximum peak gust at 76  m/s from the lowest observed 
pressure. The highest maximum peak gust actually observed 
by PAGASA stations was 57  m/s in the City of Roxas, Capiz. 
Although the meteorological records at Tacloban Airport 
Weather Station were lost in the 7-m-high storm surge, one 
of the officers gave evidence that the maximum 3  s peak gust 
he saw was 65–69  m/s, which coincided with the wind speed 
estimated from bent rebars at 65–70 m/s (Sanada et al., 2015). 
The mechanism of collapse of the steel trussed roof beams is 
estimated as follows. There are many ventilating openings on 
the windward wall as seen in Figure 10. So, the internal pres-
sure became positive due to the air flow coming into the room, 
and the uplift force acting on the roof increased, especially 
near the roof ’s leading edge. Combined with the high negative 
pressure on the roof ’s external surface, the lift force acting on 
the upstream end significantly increased. It is not clear if the 
designer considered this exaggerating effect on the lift force of 
the roof frame, but the uplift could have been more than the 
design estimation. Then, the roof beams at the upstream end 
were lifted up and dropped from the beam supports. Many 
evacuated people were killed in this building, which had been 
designated as one of the evacuation places in case of disasters, as 
was the Louisiana Super Dome. The fatalities and missing were 
reported at 7,986 (NDRRMC, 2014).

As is easily understood, some of those failures were caused 
by more or less human error, and provided by poor knowledge 
and less attention to the performance of cladding and roof-
ing systems. The necessity for FSSSs should be realized and 
emphasized.
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FIgURe 9 | Damage due to cyclone nargis in 2008, Ayeyarwaddy 
Division, Myanmar (Zaw, 2009).

FIgURe 8 | Damage to a tall building in houston, TX, USA, due to 
hurricane Ike in 2008 (Brewick et al., 2009, courtesy of A. Kareem).

FIgURe 7 | Damage to a school gymnasium in hiroshima, Japan, 
caused by Typhoon Tokage on october 20, 2004.

FIgURe 6 | Damage to steel roof sheets on a gymnasium in Kagawa, Japan, caused by Typhoons Dianmu, namtheun, and Tokage, 2004 [courtesy of 
F. nagao and h. nishimura (nishimura et al., 2005)].
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pSychologIcAl IMpAcT  
AnD SocIAl IMpAcT

As already discussed, Cyclone Nargis struck Myanmar on May 
2, 2008, and left more than 138,000 dead or missing. However, 
this devastating disaster is only remembered by a few people. 
On the other hand, many people remember the Mw 7.9 (USGS) 
Wenchuan Earthquake, which happened on May 12, 2008 

in China, just 10  days after Cyclone Nargis. The Wenchuan 
Earthquake was also a devastating disaster and fatalities and 
missing numbered more than 87,000, but the disaster caused by 
Cyclone Nargis is as serious as or more so than that caused by the 
Wenchuan Earthquake.

Similar phenomena have often been observed in Japan when 
comparing typhoon disasters and earthquake disasters. For 
example, the Niigata Prefecture Chuetsu Earthquake occurred on 
October 23, 2004, in Japan, and fatalities and missing numbered 
68, and the majority of Japanese people remember this disaster. 
However, almost nobody remembers a disaster that occurred 
3  days prior to the Niigata Prefecture Chuetsu Earthquake. 
Typhoon Tokage struck the central part of Japan on October 
20, 2004, and left 98 fatalities and missing. The media widely 
disseminated and reported the disaster scenes for 3  days after 
October 20, 2004. However, when the Niigata Prefecture Chuetsu 
Earthquake occurred, the media’s interest, people’s concern, and 
rescue by governments were all shifted and directed to the people 
and the area affected by the Earthquake, and people almost forgot 
about the disaster caused by Typhoon Tokage. In this case, the 
fatalities and missing resulting from Typhoon Tokage were also 
much larger than those resulting from the Niigata Prefecture 
Chuetsu Earthquake.

Why are people’s reactions to tropical cyclone events 
and earthquake events different? One of the reasons may be 
attributed to the difference between the psychological impacts 
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FIgURe 10 | Failure of a convention center in leyte, The philippines, due to Typhoon haiyan in 2013.
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of these two natural hazards. Earthquakes strike suddenly 
without warning, thus having intense psychological impacts on 
us. However, tropical cyclones and their tracks can be predicted 
with a sufficient lead time of 5  days or so, and we know the 
time of a tropical cyclone strike beforehand based on more 
or less established early warning systems. So, we know and 
can understand a tropical-cyclone-induced disaster’s happen-
ing, and its psychological impact is not significant. However, 
earthquakes come randomly and occur unexpectedly. An 
earthquake-induced disaster is always surprising and is too 
abrupt to accept. This confusion magnifies its psychological 
impacts. Although it is obvious that the psychological impact 
is not proportional to the social impact, people tend to equate 
psychological impact and social impact. Biased coverage by 
media stimulates people and governments’ reactions, and this 
kind of misunderstanding is widely made even in local and 
the central governments. Thus, people tend to consider that 
earthquake disasters are more significant than tropical-cyclone 
disasters and show less consideration for their actual social 
impacts. This can also result in a difference between research 
funds for the two academic fields.

There are similar misunderstanding between tornados and 
tropical cyclones. As for earthquakes, tornado occurrences are 
rarely predicted and strike suddenly. Thus, the psychological 
impacts of tornado disasters are much higher than those of 
tropical cyclone disasters. This of course differs from country to 
country, but damaged areas due to tornados are very limited com-
pared to those due to tropical cyclones. The damaged area caused 
by a tornado is around 0.16 km2 on average in Japan (Niino et al., 
1997). The average damaged area caused by a landfall typhoon in 
Japan is not clear, but a very rough and general estimation would 
be in the order of 100 km × 200 km. The annual number of torna-
dos occurring in Japan is estimated at 26, excluding waterspouts 
and other SLSs (JMA Tornado Database, 2016), and 3 typhoons 
strikes every year. Thus, damaged areas caused by typhoons are 
around 15,000 times larger than those caused by tornados. The 
social and economic losses caused by typhoons are much higher 
than those caused by tornados, but the media prefer to show 
images and videos of funnel-shaped clouds of tornados taken by 
commonly used cell phones, which maximize the impressions of 

viewers. Thus, people misunderstand the importance or social 
impacts of typhoon and tornado disasters.

RepeATeD DAMAge DUe To nATURAl 
hAZARDS

It is estimated that 70–80% of natural hazard economic losses 
have been caused by strong wind hazards and related water 
hazards (Cermak, 1993; Kareem et  al., 2008; Tamura, 2009; 
Tamura and Cao, 2011; Munich, 2015). Almost 80% of insured 
losses have been caused by wind storms only, and more than 90% 
have been caused by wind and water hazards (Munich, 2014). 
The majority of strong wind storms are accompanied by heavy 
rain and storm surges, e.g., Hurricane Katrina, 2005, in the US 
and Cyclone Nargis, 2008, in Myanmar, and to cope with the 
combined effects of such multi-hazards of wind and water is a 
pressing issue. Fire, snow, hail, and so on can also be strongly 
affected by winds, and the combined effects of those events 
should also be considered.

The majority of buildings damaged by strong winds are non-
engineered wooden houses and low-rise steel-frame buildings. 
As mentioned before, the annual number of tornados in Japan 
is 26, while the total number of SLSs reported every year includ-
ing waterspouts, downbursts and others is 64. The number of 
US tornados is estimated at around 1,000–1,200. However, 
considering the more than 20 times difference between the 
land areas of the two countries, the probability of tornado 
events in Japan is comparable with that in the US. Even so, the 
probability of a particular individual building encountering a 
tornado is very low: 40,000-year-recurrence level on average 
in Japan and 230,000-year-recurrence level for strong tornados 
such as F2 or more in the US (Tamura et al., 2008). This low 
probability has resulted in the fact that tornado actions are 
largely ignored even in design of high-risk facilities such as 
nuclear power plants, LNG tanks, and industrial waste disposal 
facilities, and also for highly important facilities such as data 
centers. There are piles of emerging issues to be solved related 
to SLSs.

In the concluding remarks in post-wind-disaster investigation 
reports, the following are commonly said:
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 – The majority of damage is to roofs and windows;
 – Cladding and component damage initiate overall building 

damage;
 – Topographic effects and debris effects are significant.

Thus, by only reading the concluding remarks, you would 
not be able to identify when the report was written, 1975, 1991, 
or 2014. The same things are repeated without any essential 
improvement.

These difficulties in coping with natural hazards including 
wind hazards result from the fact that the performance valida-
tion of buildings and structures against devastating rare events 
of several decades-, hundred-, or thousand-year-recurrence level 
have been made only by ambiguous estimation from incidentally 
occurring damage marks, and is like groping in the dark. The 
main problem is that performance evaluations done to date are 
inadequate.

DeMAnD AnD neceSSITy  
FoR FUll-ScAle TeSTS

In order to solve those difficult problems by improving the per-
formance of infrastructures, we need to construct a large FSSS 
that can contain full-scale buildings and simultaneously generate 
meteorological events including strong wind, fire, rain, snow, 
hail, and solar heating, and we need to examine the performance 
of cladding/components and main frames of buildings. It is not 
possible to make an ordinary boundary layer wind tunnel large, 
and new devices are required for simulating nature and typical 
characteristics of typhoon winds and/or tornados by using actively 
controlled multiple fans and/or spires such as the Insurance 
Institute for Business and Home Safety (IBHS) Research Center 
(2010) in the US and the WindEEE Dome (2013) of the Western 
University in Canada. We could then conduct efficient full-scale 
investigations under controlled conditions for saving lives and 
maintaining the integrity of buildings, structures, and other 
infrastructures from devastating meteorological hazards with 
recurrence periods of several decades, or hundreds, or thousands 
of years.

It is interesting that the University of Florida (UF) established 
the Storm Protection Laboratory in 1952. Since then, they have 
consistently been concentrating their interest on performance 
evaluation of houses and buildings during strong wind events. 
The UF was recently equipped with a Spatiotemporal Pressure 
Loading Actuator and a Muti-Axis Wind Load Simulator, so they 
can now do full-scale tests applying realistic fluctuating wind 
loads on mainly parts of buildings.

Pioneer works using a large-scale wind tunnel facility to 
investigate the performance of building parts, low-rise houses, 
automobiles, and so on have been made by the Jules Verne Climate 
Wind Tunnel at Centre Scientifique et Technique du Bâtiment in 
France, since 1998 (Flamand, 2015). The maximum wind speed 
is 80 m/s, and 200 mm/h precipitation and 200 mm/h equivalent 
snow fall can be supplied. Combined effects of wind, snow, rain, 
and solar heating can be examined in full-scale conditions.

The International Hurricane Research Center was established 
in 1996 in Florida International University, and they constructed 

a 2-fan Wall of Wind (WOW) in 2005 and developed a 12-fan 
WOW in 2011, which can simulate the combined effects of wind 
and rain. The aim of this facility was mainly focused on full-scale 
tests to determine the performance of buildings.

Similar to UF, full-scale tests using PLA and reaction frames 
have been conducted in the “Three Little Pigs” Project by the 
University of Western Ontario (UWO) (Kopp et  al., 2008). 
Realistic fluctuating external pressures obtained from scaled 
wind tunnel tests can be applied to full-scale buildings using 
multi-chamber pressure test methods.

As mentioned already, the IBHS Research Center in the US 
constructed a Storm Generator with 105 actively controlled fans 
in 2010. The test chamber is 44.2 m × 44.2 m in plan and 18.3 m 
high. The IBHS Storm Generator can simulate the combined 
effects of wind, rain, hail, and fire. The maximum wind speed 
is 53  m/s, corresponding to Category 3 hurricanes. Full-scale 
two-story wooden houses can be blown off. The proposal of FSSS 
and MHSP to SCJ (SCJ, 2014) owes a lot to the idea of this IBHS 
Storm Generator. The WindEEE Dome was established in 2013 
in the UWO in Canada (Hangan, 2015). This is a very unique 
facility that can generate various types of flow fields including 
uniform straight winds, ABL winds, shear flows, downbursts, 
tornados, and so on, using 106 individually controlled fans. 
Storm systems 5  m in diameter can be generated with 2  m/s 
translational speed.

oUTlIne oF FSSS AnD MhSp

Full-scale storm simulator proposed to SCJ (SCJ, 2014) should 
contain two- or three-story full-scale houses in its test chamber, 
because the majority of economic losses in Japan due to wind-
induced damage to buildings are to such low-rise wooden houses. 
Combined effects of multiple meteorological hazards such as 
wind, rain, snow, hails, solar heating, and fire should be tested 
to check the integrity and performance of claddings/components 
and structural frames. The test chamber part is 50 m × 50 m in 
plan and 25 m high, and an inlet passage part and an outlet pas-
sage part are smoothly connected to the test chamber, without 
sudden changes in sectional shape. The maximum wind speed 
should be higher than 80 m/s, and the rain and snow intensity 
should be more than 200 mm/h. FSSS should generate different 
types of extreme winds such as straight typhoon winds and 
tornadic winds by combining active type and passive type flow 
generators. The most important target is ABL flows with vertical 
shear reproducing extreme typhoon winds. The stronger semi-
circular parts of tornadic flows with translational velocity, which 
cause the majority of damage areas due to tornados, should also 
be generated. Unsteady aerodynamic effects on buildings due 
to a sudden increase in wind speed should also be simulated, 
because these effects commonly appear in SLSs. This facility is 
mainly designed for performance tests on buildings/structures 
and their parts; load evaluation is not the main focus. The wind 
speeds should be very high for all types of extreme winds, and 
the treatment and control of debris due to failure of building/
structures are important. Therefore, fans or machines for gen-
erating flows should not be located downstream of models, so a 
push-on-type wind tunnel system should be adopted. For these 
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purposes, 160 actively controlled fans might be necessary, and 
the required electric power is estimated at 90  MW. Figure  11 
shows a schematic image of FSSS and MHSP (Tamura, 2015), and 
Figure 12 shows an example of the results of a study on a passive 
type flow generator simulating a part of translational tornadic 
winds (Phuc et al., 2016).

It should also be useful for education and enlightenment 
activities for DRR, because those quite rare events cannot be 
experienced in the life-time of individuals, and it is almost impos-
sible to make good use of the experience gained in emergencies. 
Therefore, FSSS is also used as the MHSP, which should be open to 
the public. The MHSP has functions of a hands-on-type Science 
Museum, Research Institute, and a Training and Education 
Center related to DRR activities.

AcADeMIc AnD SocIAl SIgnIFIcAnce

Studies on wind-resistant design of buildings and structures have 
mainly focused on improving the performance of main frames, 
and building standards and codes contain plenty of pages of 

provisions related to this, and they of course have contributed 
significantly to society in realizing safer and habitable tall- or 
super-tall buildings and long-span structures. However, wind-
induced damage has been done to non-engineered buildings, for 
which appropriate structural design cannot be made, and human 
losses have been caused by damage to these kinds of buildings. 
In particular, the majority of wind-induced building damage has 
been triggered by failures of claddings and components, and it 
is difficult to check their performance or resistance against wind 
actions in wind-resistant design.

It is commonly true anywhere in the world that what we can 
do about extremely strong typhoons, devastating tornados, heavy 
snow, heavy rain and so on with a recurrence periods of several 
decades/hundred/thousand years is limited to observing various 
marks of incidentally and randomly occurring damage due to 
an unexpected event at any moment at any unpredicted place, 
under different and limited external conditions, resulting in many 
fatalities and huge economic and social losses. Therefore, it is 
almost impossible to accurately determine the physical relation 
of external actions and the resultant behaviors of buildings and 
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structures. There has been little clarification of external actions of 
such extreme events on buildings and structures, and the failure 
mechanisms of building systems and similar disasters have been 
repeated.

For example, the recent development of wind engineering 
methods and technologies has significantly contributed to 
realization of tall and super-tall buildings or long- and super-
long-span roof structures and bridges, as shown in Figure  13 
(CTBUH, 2015). However, they do not seem to have contributed 
to reduction in WRD risk around the world, as indicated in 
Figure 14 (Munich, 2014), which clearly demonstrates the recent 
significant increase in the number of wind storms and floods. As 
is well known, strong typhoons, cyclones, and hurricanes have 
almost always been accompanied by heavy rain and storm surges, 
and wind hazards and water hazards can occur simultaneously, 
and the majority of devastating disasters caused by strong wind 
events are due to the combined effects of wind hazards and water 
hazards, which are expediently called “wind-related disaster” in 
this paper.

There are many methods for evaluating the performance of 
building materials and systems including pressure chambers 
giving repeating and fluctuating pressures on claddings and 
components. However, they are limited to providing specified 
pressures given beforehand and cannot realize the entire flow 
field creating the fluctuating pressure field, which essentially 
varies spatiotemporally and changes with the progress of the 
deformation of or damage to claddings, components, and 
partial or whole building systems. In order to check the per-
formance of a building partially or entirely, we should follow 
the fracture process of the complex system of the building con-
sisting of various materials and members including claddings, 
components, sub-frames, main frames, and foundations. The 
fracture process cannot be tested by a scaled model or numeri-
cal calculations.

The similarity laws for aerodynamic phenomena due to 
winds have been more or less established, and wind loading 

effects can be evaluated using scale models. Reynolds number 
effects cannot be perfectly solved, especially for structures with 
curved surfaces and for local peak pressures acting on roof 
corners. However, the majority of buildings have edged corners, 
and the Reynolds number effects are not so serious. However, 
the similarity laws are very difficult to satisfy using scale models 
when we consider the combined effects of two different kinds of 
meteorological phenomena such as wind and snow, or wind and 
fire, and so on. The similarity law can be satisfied for an indi-
vidual phenomenon using a scale model, but it is quite difficult 
for two different phenomena combined, and almost impossible 
in many cases. Therefore, full-scale tests are required for such 
combined effects.
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In order to overcome these difficulties, there is no other way 
than to conduct full-scale tests using a full-scale model. That’s 
why a FSSS should be constructed. An FSSS can resolve the fol-
lowing problems that traditional wind tunnel tests using scaled 
models cannot achieve the following:

 – Performance of entire buildings/structures and parts includ-
ing fracture progress

 – Combined effects of wind, snow, rain, hail, solar heating, and 
fire

 – Reynolds number effects.

An FSSS can efficiently provide appropriate solutions for 
systematically controlled cladding, components, structural and 
building systems, construction methods, and so on, and will per-
form well in modeling several decades-, hundred-, or thousand-
year-recurrence rare events, in a timely manner.

Consequently, we can make following paradigm shifts:

 – From indirect understanding of phenomena to direct 
understanding;

 – From a single external action to multiple external actions; and
 – From load estimation to performance estimation.

Thus, a lot of break-through researches can be made over a 
wide range of academic fields and significant developments in 
relevant industries can be promised, as well as significant impacts 
on the DRR. Significantly improved performance of buildings 
and structures, power generation systems, transmission facili-
ties, agricultural facilities, fishery facilities, and so on will have 
widespread effects on society, and contribute to construction of a 
sustainable and resilient civilian world.

Almost 45 billion USD, 27 billion USD, and 24 billion USD 
are lost every year in the US, China, and Japan, respectively, 
due to natural hazards, as shown in Figure  15 These losses 
have been accumulated year by year and have been deep 

body blows to society. We should note that the hot spot of 
economic losses is in developed countries. If we could make 
a 2% reduction in economic losses by FSSS construction and 
efficient operation, 900 million USD, 540 million USD, and 
480 million USD would be saved every year, and one or two 
decades accumulations would result in 9–18 billion USD, 5–11 
billion USD, and 5–10 billion USD benefits to the US, China, 
and Japan, respectively.

This kind of facility will also have some strategic advantages by 
taking leadership in the following:

 – Development of building materials, and structural and con-
struction methods suitable for each country;

 – Development of building materials, and suitable structural 
and construction methods for developing countries such as 
in the Asian region;

 – Aid to developing countries in providing integrated network 
infrastructures;

 – Foreign market penetration for DRR business; and
 – Highest level of DRR research and education.

conclUDIng ReMARKS

Based on past discussions and the current status of natural 
hazards and hazard-induced disasters, difficulties in using scale 
models to evaluate the performance of buildings and structural 
systems including fracture processes of members, claddings, and 
components; difficulties in satisfying similarity laws for scale 
models in case of combined effects of multiple hazards such as 
wind and snow and so on; and the fact that enormous economic 
losses have accumulated in Japan and other countries; and so 
on have been recognized. Human and economic losses due to 
meteorological hazards have been significant. The hot spots of 
human losses are in developing countries such as South Asia, but 
the hot spots of economic losses are in developed countries such 
as the US, Japan, and China. Recently, the number of devastating 
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disasters due to meteorological hazards has been increasing 
because of rapid urbanization or other reasons.

It has been demonstrated that full-scale test facilities such 
as FSSS and MHSP to check the performance of buildings and 
structures are required to minimize the effects of disasters due to 
natural hazards.

Incidentally, the fire insurance premium rate (FIPR) in Japan 
has increased by 2–4% since October 2015. The main reason 
for this increase is the recent significant increase in insurance 
payments due to increase in the effects of disasters induced by 
wind storms including explosive low-pressure systems, strong 
typhoons, tornados, and so on. The increase in FIPR may solve the 
economic concerns of insurance companies, but it cannot solve 
the social problems of the huge accumulating economic losses 
and strongly hypothesized future amplification of this increasing 
trend due to climate change effects.

Thus, there is a strong need for full-scale facilities, and they 
should have the highest priority from the viewpoint of national 
resilience policies of governments in the Asian region.
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This study investigated the role of duration and tornado-induced static pressure on 
peak pressures on a low-rise building. A tornado simulator was used to generate both 
translating and stationary vortices to measure pressure time series on a building model. 
Time-resolved velocity measurements were also made on the vortex to aid in the anal-
ysis. Past studies have suggested that peak pressures on buildings in tornadoes were 
up to 50% higher than straight-line atmospheric boundary layer values as provided by 
ASCE 7–10. This study showed that much but not all of this increase can be explained 
by the static pressure of the vortex. While subtracting the static pressure from pressure 
time series and normalizing by a local horizontal velocity brought peak pressures closer 
to what one would expect from straight-line flows, and these data showed that some 
peaks could still be significantly larger than ASCE 7–10 provisions. To consider duration 
effects, translating and stationary vortex data were used with varying exposure times. 
Results showed that peak pressure magnitudes could increase by factors of 1.1–1.4 
depending on duration. Work like this could lead to factors to adjust tornado pressure 
coefficients for the effect of event duration. The largest pressure peaks were observed 
to occur in or near the vortex core, and profiles of vertical velocity and static pressure 
suggest that strong unsteady vertical gusting and strong static pressure fluctuations 
could play a role in creating these large peaks.

Keywords: tornado, low-rise building, non-synoptic winds, tornado simulator, experimental aerodynamics

inTrODUcTiOn

This study constitutes a continuation of the work reported in Haan et al. (2010) where the Iowa State 
University (ISU) tornado simulator was used to measure tornado-induced pressures on a low-rise 
building model. The specific goal of this work was to examine how peak pressures induced by a 
tornado vortex depend on the static pressure induced by the vortex and on the amount of time it 
takes for a vortex to pass over a building (duration effect). Tornado-induced pressures on low-rise 
buildings have been studied by several researchers over the years. Chang (1971) and Jischke and 
Light (1983) were among the first to employ laboratory tornado simulators with building models 
to assess loading on buildings. Mishra et al. (2008) found significant differences in the character 
of the loading between straight-line boundary layer tests and tornado simulator tests. Haan et al. 
(2010) reported tornado-induced roof pressure coefficients that were 50–60% larger than ASCE 7 
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FigUre 1 | Building model schematic showing pressure tap numbering, the x and y direction definitions, and the approach angle (θ) definition.  
The large arrows indicate the translation and rotation directions of the vortex; the vortex translated through the center of the building for all tests.
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provisions. Integrated uplift loads were also reported and had 
values that were two to three times that predicted with ASCE 7 
provisions. The large difference between those vertical loads and 
ASCE 7 are part of the motivation for the present work.

Kikitsu et  al. (2011) examined the role of internal pressure 
along with external pressure. They reported that the total uplift 
loading on a building can be reduced significantly depending on 
the size and orientation of holes in the building envelope. More 
recently, Sabareesh et  al. (2013a,b) has used a tornado simula-
tor to examine pressures on low-rise buildings with respect to 
ground roughness. Ground roughness was found to increase both 
internal and external pressures. Although internal pressure plays 
an important role in tornado-induced loading, this study’s focus 
was on identifying the behavior of external pressures induced by 
tornado vortices.

While the ISU simulator was the largest of its kind when 
built, the future of research on tornado-induced loading includes 
even larger facilities and the promise of investigations at larger 
Reynolds numbers. The VorTECH facility at Texas Tech and the 
WindEEE Dome at the University of Western Ontario (Refan 
and Hangan, 2016) can simulate higher speed flows with larger 
diameters than the ISU simulator.

Recent field research has also aided the study of tornado-
induced loading. Kosiba and Wurman (2013) reported tornado 
boundary layer profiles that showed the highest velocity near the 
ground. Velocities at 4 m above ground level were 10–30% greater 
than those at 10 m. Data from a vehicle-mounted anemometer 
(Wurman et al., 2013) also showed velocities at 3.5 m above the 
ground to be greater than those aloft. These general trends are 

consistent with velocity measurements in the ISU simulator 
(Fleming et  al., 2013) and lend credibility to simulator testing. 
Unfortunately, field data acquisition has not yet captured the 
turbulent flow quantities necessary to make precise estimates of 
aerodynamic loading. Tornado simulator velocity measurements 
and pressure measurement are still the only means for doing so.

As stated above, this project is a continuation of previous 
work. Since that previous work, time-resolved velocity measure-
ments have been made with the translating vortex and a data set 
for building pressures in the presence of a stationary tornado have 
been acquired. This paper uses both of these data sets to unpack 
the effects of static pressure and of duration.

eXPeriMenTal anD analYTical 
aPPrOach

The experimental approach involved use of the tornado/
microburst simulator at ISU. This section will describe the wind 
facility, the gable roof model used in these tests, the test condi-
tions included in this analysis, and the analytical approach for 
identifying peak pressure coefficients. It should be noted that the 
focus of this study was on external pressures. While internal pres-
sures play an important role in tornado-induced loading, external 
pressures were the topic of this study.

Tornado simulator Facility
Iowa State University houses a tornado simulator that was 
conceived and built for testing model structures in tornado-like 
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FigUre 2 | schematic diagram showing the relationship between the 
vortex position and the measurement position.

TaBle 1 | summary of parameters of the tornado-like vortex used in this 
study.

Parameter Value

Vortex type Low-swirl, single cell
[ ]VHavg max

t
9.6 m/s

Swirl ratio 0.1
Rc 0.22 m
Re 1.8–4.4 × 104

2Rc/W 4.8
Vortex translation speeds 0.15–0.61 m/s
Turbulence intensity at building height 28%

Rc is the radius of the vortex at the location of maximum tangential wind speed, Re is 
the Reynolds number based on building height, and 2Rc/W is the ratio of the vortex 
diameter to the building plan dimension.
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vortex flows. The facility consists of a 1.8  m diameter fan sur-
rounded by a 5.5 m diameter annular duct. The fan is fixed in 
the middle of the facility and draws air upward. This upward 
flow is redirected back downward through the annular duct. The 
downward flow is given rotation with adjustable guide vanes. The 
rotating inflow forms a vortex beneath the fan near the updraft. 
This vortex-generation mechanism is qualitatively similar to that 
of full-scale tornadoes. The fan and duct system is mounted on 
an overhead crane to allow the vortex to translate past models 
that are mounted on a ground plane beneath the system. Further 
details of the facility development are described in Haan et  al. 
(2008).

gable roof Building Model
The building model used in these tests was fabricated of acrylic 
and had plan dimensions (W) of 91  mm  ×  91  mm. The eave 
height was 36 mm with a maximum roof height (H) of 66 mm. 
The gable roof angle was 35°. The model is the same as that used 
by Haan et al. (2010) and was fitted with 89 pressure taps. These 
taps were connected by plastic tubing to an electronic pressure 
scanner and a PC. All signals were corrected for the dynamic 
effects of the tubing.

Figure 1 shows the numbering system for the pressure taps 
on the building as well as the coordinate system. All vortices 
rotate counter-clockwise and travel from the negative to positive 
x-direction approaching the building model at an angle, θ, as 
indicated.

Test conditions
A single, low-swirl vortex was used for these tests (referred to as 
a Vane1 vortex in Haan et al., 2010). Pressures were acquired on 
the building with the vortex translating and stationary. Table 1 
summarizes the test parameters, and the schematic diagram in 
Figure  2 defines notation and shows the arrangement of the 
measurement position relative to the tornado vortex.

Velocity measurements on this vortex were performed using 
a TFI Cobra probe located at the same measurement position as 
the model but with the model absent. The velocity measurements 
were conducted when the vortex was translating and when it was 
stationary. For the translating cases, five time series were acquired 
for each direction of the probe (because the probe can only 

acquire data within a 45° cone of acceptance, tests were run with 
the probe facing one way and then repeated with the probe turned 
around 180°). These time series were broken into 0.1-s segments. 
Within each segment, an average value and a peak value were 
computed. The nomenclature chosen for these two values was 
VHavg

t  and VHpeak

t , respectively. The superscript t was used to denote 
the “translating” case, and the subscript H denotes horizontal 
velocity (the vector sum of the tangential and radial components 
of the vortex—denoted as Vθ and Vr, respectively, in Figure 2). 
The velocity data for both stationary and translating vortices are 
presented in Figure 3 as a function of position (x) with respect 
to the center of the vortex core. The x positions are normalized 
by the radius of the vortex core, Rc (see Table 1). The stationary 
data in Figure 3 (denoted by the superscript s) were found from 
48 s of data at each x/Rc location. Each 48-s data set was divided 
into 1-s segments in which peak velocities were found. The data 
in Figure 3 represent the median of the resulting 48 peak values. 
More details on these velocity measurements can be found in 
Fleming et al.’s study (Fleming et al., 2013).

Values of VHavg

t  ranged from 4 to 10 m/s and were used (along 
with the building height) to estimate the Reynolds numbers of 
the building model tests. In this project, the Re values ranged 
from 1.8 × 104 away from the core to 4.4 × 104 at the core radius. 
It has conventionally been assumed that sharp-edged bluff body 
flows are relatively independent of Re effects for Re greater than 
~3 × 104.

The pressure and velocity tests considered in this paper 
involved vortex translation speeds from 0.15 to 0.61 m/s, and the 
pressure tests considered a single building orientation of 0° with 
respect to the vortex translation direction (see Figure 1 for angle 
definition). For translating cases, 10 passes of the vortex past the 
building were used to acquire pressure data. For stationary cases, 
48 s of pressure data were acquired for a range of vortex distances 
from the building center (x  =  0.4Rc  −  2.4Rc). The analytical 
approach for obtaining peak pressure coefficients is described in 
the next section. It should also be noted that velocity measure-
ments using the Cobra probe were conducted separately from the 
pressure measurements on the building. The measurements were 
not simultaneous.
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FigUre 4 | example time series from a roof pressure tap (#66) as the vortex passes the building as well as the static pressure generated by the 
vortex. Pressure tap #66 is circled on the building model. The large arrows indicate the direction of translation and rotation of the vortex. Note that both pressure 
coefficients were computed using a dynamic pressure based on [ ]VHavg

t
max.

FigUre 3 | horizontal velocity measurements for a translating and a stationary vortex. The lines represent local average velocities while the symbols are 
local peak velocities.
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analytical Details on Peak Pressure 
estimation
Figure 4 shows a single, illustrative pressure time series from 
roof tap #66 on the building model. This plot is a time series 
even though the horizontal axis has been transformed to show 
position of the vortex with respect to the center of the build-
ing. The figure also shows the vortex-induced static pressure 
( )( )C xpstatic

, the building orientation, and the rotation direction of 
the vortex. One method of finding peak pressure coefficients is 
to find the peak negative pressures from 10 of these time series, 

find the median of those peak negative pressures, and report 
the peak Cp using a dynamic pressure based on the maximum 
average horizontal velocity, [ ]VHavg

t
max, as shown in Eq. 1 below:

 

C
p p

V
p

H

peak

avg

ref peak

t

max

=
−( )






1
2

2
ρ

 

(1)

where ρ is air density, p is pressure measured at the pressure tap 
on the building, and pref is the laboratory pressure far outside 
the vortex (the reference pressure). Using this method, tap #66 
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FigUre 5 | (a) Horizontal velocity values from translating tests averaged 
over 0.1-s time intervals as the vortex passes. (B) Peak pressure coefficients 
from translating tests for tap #66 computed by subtracting static pressure, 
finding peaks in 0.1-s intervals, and normalizing with a dynamic pressure 
based on the local value of V xHavg

t ( ). (c) Same as panel (B) except normalized 

with a dynamic pressure based on the local value of V xHpeak

t ( ). Circles 
represent the median peak value and error bars represent 95% confidence 
intervals. The dashed line denotes the −1.2 peak pressure suggested by 
ASCE 7–10 for this roof location. The gray line is the static pressure.
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experiences Cppeak
 values of around −3.1. This is significantly 

higher than the ASCE 7–10 pressure coefficient of −1.2 for this 
location on the roof (ASCE, 2010). This approach to finding the 
peak is similar to that of Haan et al.’s study (Haan et al., 2010).

In the present study, a new approach was employed to 
determine the degree to which this large peak value comes from 
the vortex-induced static pressure in the core or from transient 
effects of the vortex passing. The intent was to strip away the static 
pressure and normalize the pressure to account for the transient 
velocity and see whether what remains could be considered 
equivalent to straight-line flow.

To implement this approach, the static pressure (as shown in 
Figure 4) was subtracted from the pressure signal to eliminate 
its role in generating large peaks. Also, the pressure peaks were 
normalized by a local velocity (following the velocity profile of 
Figure 3 rather than the maximum average velocity used in Eq. 1) 
to determine whether the vortex flow field itself plays a role in the 
large peaks. This approach can be formulated as shown in Eq. 2 
below if one normalizes using the peak velocity:
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where p x p( ) −( )ref peak
 is the peak pressure as a function of x com-

puted over each of the 0.1-s time segments described in Section 
“Test Conditions.” pstatic(x) − pref is the static pressure induced by 
the vortex and measured by averaging together all 89 building 
pressure taps for each time step. This vortex-induced static pres-
sure was also measured using floor taps with the building absent 
and using the Cobra probe with the building absent. All three 
methods produced the same static pressure curve.

resUlTs anD DiscUssiOn

Peak Pressures from adjusted Pressure 
signals
Adjusting the pressure signals as represented by Eq. 2 produces 
the C xppeak

( ) profiles presented in Figure 5. This figure shows peak 
pressure profiles made using both V xHavg

t ( ) and V xHpeak

t ( ) values and 
a line indicating the peak pressure provision of ASCE 7–10 for 
this roof location. Given the transient nature of the tornado, it 
is not clear which velocity would make for a more appropriate 
comparison with ASCE 7–10. Normalizing with local peak pres-
sures brought the C xppeak

( ) profile within the standard provisions. 
Further results in this study were all normalized with local peak 
velocity.

At the edge of the core and just outside it, peak pressures are 
greatest as are the confidence intervals for those peak pressures. 
A flat trend here would suggest that the aerodynamics outside 
the core might be fundamentally similar to straight-line flow if 
we simply account for the horizontal velocity being a function of 

distance from the core. Since the C xppeak
( ) values do not follow a 

flat trend, the idea that we have basically straight-line flow along 
with a static pressure adjustment appears too simplistic.

It should be noted that within the core, C xppeak
( ) values pro-

duced by Eq.  2 would grow very large because the horizontal 
velocity decreases greatly there. Rather than artificially inflating 
pressure coefficients there, C xppeak

( ) values for −1 < x/Rc < 1 were 
normalized using the maximum value of V xHpeak

t ( ).

Duration effects
Two different approaches were used to study duration effects. 
Comparing pressure peaks from stationary vortex events and 
from translating vortex events were the first method used to 
study the role of event duration in pressure peak generation. A 
set of data was acquired for a stationary vortex at various posi-
tions relative to the building. Since the translation speed of the 
tests included in this study were the fastest possible with the ISU 
simulator, the translating and stationary data sets presented here 
represent the shortest and longest durations that could be studied.

Figure 6 shows C xppeak
( ) profiles for tap 66 from these translat-

ing and stationary vortex tests. The stationary test coefficients 
were all computed by subtracting static pressure, finding peaks in 
1.0-s intervals, and normalizing with a dynamic pressure based on 
the same local value of V xHpeak

t ( ) used to normalize the translating 
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FigUre 8 | Pressure tap zone definitions for organizing the pressure 
taps shown in Figure 3. These zones are used for presenting the results of 
peak Cp and duration analysis in Figures 9 and 10.

FigUre 6 | Peak pressure coefficients for tap #66 from translating 
test (as in Figure 7) and also from stationary vortex tests. Error bars are 
95% confidence intervals. The dashed line denotes the −1.2 peak pressure 
suggested by ASCE 7–10 for this roof location.
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data (using the maximum value of V xHpeak

t ( ) for locations inside 
the core as described in Section “Peak Pressures from Adjusted 
Pressure Signals”).

The stationary vortex peaks were significantly larger than the 
translating vortex peaks suggesting that a vortex that spends more 
time on a given building would generate larger peaks pressures.  
The largest stationary vortex peaks have magnitudes 45% larger 
than the translating vortex peaks. Test results like this using 
stationary vortices might represent an envelope for the peak pres-
sures one can expect on a building, that is, in the worst case, when 
the vortex sits on a building without moving at all. To obtain a true 
envelope for such pressures; however, more parameters would 
need to be considered. For example, the diameter of the vortex in 
this case is about five times the building plan dimension. Testing 
how this ratio affects peak pressures would also need to be done.

The second method of studying event duration was to observe 
changes in peak pressures as a function of vortex translation 
speed. This was done somewhat in Haan et al.’s study (Haan et al., 
2010), but here it is done in a different form. In this study, a com-
parison was made between peaks found from stationary vortex 
pressure time series divided into segments of various lengths  
(to simulate various durations) and peaks from translating vortex 
pressure time series where the durations occur naturally given the 
transient nature of the tests.

For the translating vortex cases, the duration of the vortex 
event was estimated as the time that a point on the building is 
exposed to the vortex core, that is, the time it takes the vortex to 
translate past a single point. The duration, τ, then was estimated 
as follows in Eq. 3:

 
τ =

2R
V

c

t  
(3)

where Vt is the vortex translation speed. With this study’s transla-
tion speeds of 0.15–0.61 m/s, this resulted in duration values from 
0.7 to 2.9 s. Each translation speed was tested 10 times, peak Cp 
values were found for each of these 10 trials. A median peak value 
was found for the 10 trials for each translation speed.

For the stationary vortex cases, data were divided in a manner 
similar to that employed by Kopp and Morrison (2011). The 48 s 
of each stationary vortex time series was divided into segments 
as long as 10 s and as short as 0.1 s. Given the nature of turbulent 
flow pressure fluctuations, the longer time segments should 
result in larger peak pressures. The peak Cp was obtained for 
each segment and the median Cp was found for the entire 48 s 
time series.

All the peak values from various segment lengths (for both 
stationary and translating cases) were then normalized with the 
median Cp of the entire 48 s. stationary vortex time series. The 
resulting peak to median ratio for tap 66 is plotted as a function 
of duration in Figure 7. The data show that as duration increases, 
the peak to median ratio increases as well. In the next section, 
peak/median ratios are presented for all the pressure taps, and 
overall trends with respect to duration are discussed.

all Pressure Taps
The analyses already presented for tap 66 were also conducted 
for all 89 taps on the building model. To present these results 
in a concise manner, the pressure taps were organized according 

FigUre 7 | ratio of peak Cp to median Cp as a function of event 
duration, τ, for translating and stationary vortex tests on pressure tap 
#66.
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FigUre 9 | envelope curves for C xppeak
( ) values for all pressure taps for both stationary and translating vortex tests. Zones correspond to the definitions 

in Figure 8. ASCE 7–10 provisions are provided for each zone. Note: these zones do not coincide with ASCE 7–10 zones. The lines shown here represent the 
smallest magnitude ASCE 7 value for any tap in the zone.

TaBle 2 | summary table of C xppeak
( ) values for all pressure tap zones.

Pressure tap zone asce 7–10 Cp value stationary vortex Translating vortex

C xppeak
( ) without static relative difference with  

asce 7 (%)
C xppeak

( ) without static relative difference with  
asce 7 (%)

1 −1.1 −0.83 −25 −0.55 −50
2 −1.4 −0.66 −53 −0.94 −33
3 −1.1 −1.66 51
4 −1.4 −1.26 −10
5 −1.1 −1.35 23
6 −1.1 −0.92 −16
7 −1.4 −0.77 −45
8 −1.4 −1.39 −44 −0.66 −53
9 −1.1 −1.14 4 −0.87 −21

10 −1.1 −1.33 21 −0.86 −21
11 −1.2 −1.08 −10 −1.14 −5
12 −1.0 −1.36 36 −1.26 26
13 −1.0 −1.43 43 −1.25 25
14 −1.0 −1.89 89
15 −1.2 −1.34 11

All C xppeak
( ) values have static pressure removed. Shaded entries exceed ASCE 7 provisions.
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to zones as shown in Figure 8. These zones were chosen based 
on similarity of pressure peak behavior. Figure 9 shows envelope 
curves for C xppeak

( ) values for all the building’s pressure taps. To 
generate these envelope curves, the plots shown in Figure  6 
were made for all the pressure taps in a given zone. The envelope 

curves represent the upper and lower bounds of all the 95% 
confidence intervals of those pressure taps. As was the case with 
tap 66, the stationary vortex peak values have larger magnitudes 
than the translating vortex values. An important thing to note is 
that the stationary data were not acquired for the entire positive 
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FigUre 10 | Peak Cp to median Cp ratios as a function of event duration, τ, for every pressure tap as organized into the zones defined in Figure 8. 
Translating and stationary vortex test results are included.

TaBle 3 | Fit parameters and 100–10 s.

Zone stationary vortex Translating vortex

m b PM
PM

s

s

100

10

m b PM
PM

s

s

100

10

1 0.23 1.8 1.2 0.58 3.3 1.3
2 0.22 1.6 1.2 0.24 4.0 1.1
3 0.21 1.9 1.2 0.50 1.4 1.4
4 0.28 2.0 1.2 0.68 3.3 1.3
5 0.35 2.1 1.3 0.43 3.4 1.2
6 0.27 1.8 1.3 0.62 3.7 1.3
7 0.24 1.8 1.2 0.32 3.5 1.2
8 0.31 1.9 1.3 0.13 3.3 1.1

PM ratios for all pressure tap zones to summarize effects of event duration.
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and negative x/Rc range. This means that for some tap zones, the 
worst case vortex positions were not sampled. This is true for 
zones 3–7 and 14–15.

The ASCE 7–10 values are represented in Figure  9 as well; 
however, the zones defined in Figure  8 do not coincide with 
ASCE 7–10 zones. The lines in Figure  9 then represent the 
smallest magnitude ASCE 7 value for any tap in the zone. To 
summarize the trends of the figure, ratios between the C xppeak

( ) 
values and the ASCE 7–10 provisions are presented in Table 2. 
All the shaded entries in the table are those which exceed the 
ASCE 7 provisions. In the case of zone 14, the peak values exceed 
ASCE 7 by 89%. Two things are worthy of mentioning in Table 2. 
The first is that, as expected, the stationary values have typically 
larger magnitudes than the translating values. The second is that 

these values in Table 2 should not be used as conversion factors 
from ASCE 7 to tornado values because the actual pressure coef-
ficients acting on the building model must still include a static 
pressure component. As discussed later in Section “Comparing 
Time Series of Stationary and Translating Data,” the static pres-
sure cannot simply be added to the values in Table 2 to recover 
original peak pressure coefficients.

The duration analysis of Section “Duration Effects” was also 
applied to all the pressure taps. The results are shown in Figure 10 
arranged according to zones. Those zones where the worst case 
vortex positions were not sampled with stationary data (3–7, 
14–15) were omitted from this figure. The translating results are 
often too scattered to make conclusive statements, but the rough 
trends with duration are clear. Increasing duration increases peak 
pressure magnitudes. To quantify these trends, the following 
expression was used to fit these data:

 PM n( )= +m bl τ  (4)

where PM is the peak/median ratio presented in Figures 7 and 10 
and m and b are fit constants.

The fit constants, m and b, are presented in Table 3 for each 
zone. To tabulate how much peak Cp values would change with 
duration, the PM expression of Eq. 4 was used to compute a ratio 
of the peak/median values for τ values of 100 and 10 s. Depending 
on the zone, the factors between peak values at 100 s and those 
at 10  s are 1.1–1.4. These ratios are similar to what Kopp and 
Morrison (2011) found using pressures from a building in an 
atmospheric boundary layer (ABL).
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FigUre 11 | (a) Vertical velocity measurements for the vortex when translating and stationary. Superscripts “t” and “s” denote translating and stationary tests, 
respectively. All velocities are normalized by the maximum horizontal velocity observed for the translating vortex, [ ]VHavg

t
max. (B) Vortex-induced static pressure for the 

vortex when translating and stationary. All pressures were normalized using a dynamic pressure based on the maximum horizontal velocity observed for the 
translating vortex, [ ]VHavg

t
max.

Analysis like this could result in a factor that could be used 
to adjust tornado pressure coefficients for events of different 
duration.

Velocity and static Pressure Profiles
The previous two sections presented data showing that peak 
pressures generated by tornado vortices can be larger than those 
from straight-line turbulent boundary layer flow. The cause for 
some of the differences probably lies with the unsteady effects 
observed in the vertical velocity and the vortex-induced static 
pressure. Figure 11A shows the vertical velocity profile normal-
ized with the maximum horizontal velocity. When the vortex 
was translating, the instantaneous velocity peaks were observed 
to be three times as large as the average values and up to 75% of 
the horizontal velocity. For the stationary vortex, the peaks were 
four times are large as the means and equal to the horizontal 
velocity. Unsteadiness like this near the core was also observed 
for the static pressure as presented in Figure 11B. Although the 
analysis in this paper removed the average static pressure (the 
solid lines in Figure 11B and gray lines in Figures 4–6) from 
the building pressure tap signal, the static pressure fluctuates 

about that average. These fluctuations would affect the building 
envelope. Figure  11B shows peaks in the static pressure 25% 
higher than the average.

comparing Time series of stationary  
and Translating Data
Another way to illustrate the unique contribution of the static 
pressure on tornado-induced loading is shown in Figure  12 
where time series of pressure coefficients are shown for several 
translating vortex tests and a stationary vortex test. One interest-
ing observation is the significant difference static pressure makes 
in the two types of signals. For these stationary data, removing 
the static pressure is simply an offset to the whole signal. In the 
translating cases, the peaks in the signals are drastically reduced. 
If the two signals are compared while including static pressure, 
the translating data show peaks of larger magnitude. If the static 
pressure is removed, the stationary data have the larger magni-
tude peaks. How the static pressure and the peak pressure events 
do or do not correlate with each other is worthy of more study.

The large stationary-vortex peak events of Figure  12 might 
suggest that the vortex is oscillating in space somewhat and 
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impinging on the structure over and over. The nature of the time 
series should be investigated further. This might require capturing 
a time-resolved vortex velocity field (such as with a high-speed 
PIV system) simultaneous to building pressure measurements. 
While the results of this project show some of the distinctive 
attributes of tornado-induced pressures, a very interesting future 
study would involve simultaneous measurements of velocity and 
pressure such that the spatiotemporal relationships among verti-
cal gusts, static pressure fluctuations, and the pressure peaks on 
the building surface could be illuminated further.

cOnclUsiOn

This study investigated the role of tornado-induced static pressure 
and duration on peak pressures on a low-rise building. Past stud-
ies have suggested that peak pressures on buildings in tornadoes 
were up to 50% (or more) higher than straight-line ABL values 
(Haan et al., 2010). This study showed that much, but not all, of 
this increase can be explained by the static pressure of the vortex. 
While subtracting the static pressure from pressure time series 
and normalizing by a local horizontal peak velocity brought peak 
pressures closer to what one would expect from straight-line ABL 
flows, the data showed that peaks in some portions of the building 
could still be as much as 90% larger the ASCE 7–10 provisions.
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This paper presents an experimental investigation on wind-induced vibrations of a

suspension bridge with ultimate main span length, including flutter and buffeting. Since

the upper limit of a suspension bridge’s main span can reach more than 5,000m based

on strength andweight of steel main cables, a feasible prototypewith a span arrangement

of 2,000 + 5,000 + 2,000m has been proposed. In order to improve flutter stability,

a twin box girder has been designed with a 40m slot in center and two 20m wide

decks suspended by four main cables. Its full aeroelastic model was designed and

manufactured with the geometrical scale of 1:620, and the wind tunnel testing was

carried out under smooth flows and turbulent flows for different angles of attack. A big

difference in critical flutter speed was found between the proposed slotted girder and

corresponding slot-sealed girder, which verifies the necessity of a widely-slotted (WS)

twin box girder for a super-long suspension bridge. Among three angles of attack, the

critical flutter speed under smooth flow has the maximum value of 80.9m/s at −3◦ and

the minimum value of 51.4m/s at 3◦. On-coming turbulence will not only cause buffeting

responses but also influence the critical flutter speed in an unfavorable way.

Keywords: suspension bridge, full aeroelastic model, wind tunnel testing, flutter, buffeting

INTRODUCTION

Although ancient suspension bridges were built in China long before the Anno Domini, the
construction of modern suspension bridges around the world has experienced a considerable
development since 1883, when the first modern suspension bridge, Brooklyn Bridge, was built.
It took about 48 years for the span length of suspension bridges to grow from 486m of Brooklyn
Bridge to 1,067m of George Washington Bridge in 1931, as the first bridge with a span length over
1,000m, and had a great increase factor of 2.2. Though the further increase in the next 50 years
to Golden Gate Bridge of 1,280m, Verrazano Bridge of 1,298m and Humber Bridge of 1,410m in
1981 was only 1.3, another factor around 1.4 was realized in Akashi Kaikyo Bridge with a 1,991m
span greater than that of Great Belt Bridge within 17 years in 1998. In the past two decades, there
is no further increase of span length, but many long-span suspension bridges have been built over
the world. Table 1 shows ten longest span suspension bridges in service.

With the ever-growing span length, suspension bridges are becoming longer, lighter
and more flexible, and accordingly results in wind-induced vibrations, in particular flutter
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TABLE 1 | Ten longest span suspension bridges in the world.

No. Bridge Main span(m) Girder Wind-induced problems Control method Location Year

1 Akashi Kaikyō Bridge 1,991 Truss Flutter Slotting/stabilizer Japan 1998

2 Xihoumen Bridge 1,650 Box Flutter Central slot China 2009

3 Great Belt Bridge 1,624 Box Vortex-induced vibration Guide vane Denmark 1998

4 Osman Gazi Bridge 1,550 Box – – Turkey 2016

5 Yi Sun-sin Bridge 1,545 Box Flutter Central slot Korea 2012

6 Runyang Bridge 1,490 Box Flutter Central stabilizer China 2005

7 Nanjing 4th Yangtze Bridge 1,418 Box Vortex-induced vibration Guide vane China 2012

8 Humber Bridge 1,410 Box – – UK 1981

9 Yavuz Sultan Selim Bridge 1,408 Box – – Turkey 2016

10 Jiangyin Bridge 1,385 Box – – China 1999

(four bridges in Table 1) and vortex-induced vibration (VIV)
(two bridges in Table 1). Soon after the infamous incident of
Tacoma Narrows Bridge in 1940, there were attempts to examine
bridge’s wind-induced vibration as something similar to an airfoil
flutter. Depending on the participating modes during oscillation,
bridge’s flutter can be divided into two-degree coupled classical
flutter and single-degree torsional flutter (Simiu and Scanlan,
1996). The former implies an aeroelastic phenomenon in which
two degrees of freedom, torsional and vertical, couple together
in a flow-driven and unstable oscillation, while the later flutter
can be associated with systems undergoing strongly separated
flows.With a bluff or non-streamlined girder, a suspension bridge
can in various instances exhibit this torsional instability. Another
ultimate state for long bridges is aerostatic torsional buckling
or divergence. This phenomenon is more like a wind-induced
static instability. As wind speed increases, the twisting moment
increases as well, which requires additional structural resistance.
Once structure cannot provide enough reactive moment as
expected, it will creates an unstable condition and the bridge
will diverge (Simiu and Scanlan, 1996). Torsional divergence
was firstly observed on cable-stayed bridges. During the full
aeroelastic model testing of a suspension bridge, Hirai et al.
(1996) found this instability could also occur under the action
of aerostatic wind loads on suspension bridges.

In the view of reliability, wind tunnel testing is the best choice
to check the aerodynamics and aeroelastics of long-span bridges.
Bridge’s wind tunnel testing can mainly be classified into three
types according to model’s dimension, namely, sectional model
testing (Scanlan, 1978), taut strip model testing (Tanaka and
Davenport, 1982; Scanlan et al., 1997) and full aeroelastic model
testing (Sato et al., 2002).

Figure 1 shows the layout of sectional model testing. A
rigid sectional model with high stiffness and a reduced scale is
often built to simulate a typical girder section, and is mounted
with several springs under wind flow (Scanlan, 1978). Either
accelerometers or laser sensors (the red lines in Figure 1) can
be used to record displacement signals. With strip assumption,
a sectional model testing is a common technique to measure
wind-induced responses of a bridge girder on account of its
convenience and low-cost. However, this 2D model testing
can only simulate a torsional mode and a vertical one. For a

FIGURE 1 | Configuration of a sectional model.

FIGURE 2 | Configuration of a taut strip model.

suspension bridge with a conventional span and cable system,
the result from a sectional model testing is credible since flutter
is normally excited by a fundamental torsional mode and a
fundamental vertical mode.
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FIGURE 3 | Layout of the investigated bridge (unit: meter).

FIGURE 4 | Cross section of stiffening girder (unit: meter).

A taut strip model testing shown in Figure 2 is a transition
from sectional model testing to full aeroelastic model testing. The
first taut strip model was proposed in 1960s in order to consider
three dimensional effect but simplify cable system’s simulation.
A set of sectional segments are suspended by two cables, of
which the tension force can provide overall stiffness. This unique
way of stiffness simulation makes the model design empiric. In
contrast, a full aeroelastic model testing holds the best similarity
as its ability for several natural frequencies and modal shapes.
Meanwhile, it can also model the interference of pylons, cable
system and piers. The disadvantages of high expenses and time
cost impede its wider use.

A suspension bridge’s mechanical advantage makes it possible
to become the longest bridge type among girder, arch, cable-
stayed and suspension bridges. Based on steel main cables,
Ge and Xiang (2006, 2008) proposed the ultimate main span
of suspension bridges is around 5,000–5,900m. The sectional
model testing (Shao et al., 2011) of a 5,000m suspension bridge
showed the benefit of a central-slotted girder toward flutter
performance. As a more comprehensive and precise study in
present research, full aeroelastic model testing has been carried
out to examine wind-induced vibrations of a suspension bridge
with the span arrangement of 2,000+ 5,000+ 2,000m. The full-
bridge aeroelastic model was designed and manufactured with a
geometrical scale of 1:620, and wind tunnel testing was finished
under smooth flow with different angles of attack and turbulent
flow in TJ-3 Boundary Layer Wind Tunnel, which is 15m wide,
2m high, and 14m long.

5,000M SPANNED SUSPENSION BRIDGE

Span Arrangement
The longest suspension bridge in service is the 1,991m Akashi-
Kaikyo Bridge in Japan since 1998 (Katsuchi et al., 1998), and the
longest under construction is the 3,300m Messina Strait Bridge
(Brancaleoni and Diana, 1993) although the construction has
been suspended since 2010.

TABLE 2 | Reduced ratios for different properties.

Property Unit Reduced ratio Principle

Length/L m λL= 1:620 Wind tunnel width/wire size

Wind speed/u,v,w m/s λv=λL
1/2

= 1:24.9 Froude number

Gravity/g m/s2 λg= 1:1 Unchangeable

Frequency/Hz Hz λf=λ−L
1/2

= 24.9:1 Strouhal number

Time/t s λt=λL
1/2

= 1:24.9 Strouhal number

Mass per meter/m kg/m λm=λL
2
= 1:6202 Dimensional analysis

Mass inertia per meter/Jm kg.m2/m λj=λL
4
= 1:6204 Dimensional analysis

Bending stiffness/EI N.m2 λEI=λL
5
= 1:6205 Dimensional analysis

Torsional stiffness/GJd N.m2 λGJ=λL
5
=1:6205 Dimensional analysis

Axial stiffness/EA N λEA=λL
3
= 1:6203 Dimensional analysis

Damping ratio/ξ – λξ = 1:1 Unchangeable

FIGURE 5 | Overview of the full bridge model.

Theoretically, the ultimate span length for a suspension bridge
depends upon the strength and weight of main cables which
are generally made of high-strength steel wires. By assuming the
curve of steel main cables to be parabolic, the span length L can
be expressed by the following inequality (Xiang and Ge, 2003),

L ≤

8nAσa/wc
√

1+ 16n2(1+ ws/wc)
, (1)
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FIGURE 6 | Stiffness system of stiffening girder.

FIGURE 7 | Appearance of stiffening girder.

FIGURE 8 | Mass system of stiffening girder.

where n: sag-span ratio of cables; σa: steel cable strength; A: area
of steel cables; wc: cable’s weight; ws: total loads including dead
loads and live loads. Since for a typical suspension bridge, the
stiffening girder only sustains the load between two suspenders,
its stiffness and mass remain constants for different spans so that
the mass of main cable will be dominant for a super-long case.
To make things simpler for an ultimate case, the ratio of ws/wc

is assumed to be zero and the ultimate span L
∞

with steel main
cables can be estimated as follows,

FIGURE 9 | Cable system and joints.

FIGURE 10 | Constraints at pylon.

FIGURE 11 | Transition at pylon.

L ≤

8nAσa/wc
√

1+ 16n2
=

8000n
√

1+ 16n2
=





8100m(n = 1/9)
7400m (n = 1/10)
6800m (n = 1/11)

. (2)

Taking as a typical sag-span ratio of 1/10 in Equation (2), if
the load ratio of ws/wc is designed between 0.5 and 0.25, the
central span can be enlarged up to 5,000 and 6,000m respectively,
considering the material properties of steel cables (Xiang and Ge,
2003). As another primary factor, the side span length is set to be
2,000m for thematching of cable’s area in central span and in side
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FIGURE 12 | Anchors at end.

FIGURE 13 | CFD simulation of whole wind tunnel.

span. Consequently, the span arrangement of present super-long
suspension bridge goes to be 2,000 + 5,000 + 2,000m as shown
in Figure 3.

Cross Section of Stiffening Girder
With the increase of span length, suspension bridges will have
less stiffness and lower critical speeds for aerodynamic flutter
instability and aerostatic torsional divergence. The analysis
(Ogawa et al., 2002) of a 2,500 m-spanned bridge shows that,
a twin-box girder can improve flutter performance by raising
the critical speed from 80.9 to 98.9m/s. Another example of
Xihoumen Bridge (Lu et al., 2005) indicates the critical flutter
speed can increase from 45.8 to 88.4m/s when a central-slotted
twin box girder, instead of a single box one, is employed. It
is evident that a suitable slotting-ratio of a cross section will
improve the flutter performance.

Based on previous investigations including numerical
simulations (Ge and Xiang, 2006, 2008) and a sectional model
testing (Shao et al., 2011) for two kinds of deck sections,
called widely-slotted (WS) girder with four main cables and
narrowly-slotted (NS) girder with vertical and horizontal
stabilizers, the WS girder has greater critical flutter speeds
than the NS one. Therefore, the WS box girder was chosen for
presentinvestigation, and the cross section was simplified as the

FIGURE 14 | Configuration of slope in wind tunnel (unit: cm). (A) +3◦. (B) −3◦.

FIGURE 15 | Setting of laser sensors.
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FIGURE 16 | Central buckle.

TABLE 3 | Case list for wind tunnel test.

No. AOA(◦) Description Notes

1 0 Free-vibration characteristic test With central buckle

2 0 Flutter under uniform flow

3 +3

4 −3

5 0 Flutter and buffeting under

turbulence (by spires and

roughness, intensity = 10%)

6 +3

7 −3

8 0 Flutter under uniform flow (slot

sealed)

9 0 Free-vibration characteristic test Without central buckle

40m central slot and two 20m wide boxes in both sides as is in
Figure 4 (Ge and Xiang, 2006, 2008).

Area of Main Cable
In order to select an appropriate cable area, the minimum value
according to static requirement can be estimated as,

A =

ws

nγ

L

L
∞

− L
=

3.266L

L
∞

− L
, (3)

where γ is the linear density of cable and L
∞

can be yielded by
Equation (2) (Ge and Xiang, 2009).

With a main span of 5,000m and a sag-span ratio of 1/10,
the expected cable area is 9.066m2 after taking a safety factor of
2.0. If two cables are employed, the diameter of one cable will
exceed 2.5m, which tends to bring significant secondary stress.
On the other hand, a two-main-cable designmeans the transverse
span length is around 80m, which complicates the lateral stress

TABLE 4 | Free-vibration characteristic with central buckle.

Mode Mode Shapes

1st symmetric lateral (0.732Hz)

1st antisymmetric lateral (1.392Hz)

1st antisymmetric vertical (1.660Hz)

1st symmetric vertical (1.733Hz)

1st antisymmetric tosional (1.880Hz)

1st symmetric tosional (2.148Hz)

analysis. Accordingly, four main cables have been employed and
the area of one cable is 1.872m2.

DESIGN AND SET-UP OF A FULL MODEL

Dynamic Similarity and Scale Ratio
Dynamic similarity means the balance of dynamic force. As for
viscous force and inertial force, the wind tunnel testing must
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have a same Reynolds Number with real bridges. However, the
flow density and gravitational acceleration are unchangeable both
in wind tunnel and in real cases, which indicates the similarity
of Froude Number and Reynolds Number will contradict with
each other. Unlike a circular cylinder whose flow pattern is
varying, the separation points of a practical bridge section
are fixed at corners so that its Reynolds Number effect is of
secondary importance. Froude Number, as the ratio of the
flow inertia to the external gravitational field, becomes more
decisive than Reynolds Number since the overall stiffness of a
suspension bridge is dominated by gravity instead of element’s
stiffness. Hence, more attentions will be paid toward Froude
Number’s similarity while Reynolds Number is not strictly
modeled.

Nondimensionalization of Navier-Stokes equations shows
that for a geometrically similar bodies in different fluid with
different magnitude velocities and different size must yield forces
of fixed ratio at a geometrically similar point. Hence, the design
of an aeroelastic model should first simulate the geometry of
full-scale bridge as well as the incoming flow conditions. The
geometrical scale ratio is determined by the space of wind tunnel
and accessibility of steel wire. For instance, the scale ratio of
Xihoumen Bridge was assigned to 1:208 resulting from a 0.5mm
diameter of steel wire (Ge et al., 2003). The total length of present
bridge is 9,000m while the width of wind tunnel is 15m, so that
the geometrical scale ratio must be smaller than 1:600. The only
alternative of steel wire is 0.1mm in diameter. The geometrical
scale ratio of present model was consequently determined to
be 1:620 and the ratios for other properties could be yielded
as Table 2. In particular, when Reynolds Number is not strictly
modeled, the scale ratio of wind speed for a cable-stayed bridge is

TABLE 5 | Comparison of frequencies (Hz).

With central

buckle (Exp.)

Without central

buckle (Exp.)

Without central

buckle (FEM)

1st SL 0.732 0.700 0.678

1st ASL 1.392 1.400 1.324

1st SV 1.733 1.700 1.622

1st ASV 1.660 1.300 1.390

1st ST 2.148 2.175 1.996

1st AST 1.880 1.625 1.638

adjustable while unchangeable for a suspension bridge because of
Froude Number.

Design of Main Elements
Figure 5 is an overview of a suspension bridge model which
consists of stiffening girder, cable system, constraints and pylons.
Based on the similarity of structural dynamic characteristics and
wind load, the design of each elements can be divided into a
stiffness sub-system, an appearance sub-system and a mass sub-
system. A suspension bridge’s pylon is similar with that of a
cable-stayed bridge, which wouldn’t been discussed in following
parts.

Stiffening Girder
Unlike a cable-stayed bridge’s girder which is an axial and
bending stress component, the axial stress in a suspension
bridge’s stiffening girder can be neglected. As a result, it’s
acceptable to simulate vertical, lateral and torsional stiffness
but leave axial stiffnes’s dissimilar. The self-consistency of three
independent equations requires three feature sizes, which leads
U-steel or T-steel to be a practical choice for stiffness simulation.
However, for a section like Figure 4, it is better to use two
throughout steel bars located at the center of each box and join
them transversely. On account of the ultra-small scale ratio, the
feature sizes will be smaller than 0.2mm for a U-steel or T-steel,
and the machine precision is challenged. Further trials showed
that the stiffness of girder itself is not so dominant for overall
stiffness, so that the section of each steel bar was simplified to be
a rectangle of 2.1× 0.4mm. Aluminum cross bars (2.3× 0.5mm)
were employed to join two throughout steel bars by small holes
and glues (Figure 6).

The appearance design requires the accurate simulation of
girder’s outline. To ensure the throughout steel bars are the only
stiffness suppliers, other elements were gapped longitudinally
(Figure 7). The section was covered by extreme thin acrylonitrile
butadiene styrene (ABS) plates (thickness: 0.2mm) to get a
smooth surface. The filling material between steel girder and ABS
cover was selected to be extruded polystyrene foam (XPS), of
which the density was around 0.03 g/cm3. The white sheet under
the central slot in Figure 7 is an additional support which will be
removed later.

Themass and themassmoment of inertia provided by stiffness
sub-system and appearance sub-system turned out to be smaller
than expected. A conventional way to remedy this difference is to

FIGURE 17 | Mobile spires for turbulence flow.
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FIGURE 18 | Mean responses at mid-span.

place additional mass inside. From a practical view, 4 plumbum
wires were inserted into foam symmetrically (Figure 8). The
locations and diameters of plumbum wires require a detailed
calculation aiming at the simultaneous simulation of mass and
mass moment.

Cable System
The modeling of cable system, viz., main cable and suspenders,
was in a similar way. The diameter of main cable was 0.1mm
as a result of axial stiffnes’s similarity. Suspender’s size was not
a control factor but would be more reasonable to be smaller than
that of main cable. As the inaccessibility for a smaller size, same
kind of wire was used for suspenders.

Mass moment of inertia can be ignored because of its limited
influence. Only drag force’s similarity was considered. The
insufficient mass and drag force could be modified by additional
brass tubes on main cables. For a more accurate design, brass
tubes should be placed both on main cables and suspenders. In
present situation, all the insufficiency was remedied using the
tubes on main cables. Two parameters at each node should be
decided, namely brass tube’s diameter and length. Assuming the
drag coefficient of real cable to be 0.5 and of brass tube to be 1.0,
Equations (4) aiming at drag similarity and mass similarity can
determine brass tube’s configuration.

0.5×
LpDp

λ2L
≈ 1.0× LbDb(Drag Similarity)

mp_cable +mp_suspender

λ3L
=

ρπDb
2Lb

4
+mm_cable

+mmsuspender
(Mass Similarity)

(4)

In Equations (4), Lp and Dp are reference length and diameter
of real cable segment, while Lb and Db are those of brass tubes;
mp_cable and mp_suspender are the real mass of main cables and
suspenders at each node; ρ is density of brass tube; mm_cable and
mm_suspender are model mass of main cables and suspenders.

Figure 9 shows the configuration of brass tube and white bar
was used duringmodel erection to ensure brass tube’s parallelism.

FIGURE 19 | R.M.S. responses under different turbulence intensities.

FIGURE 20 | Peak responses under different turbulence intensities.

The main challenge for present model was the ultra-small scale
ratio and massive elements. A diameter of 0.1mm makes the
cable vulnerable to get cracked. It would be a prolonged work
to replace a new wire since one wire is connected to more than
400 brass tubes and suspenders. The connection of wires with
other elements was a vital topic. The top of Figure 9 is a sketch
explaining themethod employed: A very small tube was first fixed
tomain cable by glue and then the top of a suspender was inserted
into another larger tube through a hole at bottom. By embedding
the smaller tube into the larger one, a joint was finishedwith some
glues. Considering the initial deformation and bending, the steel
wires were manually straightened by short time electricity.

Constraints and Joints
The girder was mainly supported by cable system. Besides, it
was connected to pylons with some constraints. A sophisticated
design of constraints is decisive to the simulation of dynamic
characteristics. Due to model’s small size, special holders
and support rollers (Figure 10) were designed to couple the
displacements of pylon and girder. The holder and support rollers
were fixed on girder and pylons respectively. By embedding the
roller into the groove of holder, the torsional, vertical, and lateral
displacements were coupled while longitudinal degree was free.

Another important thing was the transition of main cable at
the top of pylon and anchor. A bent flared tiny brass tube was
mounted at the top to avoid sharp angle (Figure 11). A traditional
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TABLE 6 | Critical flutter wind speed (with central buckle).

Case Flutter speed in

wind tunnel

Flutter speed for

real bridge

Attack angle

Uniform flow

(central slotting)

>3.25m/s >80.93m/s −3◦

2.78m/s 69.22m/s 0◦

2.07m/s 51.54m/s +3◦

Turbulence

(Intensity = 10%,

central slotting)

>3.00m/s >74.7m/s −3◦

2.80m/s 69.72m/s 0◦

1.85m/s 46.06m/s +3◦

Uniform flow (slot

sealed)

1.28m/s 31.90m/s 0◦

anchor at end for main cable is based on a clamp, which makes
the steel wire suffer from shear force or extruding force. In order
tomake the tension force adjustable and avoid hurt tomain cable,
a new anchor was developed (Figure 12). With a repetitive twine
on the anchor and additional glue, the steel wire could be fixed by
friction.

Attack Angle’s Adjustment
Aerodynamic stability is usually more unfavorable under a non-
zero attack angle. It is easy to rotate the model in a sectional
model testing. For cable-stayed bridge’s full aeroelastic model,
a liftable pedestal can realize the changing the attack angle.
As a result of gravitational stiffness (Hayashikawa, 1997), only
the upstream direction can be changed instead of model’s pitch
attitude. When slope plates are placed under the model to get
an inclined flow, a slop of 3◦ may not bring an attack angle of
3◦ exactly. A preliminary study based on computational fluid
dynamics (CFD) is advised before the wind tunnel testing.

Figure 13 is an example to determine the size and location
of slope where horizontal wind velocity is presented by contour.
Wind tunnel’s height is 2.0m and length is 14.0m. By adjusting
the location of slop plates, the attack angle at bridge deck could
be guaranteed from± 3.05 to± 2.95◦ (Figure 14). This result has
been experimental verified in an empty wind tunnel with slope
plates. Things are similar for other attack angles.

Configurations of Sensors
Both accelerometers and laser sensors can be used for
displacement measurement in a sectional model testing.
However, the mass of accelerometer is a non-negligible
encumbrance for a full aeroelastic model. Laser sensors, as a
contactless device, will be more satisfying. When the number of
laser sensors is limited, it is a tough work to test the free-vibration
features since the difficulty in judging movement’s symmetry.
The data at mid-span can only recognize symmetric modes.
A correct identification of both symmetric and anti-symmetric
modes requires the synchronous recording at different span-wise
locations. An adequate observation points can also realize the
measurement of vibration shapes excited by wind load.

Considering the specificity of present model, it would be
worthwhile to record the displacements at different span-wise
locations for further analysis of modal participation during

oscillation. The total number of observation points in main
span was nine with an equal space interval and in each side
span, one observation point was set at middle (Figure 15). The
displacement at the top of pylon was also recorded by two
orthogonal sensors.

The measurement of girder’s torsional, vertical and lateral
movement requires three sensors at one observation point.
The setting of laser sensors at a certain location can be seen
from Figure 5: two laser beams were installed vertically, which
can realize vertical displacement’s and twist angle’s testing. The
recording of lateral displacement needs an additional reflector
while the XPS cover of girder could act this role for vertical laser
beams. The HL-G112-S-J laser sensors used have a resolution of
8µm.

WIND TUNNEL TESTING AND RESULT

Case List
Bridge’s wind-induced response can be classified into stabilized
oscillation and aerodynamic instability based on phenomenon.
The former oscillation involves turbulence-induced buffeting and
VIV. Since these kind of oscillations will bring about some fatigue
problems but no overturn, it holds a secondary importance.
Meanwhile, a 1:620 scale ratio for VIV investigation is not
convictive as VIV is a result of vortex shedding and Reynolds
effect is predominant. Therefore, VIV will not be discussed in
present research. Both torsional divergence and flutter can cause
the collapse of overall structure. Since their analyzing methods
are quite different with each other, it is helpful to figure out
whether the ultimate state of a super-long suspension bridge is
controlled by torsional divergence or flutter.

When all the elements, including 4 main cables, more than
1,700 suspenders and cross bars, were jointed with each other,
the additional supports was be removed (Figure 15). The first
step of a wind tunnel testing is the identification of free-
vibration characteristics like natural frequencies and damping
ratios. After confirming the structural dynamics, the wind-
induced responses both in uniform flows and turbulence were
recorded. The combination of turbulence generators and slope
plates was hard to guarantee the wind profile and turbulence
intensity simultaneously, so that only the intensity at deck height
was simulated in present case.

Since the mechanism of Tacoma Bridge’s collapse is normally
regarded to be flutter of antisymmetric modes (Billah and
Scanlan, 1991), it became an engineering recognition to make
the anti-symmetric torsional frequency higher than a symmetric
one. Some previous researches show the anti-symmetric torsional
frequency tends to be lower than symmetric one when the main
span exceeds 2,000m. Located at mid-span, a central buckle
(Wang et al., 2006) can provide additional constraint and raise
anti-symmetric frequencies. As a comparison, a central buckle
has been set as Figure 16 and the natural frequencies with or
without a central buckle have been recorded.

Table 3 is a list of cases that have been tested. In order to prove
the necessity of a central-slotted section, the critical flutter wind
speed when slot was sealed using tape has also been recorded.
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FIGURE 21 | Losing of gravitational stiffness.

FIGURE 22 | Mean responses under uniform flow at mid-span.

FIGURE 23 | RMS of displacements under uniform flow.

Free-Vibration Characteristics
Different types of excitation can be used for free-vibration
testing, namely manual excitation, low wind excitation and
environmental stochastic excitation (Natke, 1982). The small
wind ratio (1:24.9) in present case means a low wind speed would
add non-negligible load on the real bridge. Therefore, the model
was excited manually at different span-wise points. Displacement
signals after short-time impulse were recorded simultaneously at
observation points. After analyzing the amplitude spectrums and
phase spectrums, the modal shapes for predominant frequencies
can be calculated. Table 4 is the modal shapes for the structure
with a central buckle. The damping ratio remains 0.5–1.0% for

FIGURE 24 | Flutter shapes under uniform flow.

different modes and is hard to get changed for a full aeroelastic
model.

In Table 5, AS or S abbreviates for anti-symmetric or
symmetric modes; T, V, L means torsional, vertical, and lateral
components. The comparison shows a central buckle could
make the anti-symmetric frequencies higher with little influence
on symmetric modes. However, for present super-long bridge,
the central buckle is not strong enough to postpone the anti-
symmetric torsional mode after symmetric torsional mode. The
comparison with finite element model presents a deviation <8%.
It is a gratifying result considering the numerous elements and
details in present case.

Turbulence and Buffeting
For a passive controlled wind tunnel like TJ-3, spires and
roughness are usually used to simulate wind profile and
turbulence intensity (Irwin, 1981). A series of mobile spires
(Figure 17) were fabricated with adjustable height and projected
area. Four different turbulence intensities were generated to show
the relationship between intensity and dynamic response.

According to the Davenports’ theory (Davenport, 1964), the
peak response r̂ under random excitations can be expressed as
the sum of time average r̄ and fluctuating response r̃, as,

r̂ = r̄ + gr̃ (5)

where g is the peak factor. The mean responses, variances and
peak values at mid-span under different turbulence intensities are
going to be compared respectively. The attack angle remains zero
for present part.

Mean Response by Turbulence
In Figure 18, a similar mean displacement was observed with
different intensities since mean response is caused by static wind
load. Lateral displacements were much larger than the vertical
ones. The maximum lateral displacement almost reached 1/400
of span length when experimental wind velocity was around
2m/s. In a suspension bridge’s central span, suspenders can
provide vertical constraints to stiffness girder while girder’s
lateral displacement can only be influenced by constraints at
pylons. With the increasing of span length, the lateral mean
displacement tends to be more prominent than vertical ones. It
shows the benefit of a wide-slotted section in Figure 4 toward
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static deformation since this section is laterally stronger than a
single box girder with a same effective width.

Dynamic Buffeting Response
Standard variance is an important statistical character relating to
oscillation amplitude. Unlike the previous mean displacements,
the dynamic response is a directly result of turbulence intensity.
As Figure 19 shows, a higher intensity will enlarge the dynamic
response while a similar fluctuation (in blue and black) leads to
same structural response. For dynamic component, the difference
between lateral and vertical response was not as distinct as
Figure 18.

Peak Responses
Peak responses, as the superposition of mean and dynamic
components, are employed for structural design in wind code.
The distribution of maximum value (Davenport, 1964) shows the
peak response of most structures to gusts lies in the range 3.5–
4.5 standard deviations of the response in excess of the mean
response. Taking a factor of 3.5, the peak responses for different
intensities can be seen from Figure 20. The lateral peak responses
at mid-span is around 1/600 of span length (gray dashed line)
under 1m/s wind speed which refers to 24.9m/s in real world,
while the vertical peak response is quite small. It indicates the
serviceability design of a 5,000 m-spanned bridge considering
wind load is not a control factor. Since the lateral peak response
is mainly contributed by mean component, its variation between
different turbulence intensities is minor. Turbulence intensity
plays a more important role for torsional and vertical peak values.

Aerodynamic Instability
Overview of Critical Velocity
With the increasing of wind speed, the oscillation tends to
be violent. Considering the case list in Table 3, no torsional
divergence has been observed, which indicates for a 5,000 m-
spanned bridge, flutter analysis is more important than aerostatic
divergence. Table 6 shows the critical flutter wind velocities for
different attack angles and flow conditions. When upstream
was zero degree, the critical flutter velocity was 69.2m/s with
a central-slotted girder but dropped to 31.9m/s if the slot was
sealed. An increase of critical flutter velocity more than 100%
proves the benefit of a central slot toward dynamic stability. A
10%-intensity turbulence seems to be harmful to aerodynamic
stability, which is different with Lin’s standpoint (Bucher and Lin,
1990).

Gravitational Stiffness and Attack Angle Effect
Since the bridge section in Figure 4 is symmetric, the critical
wind speed for 3◦ ought to be the same with that of −3◦ if the
stiffness system is also symmetric vs. attack angle. However, the
result inTable 6 presents a deviation around 30m/s. A reasonable
explanation is the losing of gravitational stiffness. Figure 21 is
an exaggerated schematic for a case of positive attack angle. The
losing of strain in cable system caused by mean wind load will
offset gravitational stiffness and then weaken flutter resistance.
As a result, the model presented a better stability under negative

attack angle but a deteriorated flutter performance under a
positive attack flow.

A comparison of mean displacement under smooth flow can
verify the above assumption from a side view since the losing
of gravitational stiffness tends to enlarge mean response. In
Figure 22, the mean responses at mid-span are plotted which
are similar with those at quarter-span. Their increasing is more
rapid for a 3◦ than 0◦. In particular, when testing wind velocity
was 2m/s, the twist angle under 3◦ was almost 25% larger than
that for 0◦. Therefore, the schematic in Figure 21 seems to be
the reason of critical wind speed’s deviation: an inclined upstream
flow enlarges model’s static deformation, loosen the tension force
in cable system and finally bring forward aerodynamic instability.
As this phenomenon is likely to happen in real bridge but hardly
to get reappeared through sectional model testing, a 2D sectional
model testing without cable system’s simulation is risky for long-
span bridges.

Discussion of Flutter Shape
Figure 23 shows the increasing of displacement’s RMS values
vs. uniform wind speed, where 1/2 means mid-span and
1/4 accounts for quarter-span. At the build-up of flutter, the
displacements at quarter-span increase more rapidly than those
at mid-span. Since an anti-symmetric model presents a minor
contribution at mid-span, the flutter of a 5,000 m-spanned bridge
is excited by anti-symmetric modes rather than symmetric ones.
In part 4.2, although a central buckle can raise anti-symmetric
frequency to some extent, 1st anti-symmetric torsional mode
occurs earlier than symmetric one. To improve the flutter
resistance of a 5,000 m-spanned bridge, more effort is expected
to provide additional stiffness for anti-symmetric modes.

A presentation of modal shapes during flutter as Figure 24
is more visualized to understand the participation of structural
modes. Almost no displacement along three directions can be
observed at mid-span which accords with the data in Figure 23

and demonstrates anti-symmetric mode’s contribution toward
flutter. Since anti-symmetric lateral and vertical modes also
participated during flutter, the aerodynamic instability of a 5,000
m-spanned bridge is classical flutter excited by modal coupling
effect. Figure 24 refers to the build-up of flutter when system’s
total damping was naught and vibrations were of constant
amplitudes. A comparison of vibration amplitude shows the
flutter under 3◦ was more violent, which may also be related to
gravitational stiffness losing for a positive attack angle.

CONCLUSIONS

In present paper, the full aeroelastic model of a 5,000 m-
spanned suspension bridge has been designed, followed by the
wind tunnel testing focusing on aerodynamic instability and
turbulence-induced buffeting. The main experimental results can
be concluded as follows:

(1) Aerostatic torsional divergence hasn’t been observed during
all tested cases. The ultimate state of a 5,000 m-spanned
bridge is determined by flutter with the participation of
anti-symmetric modes. Compared with a sealed section,

Frontiers in Built Environment | www.frontiersin.org                                                       68                                                                          April 2018 | Volume 4 | Article 20

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles


Ge et al. 5,000m Aeroelastic Bridge Model Testing

the central-slotted girder can raise the critical flutter speed
from 31.9 to 69.2m/s under uniform flow when attack
angle is zero. The section with a 40m slot presents
better flutter performance compared with a single-box
girder.

(2) The critical flutter speed for a positive attack angle is
much lower than that of a negative angle. It is deduced
to be the result of gravitational stiffness’ losing. A positive
attack angle tends to enlarge the mean response under
smooth flows, loosen the tension force and reduce the overall
stiffness. Full aeroelastic model testing is recommended
especially for super-long suspension bridges since this
stiffness losing can’t be modeled by a sectional model
testing.

(3) For a 5,000 m-spanned bridge, the lateral buffeting response
is much larger than vertical response since girder’s lateral
displacement can only be constrained at pylons or piers
while suspenders can provide vertical constrains to stiffening
girder. A central-slotted girder section with more lateral
stiffness, is not only beneficial for aerodynamic stability but
also for serviceability design.

(4) The flutter performance under a 10%-intensity turbulence is
deteriorated compared with smooth flows, which is different
with previous researches based on a relative short-span
bridge. Rather than considering turbulence as a favorable
factor, more attentions should be paid toward the interaction
of turbulence and aerodynamic instability.
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Wind Flows on Building components 
and cladding
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1 EIT, Stantec Consulting Services, Baton Rouge, LA, USA, 2 Department of Civil and Coastal Engineering, University of 
Florida, Gainesville, FL, USA, 3 Special-Lite Inc., Decatur, MI, USA

This paper describes a new full-scale (FS) testing apparatus for conducting performance 
evaluations of FS building envelope systems. The simulator can generate spatially 
uniform, time-varying pressure conditions associated with Saffir–Simpson Hurricane 
Wind Scale Category 5 winds while compensating for large air leakage through the 
specimen and also operate a high-speed wind tunnel, both with dynamic control. This 
paper presents system details, operating characteristics, and an early case study on 
the performance of large sectional door systems under wind pressure loading. Failure 
mechanisms are discussed, and finite element modeling is validated for two specimens. 
It demonstrates successful dynamic load control for large component and cladding 
systems, as well as simulation of flows near the building surface. These capabilities serve 
to complement other FS wind tunnel facilities by offering tools to generate ultimate load 
conditions on portions of the building. Further, the paper successfully demonstrates the 
utility of combining physical testing and computational analysis as a matter of routine, 
which underscores the potential of evolving FS testing to encompass cyber–physical 
approaches.

Keywords: hurricane, wind, full-scale, destructive testing, garage door

inTrODUcTiOn

Damage to building envelope components (e.g., windows, roofs, and doors) can lead to adverse inter-
nal pressurization and water ingress (Minor, 2005; Gurley and Masters, 2011). Ensuring adequate 
performance of these components is critical to maintaining the integrity of a building and ultimately 
reducing cascading failures modes. In the past, building envelope components were treated as archi-
tectural components (Rosowsky and Schiff, 2003). Today, structural performance requirements are 
enforced in most high wind areas. Products are assessed by rational engineering analysis to ensure 
that structural behavior does not exceed specified limit states. In most cases, products are evaluated 
experimentally using standardized testing procedures, e.g., ASTM E1233 (ASTM, 2006), ASTM E330 
(ASTM, 2009), ASTM E1996 (ASTM, 2012), ASTM E1886 (ASTM, 2013), AS/NZS 1170.2:2011 (AS/
NZS 1170.2:2011, 2011), and BS EN 12211:2016 (BS EN 12211:2016, 2016), which apply simplified 
loading conditions for a few representative cases of wind–structure interaction.

This approach ensures that products are consistently evaluated from one laboratory to the 
next with the trade-off that “real” dynamic loading is simplified. For example, the cyclic wind 
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pressure loading sequence specified in IBC (2012) is derived 
from rainflow-counting analysis of boundary layer wind tunnel 
pressure coefficient data. Rainflow-counting, which applies the 
Palmgren–Miner rule (Miner, 1945; Golos and Ellyin, 1987), 
does not consider low cycle fatigue and the effects of loading 
sequence (Li et  al., 2001; Mahendran, 2003). In addition to 
the simplification of actual wind loading, the installation of 
test specimens for the standard tests deviates from the actual 
boundary conditions in the field, which may influence structural 
behavior and further separate test results from actual field condi-
tions (Kopp et al., 2010).

Despite the widespread use of standardized testing methods, 
numerous post-storm damage assessments have found recurring 
patterns of damage across a wide spectrum of product types 
(FEMA, 2005; Ginger et  al., 2007; Gurley and Masters, 2011; 
Kopp et al., 2012). These observations underscore the need for 
new diagnostic tools to validate the performance of component 
and cladding in high wind regions. A promising approach is FS 
testing of building systems, which evaluates the performance 
of complete buildings systems that do not require alteration of 
boundary conditions or interfaces with other systems.

This paper presents technical details of a new large-scale wind 
load simulator that recreates dynamic wind and wind pressure 
records. A case study demonstrating its utility in investigating 
the performance of building components and cladding under 
extreme loads is presented, which includes complementary finite 
element analysis (FEA).

BacKgrOUnD

The wind load simulator was inspired by the BRERWULF system 
developed at the British Research Establishment (Cook et  al., 
1988) and its successor, the pressure loading actuator (PLA) sys-
tem developed by Kopp et al. (2010) at the University of Western 
Ontario (now Western University). A PLA can simulate realistic 
wind pressure records for a wide range of loading conditions 
expected to occur on nominally sealed low-rise buildings. It 
monitors pressure in the test chamber and uses a PID control to 
proportion a mix of fan exhaust and return to the test chamber 
in order to “follow” a target pressure time history. Air leakage in/
out through the specimen is compensated for through valve ports 
to the open atmosphere. Under optimal conditions and tuning, 
waveforms with frequency content up to 8 Hz can be recreated 
in a nominally sealed chamber. Further, individual units can be 
synchronized to apply spatially varying loads over a larger speci-
men (Morrison, 2010).

Pressure loading actuators have become standard tools for 
wind engineering research. In one of the first studies, Cook (1992) 
tested single-ply roofing systems under dynamic wind pressure 
loads using BREWULF and observed that the dynamic responses 
were non-linear and frequency-dependent. Cook also compared 
the test results using BREWULF to simple cyclic test results and 
indicated that quasi-static assumption was not appropriate for 
single-ply roofing systems. More recently, Morrison (2010) and 
Henderson et al. (2013) conducted testing on a gable roof and 
hip roof with toe-nailed roof-to-wall connections, respectively. 
Henderson and Ginger (2011) simulated cyclonic wind loads 

to pierced fixed corrugated steel roofing systems. This study  
continues this work using a new class of PLA designed for testing 
of large specimens that exhibit a large degree of leakage. The next 
section provides technical details of its operation. A case study on 
the performance of rolling doors then follows.

neW large-scale DYnaMic WinD 
PressUre siMUlaTOr

Design considerations
In September 2009, the University of Florida and Special-Lite, Inc. 
began the design of a large-scale dynamic wind load simulator 
to replicate intense hurricane wind loading, i.e., Category 5 hur-
ricanes, to load large/FS building components. The simulator was 
designed to apply spatially uniform, time-varying pressures on the 
specimen surface. The simulator was specifically designed for large 
cladding and component systems for a large range of leakage con-
ditions. The new system differs from the PLA in three significant 
ways. First, the entire system was integrated to expedite destruc-
tive testing of large cladding and component systems (~40 m2) and 
designed to operate continuously to recreate the entire record of a 
tropical cyclone. Second, the system was designed to operate over 
a wide range of leakage conditions and changes in volume caused 
by specimens deflecting out-of-plane. Third, the test chamber can 
be bypassed to drive air through a high-speed wind tunnel that is 
under control of the same damper control system.

components
Four principal components comprise the simulator (Figure 1A): 
a fan, the ducting, a control system, and the pressure chamber. 
The fan (Figure 1B) is a centrifugal blower that can generate a 
maximum pressure of 22.4  kPa (90″ WC) at an airflow rate of 
2,832  m3/min (100,000  CFM). The pressure and flow require-
ments were determined from simulations of airflow movements 
in/out of the pressure chamber based on the Helmholtz model 
described in Oh (2004) and assumptions about air leakage 
through the test specimens. The pressure coefficient data used 
to estimate the requirements were obtained from generic wind 
tunnel models archived in the National Institute of Standard and 
Technology (NIST) Aerodynamics Database. Details about the 
wind tunnel models can be found in Ho et al. (2003) (see generic 
model test 2, exposure: open country).

A Caterpillar 3512 DITA diesel prime mover load rated 
for 1,818  HP at 1,750  RPM drives the fan. A Renold torsional 
vibration control coupling (model no. SAE 21 SM 60 RB 3.86) 
is attached to the flywheel of the prime mover to transfer power 
to a 0.5-m (21″) Wichita Air Clutch (Model 6-12-382-313-9), 
which engages the fan driveshaft. The dimensions of the ducts 
connecting the fan and the pressure chamber are 9.5 mm (3/8″) 
thickness and 1,524 mm (60″) internal diameter. Two VAW duct 
silencers (Figure 1B) reduce the noise by 20 dBA upstream and 
downstream of the fan.

Flow is controlled by five dampers (valves): four butterfly 
dampers and a custom-built fast-acting opposed blade louver 
damper. The butterfly dampers change the flow configura-
tion so that positive or negative pressure can be applied to the 
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FigUre 1 | The new large-scale dynamic wind pressure simulator: (a) 3D rendering of the simulator; (B) fan system and duct silencers; (c) reaction 
frame system; (D) pressure chamber; (e) steel reinforcement; and (F) specimen preparation in the pressure chamber with the impact wall free-standing 
to the left.
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specimen or alternatively bypass the chamber to drive air through a  
high-speed wind tunnel section. The louver damper modulates 
the system resistance (i.e., the operating point on the fan curve), 

which changes the airflow in/out of the pressure chamber and 
thus causes a corresponding change in the pressure acting on the 
specimen.
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Two Honeywell Model Z transducers measure absolute 
pressure inside the test chamber. A custom analog computer 
monitors the pressure measurements, and a bus-powered iso-
lated data acquisition module (NI USB-6218) interfaces between 
the measured pressure and the computer. The computer sends 
commands to an analog servo that actuates the hydraulic cyl-
inder driving the louver damper. The control/feedback process 
is continuous; only analog feedback/control was implemented 
(i.e., no A/D or D/A). The control system allows the user to 
select a step-and-hold input (i.e., simply setting a pressure level 
to be maintained indefinitely), input from a function generator 
(for example, a sine wave with defined mean, amplitude, and 
frequency), or a time-varying signal (input file containing the 
time history of a measured or simulated wind storm pressure 
signal).

The test specimen is mounted in the reaction frame (Figure 1C) 
clamped to the open side of the pressure chamber (Figure 1D), 
which is 7.3 m wide × 5.5 m high × 1 m deep (24 ft × 18 ft × 3 ft). 
The reaction frame attaches to the reinforced concrete pressure 
chamber, which has 13 t of mild steel reinforcement (Figure 1E) 
and 25 mm (1″) diameter post-tensioning bars (Figure 1D) to 
minimize concrete cracking.

The reaction frame system, which mounts to the pressure cham-
ber opening, consists of primary and secondary reaction frames 
(Figure 1C). The primary frame resists the catenary forces devel-
oped from the test specimen subjected to wind pressure loading. 
The primary frame is made of HSS 406 mm × 406 mm × 9.5 mm 
(16″ × 16″ × 3/8″) and has a lateral force capacity of 150 kN/m 
(10  kip/ft). The primary frame is fixed, while the secondary 
reaction frame can be removed and resized to accommodate the 
dimensions of the specimen.

siMUlaTOr ValiDaTiOn

Dynamic Pressure simulation
The fidelity of the pressure simulator for both positive and nega-
tive pressure modes was evaluated for sinusoidal pressure input 
that varied by mean, amplitudes, and frequency. The pressure box 
was sealed with an impact wall that typically free-stands outside 
the box to stop debris originating from specimens tested under 
positive pressure (Figure 1F). It allows for minor leakage at the 
corners of the wall. Spectral analysis was used to compare the 
peak power of the target frequency input and output data and 
generate Bode plots of the results (Figure  2) to evaluate the 
performance of the system “as-is” to establish a baseline without 
additional tuning or modifications to increase the fidelity, e.g., 
reduce the air volume in the chamber, isolating the control system 
to the open loop on the opposed blade damper to perform a sine 
sweep, adjusting the PID parameters for the specific applica-
tion, or tuning the leakage to align the range of the damper 
movement to optimize controllability. The initial test run was 
conducted 1,200  RPM, i.e., the “high idle” speed of the diesel 
motor. A subsequent test run at 1,600 RPM, with the atmospheric  
butterfly dampers open 40% was also performed (Figures 2C, D).  
The figures show that the simulator can nominally produce a 
1-Hz bandwidth without modifying the system, which is consist-
ent with observations during the commissioning of the system. 

Higher resolution (on the order of 2–3 Hz) should be possible 
applying the changes described above.

The primary purpose of the simulator is to recreate pressure 
time histories obtained from the boundary layer wind tunnel 
of field measurements on real buildings, thus the fidelity of the 
pressure simulator was also evaluated by recreating a pressure 
time history from a generic wind tunnel scale model. The pres-
sure signal was calculated using the wind pressure coefficient 
(Cp) data from model m31 archived in the NIST Aerodynamics 
Database. The wind tunnel model is a 1:100 scale model of a 3:12 
slope gable-roofed building with a 24 m × 38 m (80 ft × 125 ft) 
rectangular plan and a 9.8 m (32 ft) eave height. The exposure 
for this wind tunnel model is open country. The wind pressure 
coefficient is defined as
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where p is the pressure measured at a specific location on the 
model surface, pref is the pressure measured at a reference location 
(atmospheric pressure), ρ is the density of air, and vref is the veloc-
ity measured at the reference location. The pressure coefficient 
data at the location (expressed in terms of tap numbers) with the 
largest instantaneous peak Cp were extracted for use in this study. 
Figure 3A shows the location of the tap and the incident wind 
angle, and Figure 3B shows the time history of Cp data with a 
peak value of −7.5.

The Cp data were scaled to FS pressures for seven intensity 
levels that correspond to ASCE 7 (2010) basic wind speeds of 60, 
65, 70, 75, 80, 85, and 90 m/s. The sampling frequency of the NIST 
model data (fM) is 500  Hz at an eave height mean wind speed 
(VM) of 9 m/s (29.5 ft/s). The basic wind speed was converted to 
an open-exposure mean velocity using a gust factor of 1.5. The 
model-scale time increment was converted to its FS counterpart 
for each basic wind speed value from the reduced frequency 
relationship:
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The dynamic performance of the simulator was assessed by 
simulating wind pressure time histories that were filtered using a 
third-order Butterworth filter. Positive pressure sequences were 
simulated using the 1 and 2  Hz cutoff time histories. Negative 
pressure sequences were simulated using the 2 and 3 Hz cutoff 
time histories. In all cases, the simulator demonstrates a good 
ability to replicate the peak loads, which is a key consideration in 
designing FS experiments.

Figure 4 shows a plot of two of the pressure simulations (at 
2 Hz cutoff) for seven intensity levels. A 10-s transition time was 
interleaved between each level, and each intensity level lasted 
1 min with the exception of level 7 (46 s).

The solid black line represents target time-varying pressure 
derived from the NIST database, and the dash-dot gray line 
describes the pressure measured in the pressure chamber. Table 1 
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FigUre 2 | Bode plots for no-leakage (impact wall sealing the pressure box), 1,200 rPM fan speed positive pressure (a) and negative pressure  
(B) sine wave function for various mean (M) and amplitude (a) settings, and no-leakage/artificial leakage comparison for positive pressure (c) and 
negative pressure (D) sine wave function with mean of 4.25 kPa (89 psf) and amplitude of 0.25 kPa (5 psf); simulator run at 1,200 rPM with 0% 
artificial leakage and 1,600 rPM with 40% artificial leakage induced by partial opening of atmospheric outlet (c) or inlet (D) butterfly valves; and  
 for velocity (e) sine wave function for various mean (M) and amplitude (a) settings.
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compares the desired and measured statistics for the simulated 
wind pressure time history at intensity levels 1 and 7. The statis-
tics agree well, and the mean absolute error percentage averages 
are 4.5 and 1.5% for the four cases at levels 1 and 7, respectively. 
Overall, the simulator shows an acceptable fidelity for recreating 
these time histories.

Dynamic Velocity simulation
In the velocity simulation mode, the pressure chamber is 
bypassed so that air moves from the exterior intake through 
the blower and into the high-speed wind tunnel, which 

consists of a setting chamber, a contraction duct, a test section, 
and a diffuser. The test section cross-section area is 213  cm 
wide × 38 cm tall (7 ft × 1.25 ft). The bottom part of the test 
section is removable to accommodate roof samples, and it has 
a dimension of 243 cm long × 182 cm wide (8 ft × 6 ft). Wind 
velocity measurements were obtained from a Pitot tube upwind 
of the test section.

Using the same procedure as described in Section “Dynamic 
Pressure Simulation,” a spectral analysis was performed to com-
pare the peak power of the target frequency input and output 
data and generate Bode plots of the results (Figure 2E). As with 
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TaBle 1 | statistics of the target and measured wind pressure at intensity levels 1 and 7.

1 hz positive pressure (kPa) 2 hz positive pressure (kPa) 2 hz negative pressure (kPa) 3 hz negative pressure (kPa)

Target Measured Target Measured Target Measured Target Measured

level 1
Mean 1.90 1.78 1.61 1.54 −1.61 −1.55 −1.61 −1.55
CoV 0.27 0.32 0.26 0.29 0.26 0.27 0.28 0.27
Minimum 0.08 −0.01 0.08 0.36 −4.55 −4.60 −5.43 −4.58
Maximum 3.83 4.18 4.56 4.60 −0.09 −0.83 −0.09 −0.80

level 7
Mean 4.11 4.05 3.62 3.57 −3.65 −3.59 −3.62 −3.56
CoV 0.28 0.29 0.24 0.25 0.24 0.25 0.25 0.24
Minimum 2.41 2.02 2.07 1.56 −8.74 −8.40 −10.25 −7.78
Maximum 8.23 8.54 8.74 8.06 −2.08 −1.93 −1.95 −1.83

FigUre 4 | Time histories of target and measured wind pressure at seven intensity levels for two load conditions (2 hz positive and negative cutoff, 
respectively). The target pressure represents the pressure that is desired to replicate using the pressure simulator, and the measured pressure represents the 
actual pressure achieved in the pressure chamber.

FigUre 3 | national institute of standard and Technology database wind tunnel model and tap locations: (a) the location of Tap 3716 where the 
maximum Cp was recorded and the incident wind direction; and (B) the time history of the Cp data for Tap 3716.
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the pressure simulator validation, testing was conducted at 1,200 
and 1,600 RPM. Additionally, wind velocity data collected from 
Hurricane Katrina by the Florida Coastal Monitoring Program 
were resampled at four intensity levels with mean wind veloc-
ity = 15, 25, 35, and 45 m/s. Figure 5 shows these velocity simu-
lations. Fan RPMs were varied: levels 1 and 2 correspond to a 

rotational speed of 1,200 RPM, level 3 corresponds to 1,450 RPM, 
and level 4 corresponds to 1,700 RPM. In Figure 5, the solid black 
line represents the input (or “target”) velocity signal, and the dash-
dot gray line describes the measured signal. It can be seen that the 
simulator follows the target signal well. Table 2 lists the statistics 
of the input and measured wind velocity time histories. It is seen 
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TaBle 2 | statistics of the input and measured wind velocity at four levels.

level 1 (m/s) level 2 (m/s) level 3 (m/s) level 4 (m/s)

Target Measured Target Measured Target Measured Target Measured

Mean 15.8 14.6 25.7 25.3 35.7 36.3 46.6 47.7
CoV 0.30 0.33 0.25 0.28 0.22 0.24 0.21 0.21
Minimum 3.99 −3.50 10.0 6.40 16.1 10.6 22.1 15.3
Maximum 34.2 34.4 50.2 49.4 66.3 64.6 82.4 79.8

FigUre 5 | comparison between the target and measured wind velocity time histories at four levels. (a) Level 1. (B) Level 2. (c) Level 3. (D) Level 4.
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that the means, coefficients of variation, and the maximum values 
agree well. The mean absolute error percentages vary from 7.6% 
down to 1.6% for the four levels.

case sTUDY: secTiOnal DOOr 
sYsTeMs

This section describes early testing using the simulator to (a) 
demonstrate that the practicality of conducting FEA in conjunc-
tion with FS testing and (b) conduct data acquisition during live 
tests. The test subjects were sectional (garage) door systems, 
such as the kind that are used in fire stations and other critical 
facilities. As these were the first tests in the pressure chamber, 
the experimental design was chosen to minimize safety risks to 
personnel and to incrementally evaluate the capabilities of the 
system. Thus, step-and-hold functions patterns were applied in 
lieu of dynamic loads, and the loads were applied into the frame 
to prevent debris from flying into the testing arena. Response to 
dynamic loading is not addressed here but will be the subject of 
future studies.

Fs Testing
Five commercial sectional doors from different manufacturers 
were evaluated. Dimensions of the doors spanned from 4.9 
to 5.2  m in width and 3.7 to 4.8  m in height. Corresponding 
design pressures ranged from 2.0 to 2.6 kPa and 2.2 to 3.1 kPa in 

positive and negative pressure, respectively. Doors were installed 
to manufacturers’ published guidelines, with the float between 
the roller and track being kept to less than 5 mm.

Generally, a sectional door used in hurricane-prone regions 
consists of five principal structural components: door panels, 
stiles, reinforcing beams (U-bars), hinges, and rollers (Figure 6). 
The stiles and U-bars provide the primary resistance to out-of-
plane loading. Specimens were instrumented as follows:

 1. Eight Micro-Measurement C2A-06-250LW-350 strain gages 
were attached on eight U-bars at their mid-spans (Figure 7A) 
to measure the longitudinal strain.

 2. An OptiTrack Flex-3 motion-capture camera measured 
displacement by recording the 3D coordinates of traceable 
spheres attached on U-bars at their mid-spans with sub-
millimeter accuracy (Figure 7B).

 3. Three SDI Tri-axial 70148-00B-EA00C load cells were installed 
between the door jamb and the reaction frame of the simula-
tor (Figure 7A). The load cells were located around the rollers 
at bottom, middle, and top of the specimen (Figure 7A).

A step-and-hold pressure sequence was applied to each test 
specimen until failure occurred. Each specimen was assembled 
and mounted in the pressure chamber according to the installa-
tion manual provided by the manufacturer. The door jamb was 
connected to the reaction frame of the pressure chamber so that 
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FigUre 7 | instruments used in experimental testing: (a) an overview 
of instrumentations on Door 4 with focused view of traceable 
spheres, strain gage, and load cell and (B) an illustration on the 
deflection measurements.

FigUre 6 | Principal components of a typical sectional door used in 
hurricane-prone regions.
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their connection would not fail before the failure of the test speci-
men (i.e., the jamb was attached to a rigid assembly).

Loads were increased in 0.5  kPa (10  psf) increments for 
each step. Once the desired load was achieved, it was held for 
~5 min and then released back to zero. After releasing the load, 
the operability (i.e., the ability of the door to be cycled upwards 
or downwards along the tracks) of the specimen was checked. 
This cycle repeated until a catastrophic failure occurred or was 
imminent or the door lost its operability. The following failure 
modes were observed:

 1. Local buckling of U-bars, i.e., visible plastic deformation.
 2. Disengagement of door panels from the tracks, i.e., separa-

tion of the rollers attached at the back of door panels from the 
tracks.

 3. Adhesive failure between stiles and door panels.

The adhesive failure mode appeared to largely be a cosmetic 
issue and did not affect the overall structural rigidity or oper-
ability, thus it was not deemed sufficient damage to stop a test. 
Individual performance of each door is described below. Note 
that strain and displacement data are plotted for the pressure 
intensity level leading up to failure.

•	 Door 1 (Figure 8A) exhibited a large area of adhesive failure 
(Figure 8B). After holding the load at −2.0 kPa (−42 psf) for 
5 min, the load was released. No obvious plastic deformations 
were observed for the door panels and other components, and 
the door was still operable. Between −4.0 kPa (−84 psf) and 
−4.5  kPa (94  psf), significant local buckling of U-bars was 
observed, followed by disengagement failure (Figure  8C). 
Figure 9A presents the pressure–strain and pressure–displace-
ment relationships of Door 1. The strain responses increased 
almost linearly with the applied load. Note that the strains 
measured at locations 2 and 5 (i.e., strains at mid-span of the 
U-bars at the top of door panels 1 and 4) show a sudden change 
in curvature when the negative pressure was increased from 
−1.4 kPa (−30 psf) to −1.9 kPa (−40 psf). A possible reason 

for the change may be the significant adhesive failure during 
the fourth load step. The displacement–load relationship 
is almost linear. Studying Figure  9A, note that the adhesive 
failure of Door 1 affects the strains but has negligible influence 
on displacements.

•	 Door 2 (Figure 8D) exhibited a high resistance to static pres-
sure. When the load was increased in Step 12 from −5.5 kPa 
(−115 psf) to −6.0 kPa (−125 psf), the bottom three U-bars 
buckled, and disengagement of the bottom four panels from 
the tracks followed immediately (Figure 8E). Strain and dis-
placement measurements increased linearly with the applied 
negative pressure (Figure 9B). Fewer displacement measure-
ments are plotted in Figure 9B than the other doors because 
some of the traceable spheres were not tracked successfully 
during FS testing on Door 2.

•	 Door 3 (Figure 8F) exhibited the first sign of damage when 
the load was increased from −2.0 kPa (−42 psf) to −2.5 kPa 
(−52 psf). A popping sound was heard, and a small separation 
between door panels and stiles was noted. Door 3 was able to 
operate after releasing the pressure from −2.5 kPa (−52 psf). 
During the next step from −2.5  kPa (−52  psf) to −3.0  kPa 
(−63 psf), a significant disengagement failure from door panels 
2 through 8 was observed (Figure 8G). Measured strains and 
displacements show a linear relationship with applied negative 
pressure (Figure  9C). The bottom and top panels (panels 1  
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FigUre 8 | Door 1 (a) before testing, (B) at adhesive failure, and (c) at catastrophic failure; Door 2 (D) before testing and (e) at catastrophic failure; 
Door 3 (F) before testing and (g) at catastrophic failure; Door 4 (h) before testing, (i) at catastrophic failure showing local buckling of U-bars, and (J) 
at catastrophic failure showing disengagement of rollers from the tracks; and Door 5 (K) before testing, (l) at adhesive failure, and (M) at catastrophic 
failure.
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and 9) had smaller strain and displacement responses com-
pared to the others, which could be a factor causing disengage-
ment failure of panels 2 through 8.

•	 Door 4 (Figure 8H) failed in the range of −6.0 kPa (−125 psf) 
to −6.5 kPa (−136 psf). Significant local buckling failure was 
observed on the mid-span of the U-bars for door panels 2 

through 8 (Figure  8I), and disengagement failure followed 
(Figure  8J). Strain and displacement responses exhibit an 
almost linear relationship with applied load (Figure 9D).

•	 Door 5 (Figure  8K) exhibited an adhesive from −3.5  kPa 
(−73 psf) to −4.0 kPa (−84 psf) (Figure 8L), but it did not affect 
the operability of the door. When the load reached −4.5 kPa 
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FigUre 9 | Measured pressure–strain relationships and pressure–displacement relationships for Doors 1–5 [(a–e), respectively] at multiple 
locations. All strains and displacements are measured at center span (see Figure 7a) at the height indicated in the legend.
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(−94 psf), local buckling occurred on all U-bars except the top 
one (Figure 8M). Testing on Door 5 was stopped at −4.5 kPa 
(−94 psf). No disengagement failure followed, since −4.5 kPa 

(−94 psf) is the upper limit of the ninth step. With the load 
increased, the strain and displacement responses increased 
linearly (Figure 9E).

http://www.frontiersin.org/Built_Environment/
http://www.frontiersin.org
http://www.frontiersin.org/Built_Environment/archive


TaBle 3 | summary of the pressure at failure of test specimens.

Door model Test pressurea (kPa) (1.5 × design pressure) adhesive failure pressure 
(kPa)

catastrophic failure modes catastrophic failure pressure  
(kPa)

Door 1 +3.0/−3.3 ~−1.9 Local buckling of U-bars ~−4.1
Door 2 +3.1/−3.6 Local buckling of U-bars ~−5.7
Door 3 +4.0/−4.6 ~−2.4 Disengagement failure ~−2.6
Door 4 +3.6/−4.1 Local buckling of U-bars ~−6.2
Door 5 +3.3/−3.7 ~−3.8 Local buckling of U-bars ~−4.5

aTest pressure is 1.5 times of design pressure (FBC, 2010).

FigUre 10 | symmetrical model of Door 2: (a) from a front view; (B) from a back view; and (c) with its components.

FigUre 11 | catastrophic failure of Door 2: (a) in experimental testing—buckling followed by disengagement from the track and (B) in finite element 
analysis—analysis that ends when buckling occurs.
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FigUre 12 | strain and displacement comparisons between finite element analysis (Fea) results and experimental measurements.
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Local buckling of U-bars usually led to disengagement failure 
(Doors 1, 2, and 4); therefore, tests on Doors 1, 2, and 4 were 
stopped at the occurrence of disengagement failure. Examination 
after testing on each door specimen presented extreme bending 
and yielding of roller shafts occurring for Doors 1–4 that had 
disengagement failure. Summarizing, the failure sequence can 
be described as: local buckling of U-bars reduced the stiffness 
of the door and therefore resulted in excessive deflections of 
door panels, which caused large reaction forces at the rollers 
constrained in the tracks. The reaction forces produced large 
moments on the roller shafts and caused their yielding, which 
prompted the disengagement failure. While Door 3 did not have 
local buckling failure of U-bars, under that same vacuum load, it 
showed larger strain and displacement responses compared to the 
others. Its failure sequence skipped the first step of local buckling 
mentioned above. Table  3 lists the negative pressure of these 
specimens at failure compared to their test pressure. According 
to Florida Building Code Testing Application Standard 202-94 
(FBC, 2010), the test pressure for garage doors should be 1.5 
times of their design pressure. Door 3 had catastrophic failure of 
disengagement at a pressure lower than its test pressure.

Finite element analysis
Full-scale experimental testing is an ideal method to understand 
the performance of a structure under a certain load condition 
(Sinno, 2008; Morrison, 2010; Aly et  al., 2013; etc.). However, 
due to the inherent time and expense of testing, it is impractical 
to test many scenarios. Therefore, FEA was applied to comple-
ment physical testing to determine its effectiveness to capture the 
performance of a multi-component system under wind loading. 
The thought process was that if an FEA model could be quickly 
validated, it would open up the possibility of predicting perfor-
mance of new testing configurations (e.g., the same specimen, 
but with a prescribed construction defect) to inductively research 
performance on a small set of specimens.

Door 2 was selected for modeling (Figure 10) because it exhib-
ited local buckling failure of U-bars and disengagement failure of 
door panels as well as the highest failure pressure/test pressure 
ratio. The FEA model was created in ADINA 8.8 (ADINA, 2011), 
which accounted for contact constraints, material non-linearity, 
and second-order effects.

The main components of the FE model include the door 
panels, stiles, and U-bars (modeled as 4-node elastic-perfect 
plastic steel shell elements), wood blocking (modeled as an 
8-node linear-elastic solid element), and the astragal retainer 
(modeled as a 4-node elastic-perfect plastic aluminum shell ele-
ment). To simulate the constraints of the door in experimental 
testing, boundary conditions as described below were used for 
the model: symmetrical boundary conditions were applied along 
the vertically spanning centerline. The effects of hinges connect-
ing adjacent door panels were modeled using corresponding 
constraints at the hinge locations. The connection between the 
astragal retainer and the bottom door panel, and fasteners used 
in the physical door (e.g., fasteners connecting U-bars to stiles, 
and fastener connecting blockings to stiles) were modeled as rigid 
links, constraining the linked nodes so that they move together 
when the model deforms. Contact boundary conditions were 

used between surfaces wherever there were no constraints, but 
contact might occur (i.e., the bottom of one door panel and the 
top of the panel below it). As a preliminary model, two simplifica-
tions were made in the boundary conditions:

 1. The adhesive connecting stiles to door panels was modeled as 
rigid links.

 2. The rollers were not included in the FEA model, and instead 
the constraints from them were treated as boundary condi-
tions along the sides of the model.

The material properties of door panels, stiles, and U-bars 
were provided by the manufacturer. For the blocking material, 
properties of No. 2 southern yellow pine were elastic modulus 
E = 9,804 MPa (1,422 ksi), density ρ = 554 kg/m3 (34.5  lb/ft3), 
and Poisson’s ratio μ = 0.33. For the aluminum, the properties 
were E = 68,948 MPa (10,000 ksi), ρ = 2,685 kg/m3 (167.6 lb/ft3),  
μ = 0.33, and yielding strength σyield = 276 MPa (40 ksi), respec-
tively. The same load measured during the experiment was 
applied on the model.

Figure 11 shows the catastrophic failure of Door 2 and FEA 
model results, which are nearly identical. The FEA captured suc-
cessive failures states, i.e., local buckling of U-bars at −5.5 kPa 
(−115  psf) followed by a disengagement failure at −5.7  kPa 
(−120  psf). The comparisons between FEA and experimental 
results in strain and displacement responses are shown in 
Figure 12. The load limit in Figure 12 is −5.3 kPa (−110 psf) to 
be consistent with the plot showing experimental measurements. 
From the strain and displacement comparisons, the follow-
ing can be seen: (a) FEA results match well with experimental 
measurements in both strain and displacement responses of Door 
2 and (b) the difference between FEA results and experimental 
measurements at larger loads is more than that at smaller loads. 
Differences may be attributed to the repeated step-and-hold load-
ing pattern causing material fatigue (e.g., connecting fasteners, 
roller shafts, etc.) and therefore decreasing the structural stiffness; 
simplifications in boundary conditions might miss the deforma-
tion at the roller/track interface. These results clearly demonstrate 
the value of combining FEA with FS testing. This success is an 
important finding for the field, which today is still heavily reliant 
on empirical data or simplified closed-form solutions to predict 
behavior.

cOnclUsiOn

This paper presents a new large-scale dynamic wind pressure 
simulator developed at the University of Florida. The simulator 
was designed to produce wind pressures associated with a SSHWS 
Category 5 hurricane to test FS building components. The simula-
tor showed an acceptable fidelity to replicate time-varying wind 
pressure loads up to ~1 Hz, without additional modification (e.g., 
adjustment of tuning parameters in the closed-loop control system 
to improve fidelity or modification of leakage conditions). The 
system can be widely applied to a wide range of wind engineering 
applications, including out-of-plane loading of components and 
cladding. FS experiments on whole as-installed systems provide 
more realism but at a much greater cost than component level 
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testing. Further, this paper demonstrated the practical use of 
FEA to quickly model the specimen. This approach, combining 
FS experimental testing and numerical analysis, offers a reliable 
and cost-efficient way to determine the fragility of building com-
ponents under various hazard intensities and is ideally suited for a 
performance-based engineering approach (e.g., McCullough and 
Kareem, 2011).
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a Multichamber, Pressure-Based 
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Current standardized testing on air-permeable multilayer cladding is inaccurate since 
one of the primary parameters for setting the peak net wind loads across the clad-
ding is the external pressure gradient, which is removed from all standardized testing. 
After implementing a latex-barrier system and examining the control strategy for the 
pressure loading actuators, a multichamber airbox system for testing air-permeable 
multilayer cladding is developed and compared to a benchmark study performed by the 
Insurance Research Lab for Better Homes. The results indicate that using multichamber, 
pressure-based testing to obtain wind loads for air-permeable, multilayer wall systems 
with flexible cladding is sufficiently accurate. This method also shows that eliminating 
temporal variations from the external pressures for easier standardized testing would 
provide fairly accurate results.

Keywords: wind loads, full-scale test methods, air-permeable cladding, pressure equalization, pressure loading 
actuators

inTrODUcTiOn

Background
Severe wind storms around the world continue to cause significant economic losses. While there 
have been significant advances and successes with building codes, design standards, and construc-
tion methods, which have reduced major structural failures (e.g., Gurley and Masters, 2011), losses 
caused by extreme wind storms continue to grow. These tend to be due to failures of the building 
envelope and connections, e.g., cladding failures caused by either net pressure loads or wind-borne 
debris impacts, failures of nailed connections, etc. Entry of rain water through the resulting openings 
is a significant source of damage (e.g., Sparks et al., 1994; Gurley and Masters, 2011). This contrasts 
significantly with earthquakes where a substantial portion of the losses is due to failures of major 
structure members. Where structural members fail in wind storms, they are often due to failure of 
an envelope component first, such as a window or door that allows internal pressurization. Thus, 
mitigation of economic losses in wind storms is strongly dependent on enhanced performance of 
cladding systems and their connections.

The performance of cladding and connections is usually evaluated by component tests, 
normally in compliance with standardized tests. Examples of standardized tests that are used 
to evaluate product performance under wind loads include ASTM D5206 (2013) for vinyl siding, 
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ASTM E1592 (2012) for metal roofing, and ASTM E1300 (2012) 
for glazing and glass. Most of these standardized tests make use 
of a sealed airbox system,1 where the pressure required to fail 
the particular product is obtained. Many of these standardized 
tests use uniform, static pressures or slowly increasing pres-
sures, such as those listed above. For components that have 
low-cycle fatigue as a failure mechanism, sinusoidally varying 
pressures at various frequencies and amplitudes are applied 
(Henderson et  al., 2013a). In all cases, the pressures applied 
by these standard tests are uniform over the component. This, 
of course, provides applied loads that are significantly differ-
ent than real wind loads, but which are relatively simple and 
inexpensive to apply (Kopp et al., 2012).

While there are standardized tests to assess the capacity of 
cladding systems, wind loads are much less well-defined, particu-
larly for cladding and component systems with air-permeable, 
multilayer assemblies. ASCE 7-05 (American Society for Civil 
Engineering, 2006) acknowledges this (in section C6.5.2.2 of 
ASCE 7-05 or section 30.1.5 of ASCE 7-10), indicating that

The designer may elect either to use the loads derived 
from Section 6.5 [single-layer pressures] or to use 
loads derived by an approved alternative method. If the 
designer desires to determine the pressure differential 
across the air-permeable cladding element, appropriate 
full-scale pressure measurements should be made on 
the applicable cladding element, or reference be made 
to recognized literature for documentation pertaining 
to wind loads.

For such systems, net wind load coefficients are not generally 
known, and standard methods for determining wind loads, i.e., 
scale-model wind tunnel tests, cannot be used. While ASCE 
7 indicates that “full-scale pressure measurements should be 
made,” there are limited methods that have been developed. For 
example, the test standard for vinyl siding, which is a type of 
relatively low-cost cladding used in North American residential 
wood-frame wall assemblies, is ASTM D5206 (2013). In this 
standard, pressure equalization is eliminated by placing an 
airtight barrier between the siding layer and internal sheath-
ing layer or insulating layer. Uniform, static pressures are then 
applied via an airbox in order to determine the capacity of the 
siding. This yields the net pressure at the limit state (assuming 
that the failure mechanism and capacity are not substantially 
altered by the approach). The limit-state pressure is related to 
the wind loads in ASTM D3679 (2013). This standard requires 
that the design external pressure in ASCE 7 be multiplied by 
a “pressure equalization factor” (PEF), which in this case has 
a value of 0.36. Thus, ASTM D3679 (2013) assumes that the 
net pressure across the siding is 64% lower than the external 
pressure acting on the wall (i.e., 64% lower than the net pres-
sure across the entire wall, assuming the building internal 
pressure is 0 or that there is a sealed internal layer). The PEF in 
ASTM D3679 (2013) was obtained from static, uniform airbox 

1 We will use the terms “airbox” and “pressure chamber” synonymously to indicate 
the enclosed volume where pressure is applied to a specimen’s surface.

tests conducted by Architectural Testing, Inc. (2002); with 
similar values found by uniform, but time-varying, pressures 
in Gavanski and Kopp (2011a). Recently, using full-scale wind 
tunnel tests from the Insurance Institute for Business and Home 
Safety (IBHS) Research Center, Morrison and Cope (2015) 
found a PEF of closer to 0.8, indicating load coefficients that 
are more than double those of ASTM D3679 (2013), all else 
being equal. As discussed in detail below, the external pressure 
gradient is a primary parameter in setting the net wind load on 
air-permeable, multilayer cladding. Clearly, there is a need to 
develop appropriate methodologies for assessing net pressures 
for air-permeable, multilayer assembles, which is the objective 
of the current study.

Methods for Determining Wind loads on 
air-Permeable, Multilayer cladding
There are at least four possible methods for determining the 
net pressure coefficients on air-permeable, multilayer cladding 
systems: (i) analytical models or computational fluid dynam-
ics, (ii) large-scale or full-scale wind tunnel tests, (iii) full-scale 
field measurements, and (iv) airbox tests with applied external 
pressures.

Bienkiewicz and Sun (1997) have shown that the wind loads 
for air-permeable multilayer systems depend on the external pres-
sure gradient, the gap between panels, the thickness of the panels, 
the cavity depth between the panels and the interior surface, and 
the loss coefficients for the flows through the various openings. 
Because of the prominent dependence on the external pressure 
gradient, compartmentalization of the cavity is extremely effec-
tive at reducing the net wind loads (Kumar, 2000) by limiting 
the effects of the spatial gradients, leaving only the second order 
dependence on the temporal gradient. Rain screen walls make 
extensive use of this concept (Kumar, 2000). Oh and Kopp (2014) 
found that, because of the external pressure gradient, there is a 
neutral pressure line, which causes the net, area-averaged pressure 
coefficients to reduce with area faster than the external pressure 
coefficients do. These authors’ analytical model shows that spatial 
and temporal variations of the cavity pressures can be modeled 
analytically for one-dimensional cavity pressure fields using the 
unsteady Bernoulli equation and appropriate loss models. Sun 
and Bienkiewicz (1993) used a similar, but steady-flow, model to 
model the mean two-dimensional cavity pressure field. However, 
a full spatial and temporal analytical model of cavity pressures 
has not yet been developed. Computational fluid dynamics-based 
solutions are also possible, but these have not been conducted to 
the authors’ knowledge.

Large-scale wind tunnel tests have been used to study pressure 
equalization for roof pavers. Mooneghi et al. (2014) showed that 
sufficient tap resolution is required to ascertain wind loads on 
these systems, using their 1/2-scale building model in the wall 
of wind facility. Considering the small gaps involved, it seems 
unlikely the more typical boundary layer wind tunnel model 
scales can be used since the full-scale gaps are often on the order 
of 3  mm and smaller. For roof-mounted photovoltaic arrays, 
larger gaps mean that standard boundary layer wind tunnels 
can be used at scales of 1/20 to 1/30, although there has not yet 
been a full-scale validation of these relatively large-model-scale 
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results (compared to typical model scales of 1/300 to 1/500 in 
most boundary layer wind tunnels). For vinyl siding, with gaps 
between panels that are largely undefined (because of how the 
panels clip together), model-scale wind tunnel methods cannot 
be used at all (even at 1/10). For this reason, Morrison and Cope 
(2015) examined such systems at full scale in the IBHS Research 
Center wind tunnel. The main disadvantage of this approach is 
that it is not cost effective for routine product testing and one 
can only test the products on a limited set of building sizes, lim-
iting the generality of the findings, as discussed by Kopp et al. 
(2012). Full-scale field measurements are useful for validation 
of other test methods, but the cost, limited pressure tap resolu-
tions, and limited numbers of building configurations mean 
that this approach cannot be practically used for determining 
design loads.

Kopp et  al. (2012) have shown that full-scale multichamber 
airbox testing can be used to test overall building responses to 
wind loads. However, it has not been established whether such 
approaches can be used with air-permeable, multilayer systems. 
Given the potential advantages of a relatively low-cost and 
straightforward test methodology, the objective of the current 
study is to determine whether multichamber airbox testing is 
feasible for assessing wind loads on air-permeable, multilayer 
cladding systems. To this end, the multichamber, PLA approach 
of Kopp et al. (2010, 2012) is modified, as described in Section 
“The Multichamber, PLA Approach,” with a test case of vinyl sid-
ing examined in Section “Test Case for Air-Permeable, Multilayer 
Cladding.”

The MUlTichaMBer, Pla aPPrOach

Background
One of the first systems to replicate realistic fluctuating pressures 
on a scale suitable for representative sections of the building 
envelope is the Building Research Establishment’s real-time wind 
uniform load follower (BRERWULF; Cook et al., 1988). While 
this test method was a significant advance, the main disadvantage 
of the BRERWULF system is that it could not accommodate 
airflow through the specimen, which is common in many stand-
ard building materials. As such, a multichamber BRERWULF 
system for testing air-permeable cladding would not function 
well because of the necessity to allow airflow between chambers.

A loading system capable of applying spatially and temporally 
varying loads on standing seam metal roof cladding was devel-
oped at Mississippi State University (Sinno et  al., 2003; Surry 
et  al., 2007). The test rig used large capacity electromagnets to 
apply an array of quickly varying uplift loads on top of a uni-
form positive pressure applied from an airbox underneath the 
cladding. Importantly, the MSU system brings the application 
of realistic (temporally and spatially varying) wind pressures to 
the test specimen. The disadvantages of this technique are that it 
only works with metal cladding elements and there is a significant 
amount of tuning to the system required before a specific loading 
trace could be applied to a specimen.

Kopp et  al. (2010, 2012) presented a loading system based 
on “pressure loading actuators” (PLAs), which overcame the 
limitations of the BRERWULF and MSU loading systems. The 

PLA system uses multiple pressure chambers to capture the 
spatial variations of the wind loads while each individual PLA 
is able to capture pressure fluctuations up to about 10 Hz with 
peak pressures of up to about 23 kPa in pressure and −20 kPa 
in suction (Kopp et al., 2010). Thus, very large loads, at the limit 
states of wood-frame houses, could be applied (Morrison et al., 
2012; Henderson et  al., 2013b) to buildings with significant 
leakage through the building envelope via a system of flexible, 
independent airboxes.

Pressure chambers
All pressure-based loading systems require a chamber in which 
to apply the pressures. Usually, these are nominally airtight and of 
fixed volume, i.e., they have solid side walls. Thus, the PLAs also 
require pressure chambers in order to apply the load to a building 
surface. However, for applying loads to the surface of a house, 
Morrison et al. (2012) developed a system of multiple, independ-
ent, flexible airbags with rigid supporting frames. These pressure 
chambers consisted of a rigid modular lid, which incorporated 
a molded inlet duct with air filter, the surface of the building 
(test specimen), which forms one surface of the chamber, and 
a flexible vinyl skirt that encloses the space between the lid and 
building surface, which forms the walls of the chamber. This 
system was required to be at least nominally airtight so that the 
pressure traces could be controlled reliably with leakage coming 
only through the building surface (such as bricks or cracks). The 
lids of the pressure chambers were connected to a rigid reaction 
frame. The skirt or membrane was required to be flexible since 
the building or component could deflect (on the order of 15 cm 
or more). Each pressure chamber was independent of the others 
because they were separated by approximately 2″ (5 cm) with no 
physical communication between them.

This pressure-chamber system was adequate for testing 
the structural response of buildings, but there is a significant 
issue that needs to be addressed for cladding tests. The surface 
areas outside of the chambers, but part of the test sample, are 
problematic for multilayer cladding tests where the intent is 
to determine the net pressures across layers of the cladding. 
The reason for this issue is that the cavity pressures depend 
significantly on the external pressure gradients, as discussed 
above. Thus, these non-pressurized areas need to be eliminated 
(or only located at non-porous areas of the cladding surface) 
because they artificially alter the pressure gradients. For vinyl 
siding, where there may be continuous leakage, the only solution 
is to eliminate the unloaded areas on the external surface of 
the cladding by having common “skirts” for adjacent pressure 
chambers. This poses a challenge for the PLA control system 
because there are two forms of communication between adja-
cent chambers: (i) net flows through the interior volume of 
the cavity between layers from one chamber to another and 
(ii) the changes in chamber volume due to the movement 
of the skirt because of the time-varying differences in pres-
sure between adjacent chambers. Details of the implemented 
pressure-chamber solution for testing vinyl siding are provided 
in Section “Test Case for Air-Permeable, Multilayer Cladding.” 
To understand the control solution, the operation of the PLAs 
is described next.
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Flow-reversing Valves and the Plas
Conceptually, the control of the pressure in an airbox can be 
done in two different ways. One can vary the supply pressure 
into the airbox by varying the fan speed and direction using a 
variable speed drive. Alternatively, one can use a flow-reversing 
valve to control the pressure inside a pressure chamber. The 
first option provides the simplest and cheapest solution; 
however, it is not technically feasible to change the fan speed 
fast enough to be able to meet both the pressure magnitudes 
and frequencies required to simulate realistic wind loads on 
cladding elements. As such, the conceptual design consists of 
a fan or blower to produce the pressures, a valve system to 
regulate the applied pressures, and a feedback control system 
in order to monitor the applied pressure and adjust the valve 
system accordingly.

Different valve configurations could be employed to quickly 
reverse airflow to and from a fan operating at constant speed. 
The minimum number of ports required would be four, with 
one into the low-pressure side of the fan, one out of the high-
pressure side of the fan, one connected to atmosphere, and one 
to the airbox. However, for the current, as well as for the previous 
BRERWULF design, a five-port design was employed, with the 
additional port also connected to atmosphere. The advantage 
of a five-port design is that it avoids a closed loop between the 
fan inlet and outlet which would result in heat building up in 
the system. It should be noted that individual valves could be 
used on the different ports to change the flow direction but to 
minimize the number of components, moving parts, and control 
complexity, a rotating disk within the valve was chosen. This has 
the advantage of one moving part, which is on the axis of rota-
tion of a servomotor.

Figure 1 shows a schematic of a five-port valve and rotating 
disk concept along with a flow schematic showing its operation. 
The valve is made in two halves (i.e., two castings), one with two 
ports and the other with three, with a slotted disk between them. 

A schematic representation of these parts is presented in Figure 1 
while Figure 2 depicts an assembly drawing of all the parts mak-
ing up the valve. The two ports in the two-port half of the valve 
are connected to the fan with “i” (Figure 1A) representing the 
connection to the inlet (low-pressure side) of the fan and “o” 
representing the connection to the outlet (high-pressure side) of 
the fan. The direction of flow through these ports is also shown 
in Figure 1A. For the three-port half of the valve, there is inflow 
from the atmosphere into port “a” and outflow to the atmosphere 
from port “c.” Port “b” is connected to the pressure chamber, and 
flow can be either into or out of this chamber, depending on the 
position of the slotted disk. It is for this reason that this device is 
called a flow-reversing valve.

Figure 1B shows the three limiting states of the valve: (i) neu-
tral, with no flow into or out of the pressure chamber, (i) full flow 
out of the pressure chamber, and (iii) full flow into the pressure 
chamber. The position of the slotted disk, which is controlled by 
a servomotor, determines which state occurs. For example, when 
the disk is in the position such that port “a” is entirely blocked, 
there is no inflow from the atmosphere, and the flow is from the 
pressure chamber through port “b” into the fan inlet, through 
the fan, and out to atmosphere. This state leads to lower than 
atmospheric pressure (i.e., suction) in the pressure chamber. This 
is depicted in the middle schematic of Figure 1B, while the other 
two schematics in Figure  1B depict the other two limit states 
discussed above.

As noted above, the slotted disk is positioned by a servomo-
tor, which can move the slotted disk to any angle. Depending on 
the disk angle, a range of positive and negative pressures can be 
achieved, which is determined by the fan characteristics, flow 
losses (i.e., pressure drops) in the ducts, valve, and other flow 
elements, and leakage into (or out of) the pressure chamber. 
Figure  2 presents the final assembly of the different valve 
components, along with the symmetric slotted disk design. The 
final shape of the valve was determined by using computational 
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FigUre 3 | a valve map showing the comparison between the 
first-generation disk (blue) and the final symmetric disk (red).

FigUre 2 | an assembly drawing showing an exploded view of the 
final valve design and symmetric disk.

88

Miller et al. Airbox Testing on Multilayer Cladding

Frontiers in Built Environment | www.frontiersin.org February 2017 | Volume 3 | Article 7

fluid dynamics to minimize the losses, improving the overall 
performance of the system (i.e., reducing power requirements 
to achieve particular pressures at particular leakage flow rates). 
The next section discusses the development of the valve in 
detail, and how it controls the pressure under different leakage 
conditions.

system Performance and control under 
Variable leakage Flows
One of the critical aspects of simplifying the computer control 
system was the linearization of the valve, i.e., ensuring a nearly 
linear relationship between airbox pressure and valve position. 
Figure  3 depicts the “valve map” (the static-flow relationship 
between pressure and velocity) for the perfectly symmetric valve/
disk arrangement (which is shown schematically in Figure 1) in 
a pressure chamber with fixed volume and very small leakage. 
The gradient of pressure with respect to valve position at high 
magnitudes of suctions and pressures is roughly 30 times the 
gradient in regions closer to 0 pressure (neutral position). This 
non-linearity would result in increased complexity of an already 
complex control system, significantly increasing the time critical 
computing resources required, particularly when operating mul-
tiple PLAs. In order to improve the linearity of the valve map with 
the symmetric disk, stationary tabs with a suitable profile were 
introduced to the valve housing. The improved linearity of the 
modified system can be seen in Figure 3. Overall performance of 
the PLA in fixed volumes and high peak pressures is discussed in 
Kopp et al. (2010). At much lower pressures, with interconnected 
pressure chambers, the PLAs still function with high accuracy, as 
discussed below. Figure 4 shows the pressure versus valve posi-
tion of the symmetric disk under different leakage conditions as 
indicated. While the pressures at a given valve position reduce 
with increasing leakage in the airbox, it decreases linearly with 
increasing leakage. The linearity of pressure versus leakage flow 
at each valve position allows the control system to automatically 
adjust to different initial leakage conditions or to adapt to chang-
ing leakage conditions during a test.

As can be inferred from the valve maps presented in Figures 3 
and 4, the PLA is a single-input–single-output system with the 
valve position as the input and the required pressure as the output. 
Thus, the requested valve position and the measured pressure are 
an input–output pair for use in a proportional–integral–derivative 

(PID) control system. The control system is effectively approxi-
mated to a linear first-order model as the required pressure trace, 
whether fluctuating or a simple ramp, is preloaded as a feed-
forward term. The feedback PID term is based on the tracking 
error which is simply the difference between the required and 
measured pressures. The valve map is used to determine what 
valve position is required to meet the applied pressure under 
steady-state conditions resulting in a known system time con-
stant, τ, for the PID control. In calculating τ from the requested 
pressure and achieved pressure in real time, the adjacent pressures 
from the current and previous time steps are used.

Changes in leakage and air-chamber volume cause the time 
constant, τ, to vary enormously. The solution for this issue was to 
use gain scheduling; the real-time estimation of τ is used to deter-
mine the system gain from a suite of preloaded lookup tables, 
which are generated for known leakage and volumes. However, 
the system gain (K) increases with increasing τ, which can lead 
to instabilities with an overestimation of τ, particularly for very 
small volumes relative to power or input traces that have minimal 
changes in time (i.e., static pressures or ramp loads). This is only 
an issue at start up when the control system has no information 
on τ, that is, the pressure chamber and test element properties. 
Therefore, a median value of τ and a limit on the increase in K 
is set for the first 10 s of program control. The system learns the 
chamber’s characteristics within this time frame. In cases where 
absolute control is required in the first 10 s, a user defined value of 
τ can be used. However, this necessitates additional experiments 
to determine the correct system time constant. With the lookup 
tables and the linearization of the valve chamber with disk posi-
tion, the PID control system then can adapt rapidly to changing 
chamber conditions. The control system was designed this way so 
that that it could adapt to any pressure chamber and input trace 
(within certain bounds), and still run effectively without any user 
input into the PID.
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FigUre 5 | a pressure time history showing adaptation of the 
proportional–integral–derivative to the change in volume and leakage 
after the failure of a cladding element. Data provided courtesy of Dr. David 
Henderson.

FigUre 4 | a valve map of the final symmetric disk at different leakage conditions.
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The lookup tables scale by a constant factor over the fan speed 
range of 30–70 Hz. (Note that the lower fan speeds are used to 
avoid operating in a narrow region of the valve control curve, to 
maintain accuracy in tests that require small excursions around 
neutral pressure.) The control system predicts the required posi-
tion of the valve up to 1 s into the future based on the current 
estimations of air-chamber leakage, user requested pressures, 
and system gain. If the control system anticipates the valve will 
be unable to meet the pressure requirements of the user defined 
input pressure time history, referred to as valve saturation, the fan 
speed will be increased to meet the demands of the experiment 
(when possible). This avoids the need for the user to predefine the 
required fan speed time history in addition to the input pressure 
time history for the airbox.

Adaptation of the control system is also required when sud-
den leakage, volume change, or flow change through the cavity 
occurs. Figure 5 shows results from a sinusoidal load applied to 
a section of metal roof cladding using a 1.8 m × 0.9 m airbox. 
The achieved pressure trace deviated from the requested trace at 
approximately 882.2 s. This occurred due to a sudden increase in 
the leakage and the volume of the air chamber. As can be seen, 
the system adapts within a tenth of a second. This fast response in 
adaptation of the PLA control system is important since it is able 
to maintain the correct pressure loading even as onset of failure 
of the test specimen occurs.

airbox leakage and Fan Performance
Airbox leakage is an extremely important system parameter and 
has two possible sources: the test specimen and leakages through 
the valve and pressure chamber. The former can be a combina-
tion of material porosity and cracks or holes in the test speci-
men. The latter can be a combination of the pressure-chamber 
fit to the test specimen, the chamber, or the pipes and fittings 

connected to the pressure chamber. The overall performance 
of the system, i.e., maximum pressure and frequency response, 
is highly dependent on the amount of leakage. Ultimately, the 
amount of allowable leakage in the system is a function of size 
of fan or blower used and, as such, significantly influences the 
power required to operate the system.

While it may be desirable to purchase the largest fan possible 
to provide the system with the maximum flow rate possible, 
there are several practical constraints of why this is not the 
optimal solution for the current loading system. Such a large 
fan would require high power consumption even for small, 
nominally sealed boxes; moreover, the physical size of the fan 
would be large and make applying spatial gradients, with many 
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pressure chambers in close proximity, more difficult. Finally, 
in order to accommodate the large flow rates, the size of the 
valve would also need to be increased so that the air velocity 
through the valve is kept to a minimum, and consequently 
the losses. The performance of the entire fan–valve–airbox 
(nominally sealed) was evaluated by using an orifice plate to 
measure the flow rate going into the airbox and measuring the 
achieved pressure. Leakage flow rates were obtained by creating 
controlled openings within the airbox. In addition, these tests 
were repeated at numerous fan frequencies ranging from 30 
to 70 Hz. The results of these tests are shown in Figure 6. In 
addition to meeting other requirements such as physical size, 
the manufacturer’s fan curve for the chosen fan is shown in 
Figure 6. The fan combined with the tuned valve is capable of 
providing flow rates of up to 300 CFM at ~10 kPa and 100 CFM 
at 20 kPa at a fan speed of 60 Hz. However, as can be seen from 
the figure, the system does not need to run the fan at full speed, 
which leads to consequent changes in maximum pressures and 
flow rates. This, in turn, allows the total power consumption to 
be reduced in aggregate for an array of PLAs that are running 
different pressure traces.

To allow greater flexibility, the PLA loading system can be run 
in three different configurations depending on the application. 
The first configuration is the simplest where a single PLA unit 
is connected to a single chamber. The second configuration uses 
a single fan/blower connected to two independent valve and 
servo motors. Each valve is connected to its own box, with its 
own feedback pressure transducer allowing two airboxes to be 
controlled independently of each other using only a single fan. 
This configuration is ideal for small airboxes with minimal leak-
age and has the advantage of reducing the power consumption 
of the system, along with reducing the per airbox capital cost of 

the entire system. The third PLA configuration uses one airbox 
with multiple individual PLA units. Under this configuration, 
only the first PLA (leader unit) has a pressure transducer, and 
the remaining units mimic the valve movements of the leader 
exactly. Under this configuration, significantly higher flow rates 
can be realized while maintaining the performance characteris-
tics required to simulate the real wind loads. This is the approach 
used for the vinyl siding tests discussed in Section “Test Case for 
Air-Permeable, Multilayer Cladding.”

TesT case FOr air-PerMeaBle, 
MUlTilaYer claDDing

Full-scale Pressure Measurements on 
Vinyl siding
Recent tests at the IBHS examined the loads on various siding 
systems using their full-scale wind tunnel (Cope et  al., 2012, 
2014; Morrison and Cope, 2015). Pressures were measured on 
the walls of a full-scale, single story wood-frame house with plan 
dimensions of 9.1 m (30 ft.) × 12.2 m (40 ft.), a mean roof height 
of approximately 3.7 m (12 ft.), and a roof slope of 4-on-12. The 
walls of the test building were 2.4 m (8 ft.) high and clad with 
11.1 mm (7/16″) OSB. In the study done by Morrison and Cope 
(2015), a total of four siding products were tested: vinyl siding, 
foam backed vinyl siding, wood siding, and hardy board. In order 
to test all four products simultaneously the walls of the build-
ing were divided into eight sub-wall assemblies. The long walls 
were divided in half resulting in a test wall 6.1 m (20 ft.) long, 
while the shorter walls extended 3.7 m (12 ft.) from the corner 
leaving 6 ft. in the center of the short wall to access the interior 
of the building. All siding products were installed following the 
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FigUre 7 | a graph showing a portion of the external pressure time 
history for each individual airbox.
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manufacturers guidelines; drywall was installed on the interior 
of the walls so that the wall assembly matched, as accurately as 
possible, real construction. Along the 6.1 m (20 ft.) walls, wind-
induced pressures were measured at 16 locations, while along the 
3.7 m (12 ft.) walls, they were measured at 12 locations. At each 
measurement location, the external pressure, the net pressure 
across the siding, and the net pressure across the OSB were meas-
ured simultaneously. Experiments were conducted in an open 
exposure at four different wind speeds (Morrison et al., 2012). 
The orientation of the building to the wind was varied over a 
full 360° in 10° increments. The results of these tests indicate 
that pressure equalization has a significant effect on the outer 
layer of these systems. For example, results have shown that vinyl 
siding must carry a net load of up to 75–80% of the peak net 
load across the entire wall assembly. Given this 20–25% reduc-
tion in loads, the IBHS results are substantially different than 
the results obtained using a single-partitioned pressure chamber 
or considered through ASTM D3679 (2013). This study is used 
to provide benchmark data for validating the multichamber 
pressure-loading approach using PLAs. In particular, Figure 7 
shows segments of the measured external pressure time histories 

at five locations along the wall from the IBHS experiments—it is 
these time histories that are applied in the multichamber tests 
described below.

Multichamber Pressure Test setup
As described in Section “The Multichamber, PLA Approach,” 
a new pressure-chamber system is required for testing air-
permeable multilayer cladding systems. The main task is to 
ensure that the unloaded surfaces are minimized because of 
the importance of the external pressure gradients on setting 
the cavity pressure. In addition, the chamber walls should be (i) 
nominally airtight, so as to minimize the direct flows between 
chambers, (ii) flexible, so that the barriers have limited effects on 
the performance or deformations of the flexible cladding, (iii) 
strong enough to be robust through a range of test conditions, 
and (iv) easily installed and repeatable. After taking the mate-
rial properties into consideration, a latex-barrier system was 
constructed. Small-scale testing showed that latex worked well 
in all of its required functions and, therefore, was implemented 
for the full-scale testing.

Since the objective was to replicate the IBHS results, test 
specimen was built with the same siding. These walls were 
12  ft. long by 8  ft. high, with 2-by-4s used as the studs. The 
sheathing was 3/4″ plywood; however, a polyurethane sheet 
was placed in between the studs and the plywood to seal the 
pressure chamber, which is slightly different in setup compared 
to the IBHS tests, but which ensures that leakage between the 
pressure chamber to the atmosphere was minimized. House 
wrap was then placed over the plywood to replicate typical 
construction practice, since the focus of the study is the net 
loads on the outer (i.e., vinyl siding) layer. Pressure taps were 
then installed through the plywood and house wrap at the same 
locations as for the IBHS wall. Vinyl siding was installed on 
to the wall using appropriate nails at 16″ intervals along the 
length of the wall. All pieces of vinyl siding were cut to be 12 ft. 
long in order to not have any lap splices in the test chamber. 
Starter strips, ending strips, and utility trim were also used to 
model typical construction practice. The test wall could then be 
placed in a rigid-sided chamber of slightly larger dimensions 
than the test wall, which in this case is the same chamber used 
by Gavanski and Kopp (2011b).

Five chambers were created within the airbox for this test by 
placing four latex barriers within the larger rigid box. These five 
chambers coincided with the pressure tap layout from the IBHS 
tests: four of the chambers were 2 ft. long, with one being 4 ft. 
long. All latex barriers ran vertically across the siding, as can 
be seen in Figure 8, which presumes that the primary external 
gradient was along the length of the wall. This is a reasonable 
approximation for the side walls when they are under suction, 
although further work is needed to examine the effects of these 
gradients. In the current case, with five pressure time histories 
available, five pressure chambers are used. These data were 
obtained from the IBHS experiments, as depicted in Figure  7. 
[Regarding the effects of pressure gradients and the use of one 
set of pressure time histories, as discussed in Bienkiewicz and 
Sun (1997) and Oh and Kopp (2014), and shown below, the pres-
sure gradient is clearly one of the governing parameters of the 
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FigUre 9 | Measured differential pressure time histories under 
(a) uniform and (B) gradient external pressures.

FigUre 8 | a photograph showing the latex-barrier system, creating 
separate airboxes attached to a vinyl siding specimen.
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net wind loads on air-permeable cladding elements, with high 
net loads being associated with high-pressure gradients. Due 
to this, further work is required to determine both appropriate 
design pressure gradients and the resulting number of required 
pressure chambers to obtain sufficient accuracy in the tests. This 
will involve additional wind tunnel testing to examine how the 
pressure gradients and pressure time histories change with overall 
building geometry and terrain conditions, compared to the single 
test case from IBHS.]

resUlTs anD DiscUssiOn

The primary objective of the current tests is to determine 
whether multichamber pressure tests are capable of assessing 
net pressures on an air-permeable cladding system. This is 
done by applying the IBHS measurements of external pressures 
through the PLA system and measuring the resulting PEF. 
Figure 9 shows a plot of a segment of the resulting time histories 
of the differential pressures across the cladding layer (i.e., the 
vinyl siding) for two cases: one with the external pressures from 
IBHS data (see Figure 7 above) and one with spatially uniform 
pressures at each location. For the latter case, the pressure time 
history with the largest peak external pressure from the IBHS 
data was repeated identically in all five chambers. The different 
colors represent the differential pressures, pd, in each separate 
airbox,

 p p pd e c= − ,  

where pe is the external pressure coefficient and pc is the cav-
ity pressure coefficient. The five curves are overlaid on top of 
each other to determine the minimum (i.e., largest magnitude) 
observed differential pressure. The PEF is defined as

 PEF external cavity

external

x
P x P x

P
( ) = ( ) − ( )


,  

where P xexternal ( ) and P xcavity ( ) represent the external and cavity 
pressures, respectively, at the location on the wall and Pexternal is 

the peak external pressure across the entire wall. [Note that in 
these experiments there should be negligible flow or pressure 
transferred from the interior of the wall because the house wrap 
provides a sealing layer. Thus, the net pressure over the assembly 
from the outside (siding) layer to the sealed layer is equal to the 
external pressure. For this reason, we use the external pressure 
instead of the net wall pressure in the definition of the PEF.] 
The data in Figure  9 indicate that the peak differential pres-
sures across the siding layer are about 350  Pa, while the peak 
external pressures are about 400  Pa. Thus, under fluctuating, 
spatially varying pressures, the reduction of the largest net 
pressure to the largest external pressure is about 12%, leading 
to an approximate peak PEF of 0.88. This result is substantially 
different when compared with the data obtained from uniform, 
but time-varying, external pressures, where the largest peak 
differential pressure across the siding layer is about 40  Pa. 
Thus, under fluctuating uniform pressures, the net reduction 
relative to the peak external pressure is about 90%. This result 
is consistent with the findings of Gavanski and Kopp (2012) 
but leads to an even larger reduction than that used in ASTM 
D3679-13 [although it is reasonably consistent with the data 
obtained from the study performed by Architectural Testing, 
Inc. (2002) who obtained PEFs between 0.03 and 0.18]. These 
results definitively show that the spatial pressure gradient is a 
critical parameter for the process of pressure equalization and 
neglecting it leads to highly erroneous loads for these types 
of cladding systems.
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FigUre 11 | Pressure equalization factor as a function of time for a 
sudden change of the pressure with time, including external spatial 
pressure gradients.

FigUre 10 | Measured pressure equalization factor, normalized by 
the peak external pressure from the (a) insurance institute for 
Business and home safety wind tunnel and the (B) current 
multichamber pressure tests.
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Figure 10 presents a comparison of the PEFs from the IBHS 
full-scale wind tunnel experiments and the current multicham-
ber pressure-based experiments. As with the previous plots, the 
different colors represent the PEF in each chamber, with the 
colors from the two experiments matched. Between the two 
results, the multichamber airbox results seem to be deviating 
less from the mean. This is most likely because, although this 
new method of multichamber airbox testing is a step forward 
in the accuracy of the net pressure on cladding elements due to 
the application of spatial gradients, the spatial gradients being 
applied are still highly simplified. Due to limited tap resolution 
from IBHS, there may be subtle differences in the spatial distri-
bution between tap locations that were not captured in original 
testing and which are made uniform within each airbox in the 
current tests.

The PLA system was able to simulate the applied external pres-
sure time histories from IBHS results, with minor smoothing of 
the peak pressures. Recent model scale testing of multilayer roof 
systems suggests that the short duration, localized peak pressures 
control the cavity pressure, and the resulting net wind loads, to 
a significant extent (Oh and Kopp, 2014). This will have some 
effect on the results, but as shown in Figure 10, the distributions 
of the PEF values are similar, even with the minor smoothing 
of peak pressures. In fact, the PEF values are higher during the 
multichamber airbox testing, when compared to the IBHS wind 
tunnel experiments. In addition, further research is needed to 

define the number of pressure chambers actually required, along 
with analysis of data to determine design pressure gradients to go 
with the peak pressures.

To determine whether a static, multichamber pressure test 
may be useful for a test standard, the external pressures at the 
moment that caused the peak PEF in Figure  10 were applied 
(i.e., all temporal variations were eliminated except for the 
rapid change in external pressure from 0 to the target values). 
Figure  11 shows the resultant PEF value, plotted against 
time. The results of this test show that the largest steady-state 
PEF is slightly larger than that obtained in the dynamic tests 
(Figure  9), although it is only about 5% higher. This suggests 
that static, but multichamber, pressure tests are feasible for a 
test standard so that the complexity of using the PLA system 
may not be required in standardized product tests. Interestingly, 
the temporal gradient of the rapidly changing pressure in the 
test caused a temporary increase of the maximum PEF in two 
of the five pressure chambers, which, considering that the PEF 
in the dynamic test is due to peak pressures that also had rapid 
variations, indicates there is a complexity in the temporal aspects 
of pressure equalization, as found by Oh and Kopp (2014). In 
the present case, having the pressures jump from 0 to their final 
values, the magnitude of the load was only altered by about 10% 
compared to the final steady values.

cOnclUsiOn

An experimental study was conducted to determine whether 
multichamber airbox testing is feasible for assessing wind 
loads on air-permeable, multilayer cladding systems. Although 
there is airflow between individual airboxes and uncontrolled 
volume changes caused by shared barriers for the pressure 
chambers creating complications for the PLA control system, 
the concept of creating a multichamber, pressure-based, 
testing apparatus that can accurately obtain wind loads for 
air-permeable, multilayer wall systems with flexible clad-
ding has been shown to work. This was accomplished by (i) 
the creation of multiple flexible latex barriers to enable the 
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application of multiple, discreet, time-varying loads across a 
test specimen, (ii) the development of linearized five-port, 
flow-reversing valve, in conjunction with (iii) an adaptive PID 
control strategy. Using this multichamber pressure loading 
system together with external pressure data obtained at the 
full-scale IBHS wind tunnel, cavity pressures and PEFs were 
found to match the full-scale results reasonably well. The results 
confirm the conclusion of Cope et al., (2012) that the PEF in 
ASTM D3679-13 is unconservative. The good news is that 
static multichamber-based pressure tests are able to capture 
the important features of pressure equalization. Further work 
is required to create an improved test standard, particularly 
with respect to the minimum number of pressure chambers 
which may be required and setting the design pressure gradient 
or pressure pattern, neither of which were examined herein. 
Future work will examine these issues.
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Extensive damage to houses during severe tropical cyclones in the 1970s in Australia 
highlighted the need for research-based structural engineering principles to be applied in 
design and construction of houses. Houses have structural redundancies and complex 
load paths, so the analysis of even simple houses was complicated. In order to evaluate 
the structural performance of these parallel systems, full-scale house testing commenced 
at the Cyclone Testing Station (CTS) in the early 1980s with the static multipoint loading of 
an old house destined for demolition. Following that test program, nine full-scale houses 
were tested under static and cyclic loading to evaluate load paths in different types of 
houses with different building practices and materials. Results have been incorporated 
into amendments of house construction codes, standards, and manuals. Advances in 
computer modeling and instrumentation have led to more sophisticated full-scale studies. 
Data on real houses under construction have informed this work and enabled analytical 
models to incorporate variability in strength of connections in a way that a single test 
cannot. Progressive failure in the structural systems of timber-framed housing can now 
be studied to differentiate between houses that have significant damage and seemingly 
identical ones that have limited damage in the same wind event. These studies involve 
wind tunnel investigations to determine temporal pressure distributions; full-scale multi-
ple tests on connections (with and without construction defects) to determine statistical 
distributions of strength and load/deflection relationships; and full-scale tests on houses 
or portions of houses to determine load sharing mechanisms between parallel structural 
and non-structural elements. The results of the test programs were used to calibrate 
the analytical models, which can be used for reliability studies. The paper presents a 
summary of the methodology and findings from previous CTS full-scale house tests. The 
results of the most recent research using full-scale tests on a portion of a house and 
its companion numerical models are discussed and the benefits and limitations of the 
process outlined.

Keywords: cyclone, full-scale, testing, wind, house, model, failure

inTrODUcTiOn

Destructive cyclones including Cyclone Althea (Trollope, 1972) and Cyclone Tracy (Walker, 1975) 
in Australia in the 1970s highlighted the poor performance of housing in comparison to engineered 
buildings (e.g., office buildings, commercial premises). Investigations of damage concluded that 
engineering design was required to improve the safety of house construction. House construction at 
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FigUre 1 | light framed timber structural system (source: standards australia, 2010).
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that time was largely based on traditional building methods that 
only evolve slowly in response to infrequent but severe events. 
Since then, engineering principles have been applied to develop 
Australian Standards used in house design and construction that 
provide rationally based guidance on resisting wind loads.

Light-framed timber construction is the most common form 
of residential construction in Australia and North America. This 
type of construction is characterized by the use of multiple small 
cross section timber members to create walls, roof, and floors. 
Light-framed construction developed in the early 1800s with 
the advent of industrial saw mills that were able to mass produce 
standard timber sections.

Due to the large numbers of repetitive structural members, a 
light-framed house is easy to construct but is an extremely com-
plex structure to analyze. The interaction of structural elements 
result in load sharing, multiple load paths, partial composite 
action, and under severe wind loading—the non-linear behavior 
of connections results in load redistribution. Figure 1 shows the 
multitude of structural elements that can compose a light-framed 
house, each of these is connected to others with various fasteners 
each with different structural behaviors.

Construction techniques for light-framed construction were 
largely developed by builders’ and carpenters’ traditions with 
codified structural engineering principles being implemented 
in only the last 30  years in Australia. This lack of engineering 
input along with the high complexity of the structure has meant 
that houses have been especially vulnerable to severe wind events 
compared to engineered structures.

Extensive research programs were required to support the 
rapid evolution of Codes and Standards and required structural 

models of complete house behavior that had to be verified. The 
Cyclone Testing Station (CTS) undertook testing on full-scale 
houses to establish models of load paths and the structural 
behavior of houses under wind loads. The testing program was 
used to verify details proposed in a range of deemed-to-satisfy 
solutions for houses in high-wind areas.

While the initial tests replicated static and repeated applica-
tions of patch loads derived from wind-loading standards, the 
testing program has evolved to include replication of spatial and 
temporal variations in wind pressures on house surfaces and the 
combination of full-scale tests and computer models of behavior 
to model a number of different variations of normal construc - 
tion practice.

earlY FUll-scale sTrUcTUral  
TesTs On WhOle hOUses aT cTs

Test Programs
By 1980, CTS had undertaken wind load tests on many com-
ponents of houses in a laboratory setting. However, it was rec-
ognized that testing of structural components under simulated 
wind loads in the correct structural context required full-scale 
in situ testing. The most appropriate context could be delivered 
by testing a complete house.

A 40-year-old house that had survived Tropical Cyclone Althea 
in 1972 was used to test the concept of full-scale tests on houses in 
1981. The house was located only 1,500 m from the anemometer 
that had recorded 52  m/s during the event (Trollope, 1972). 
The simulated wind loads were applied to the house on site and 
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FigUre 2 | Diagram of full-scale tests on the hyne house.
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intended to replicate the loads calculated from the anemometer 
data. The damage was compared with damage observed on simi-
lar houses in the area during TC Althea (Boughton and Reardon, 
1982a,b). These tests demonstrated the applicability of full-scale 
house testing for assessing the interaction of the houses of many 
interconnected components.

The concept was further developed in 1982 and 1983 when 
full-scale tests were performed on a new house that had been 
built to comply with the planned deemed-to-satisfy provisions for 
suburban houses in tropical cyclone prone areas of Queensland. 
The house was a rectangular plan 12.8 m × 6.4 m with 10° roof 
pitch and gable ends. The house was subjected to wind loads 
calculated from the wind loading standard at the time, AS 1170.2 
(Standards Australia, 1983) equivalent to a site wind speed of 
42  m/s (Boughton and Reardon, 1983). Figure  2 illustrates the 
application of:

•	 Lateral loads at the top of roof level using a hydraulic ram (a) that 
tensioned a cable passing through a pulley (b) to a load cell and 
load spreader (c). The reaction was taken through the stay at (d).

•	 Other lateral loads at floor level could be applied with hydraulic 
ram (e) that tensioned a cable passing through the floor system 
to the load cell and load spreader (f). The reaction was also  
taken by the stay (d).

•	 Uplift loads to the roof using a hydraulic ram (g) that moved  
a rocking beam (h) and applied uplift through a load cell and 
load spreaders attached to the roof battens (j). This loading sys- 
tem also created a reaction in the stay (d).

Where loads incorporating full internal pressure were applied 
to the underside of the roof, an equivalent downward load on the 
floor was created using drums of water to ensure that global loads 
on the house were representative. Cyclic load simulations were 
applied to the structure by regulating flow to the hydraulic rams 
based on the load cell signals. In the early tests, repeated loads 
at different percentages of the ultimate design wind loads were 
applied with thousands of uplift cycles and hundreds of lateral 
load cycles.

Wind forces do not reduce as the house deflects, so wind is 
very flexible compared with the structures it loads. Therefore, 
the loading system was designed to be very flexible compared 
with the house under test by incorporating flexible cables. The 
measured flexibility of the full-scale loading system was around 
three times that of the first house constructed for tests. (It was 
around 10 times the flexibility of later brick veneer houses.)

Displacement transducers that measured vertical and horizon-
tal movement at a number of locations monitored the response 
of the house. The data were logged on computers. The limitations 
of early data logging equipment meant that it took 5 s to read all 
load cells and transducers. The combination of flexible loading 
systems and slow read times meant that it was difficult to obtain 
data on loads and deflections near to and immediately after fail-
ures. As the full-scale test house testing program developed, the 
equipment to control loads and monitor deformations became 
more sophisticated and could achieve more variability in loading 
regimens and faster response time for measurements.

The tests aimed to identify load paths through the structure 
under wind loads, identify any vulnerabilities in typical houses 
built to current standards and develop improved details, and con-
firm design methods for calculating wind resistance of houses. 
Each house was loaded with simulated wind loads evaluated from 
design wind speeds (Standards Australia, 1983) and appropriate 
for each house. (The houses were designed for a range of wind 
speeds.)

The following is a summary of complete houses tested in the 
program during the 1980s and 1990s using the same test equipment:

•	 The “Hyne house”—a high-set (elevated) house (single storey 
with floor level 2.4 m above ground), with rectangular floor 
plan 12.8 m × 6.4 m, a steel sheet roof on hardwood trusses 
with a 10° pitch and gable ends (Boughton and Reardon, 
1983). The house included sawn hardwood timber wall and 
floor framing, timber floorboards, 6  mm thick fiber cement 
external cladding, and 10  mm plasterboard internal linings. 
The design wind speed at eaves level was 42 m/s.
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FigUre 3 | Tongan house after low-cycle failure of truss-to-wall 
connection.

FigUre 4 | loading trees attached to roof battens of single storey 
house (the hyne high-set house in background showing the damage 
to exterior wall cladding from simulated wind driven debris to 
evaluate loss of racking resistance in wall lining).
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•	 The “Logan house”—a single storey house with a concrete floor 
at ground level, a rectangular floor plan 14.2 m × 7.1 m, a steel 
sheet roof on graded metal purlins with a 2.5° pitch and gable 
ends (Boughton and Reardon, 1984a). The house included 
1.01 m wide prefabricated steel-framed panels (1.15 mm steel 
stock), clad with 6 mm thick fiber cement externally and inter-
nally, and prefabricated ceiling panels with 6 mm fiber cement 
linings. All panels were bolted together on site. The design 
wind speed at eaves level was 63 m/s.

•	 The “Tongan house”—a house designed for a large scale recon-
struction program following Tropical Cyclone Isaac in Tonga 
(Boughton and Reardon, 1984b) (Figure 3) The Tongan house 
was low-set (single storey with floor level less than 0.9 m above 
ground), with rectangular floor plan 7.2  m  ×  4.8  m, a steel  
sheet roof on softwood trusses with a 26° pitch and gable ends. 
The house included sawn softwood timber wall and floor 
framing, plywood floor, 8  mm thick plywood external clad-
ding, and no internal linings. The design wind speed at eaves 
level was 62 m/s.

•	 The Brick veneer clad house for construction in tropical 
cyclone areas (Reardon, 1986)—a single storey slab on ground 
house of rectangular plan (16.4 m × 7.2 m) with a 15° pitch 
gable roof clad with pressed metal tiles. The wall frames were 
constructed from hardwood with galvanized metal straps con-
necting alternate studs to top and bottom plates. The design 
wind speed at eaves height was 42 m/s.

•	 Brick veneer house for construction in non-tropical cyclone 
areas (Reardon and Mahendran, 1988) (Figure  4)—a house 
of similar outwards appearance to the cyclonic region house,  
e.g., slab on ground (16.4  m  ×  7.2  m). However, the roof 
structure was pitch frame hardwood construction instead of 
manufactured trusses and roof clad with concrete tiles. The 
timber frame walls only had nominal tie down. The design 
wind speed at eaves height was 27 m/s.

•	 Light gage steel framed panelized building system for cyclone 
areas (Reardon, 1990) (Figure 5). The 14 m × 9 m building had 
300 mm deep cold formed steel I beams spanning between the 
long walls to support the roof. A high-tensile rod connected 
each roof beam at the wall top plate down to a ring beam 

channel as part of the foundation. The design wind speed at 
eaves height was 50 m/s.

•	 Brick veneer split-level house for construction in non-tropical 
cyclone areas (Reardon and Henderson, 1996). The single 
storey section had a plan of 8 m × 9 m connected to the two- 
storey plan of 10 m × 6 m. The test house replicated the new 
trend of large open plan living areas. The design wind speed at 
eaves height was 27 m/s.

results and Outcomes from the  
cTs house Testing
Each test series provided tens of thousands of data, which were 
analyzed to establish load paths for wind forces through the 
structure of the house, identify vulnerable elements, and provide 
feedback to designers and Australian Codes and Standards about 
the resilience and vulnerabilities of housing.

Vulnerable Elements
Leicester and Reardon (2010) postulate that all houses contain 
one or more elements with significantly less strength than the 
desired design capacity, through for example, an error in con-
struction or defect material. The full-scale tests confirmed that at 
least one element/connection in the houses failed at less than the 
design load. In fact, for each full-scale cyclonic region test build-
ing, a loss of strength from low cycle fatigue of a major connection 
along the load path occurred resulting in the house not being able 
to achieve its original target design load. After minor changes 
were made to the vulnerable elements, the modified houses were 
able to resist the design wind speeds with an appropriate factor 
of safety:

•	 The tests on the Hyne house indicated that the vulnerable ele-
ments were the batten-to-truss connections and connections 
of floor to concrete piles. After redesigning those details, the 
house was able to resist lateral loads that were 140% of the 
design load and uplift loads that were 200% of the design load.

•	 The tests on the Logan house showed that the capacity of 
the metal brackets used in the connections between the roof 
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FigUre 5 | View of light-gage steel-frame house with details of anchorage failures (reardon, 1996).
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structure and wall were insufficient, and there was tearing 
around small washers under bolts between wall panels. After 
redesigning those details, the house was able to resist lateral 
loads that were 160% of the design load and uplift loads that 
were 130% of the design load.

•	 The tests on the Tongan house showed that some straps and 
truss nail plates were susceptible to fatigue damage. After 
redesigning those details, the house resisted loads that were 
130% of the design lateral and uplift loads.

•	 The tests on the brick veneer cyclonic region house again high-
lighted the issue of loss of strength due to wind load cycles as 
the roof-to-wall tie down straps weakened and tore. A factor in 
the unexpected poor performance of the engineered straps was 
due to the installation requiring the builder to bend the strap  
from the top plate over the truss and down to the top plate again, 
which sometimes resulted in one of the straps being sligh- 
tly looser that the other leading to one side of the strap connec-
tion receiving all the load. The testing resulted in changes being 
made to building standards and construction practice.

•	 The tests on the panelized engineered building revealed low-cycle 
fatigue failure of the main tie down system during the simu-
lated wind load cycles. An eccentric tie down detail induced 
a prying effect on the ends of the high tensile tie down rods 

resulting in the failure. A redesign of the connection to remove 
the eccentricity allowed the building to achieve its design load 
requirements.

The recommended changes to the vulnerable details were 
given to designers to implement in houses constructed for use in 
the community. The revised details were also incorporated into 
relevant Codes and Standards. For example, thousands of the 
Tongan house design were built during the 1980s and have since 
survived several tropical cyclones. The success of the Tongan 
house design through their long-term performance has resulted 
in a refinement of the design and the construction of more of 
these houses in 2014.

The tests also showed that, in general, bracing walls in full-
scale houses were more vulnerable and less ductile than labora-
tory tests indicated. In laboratory testing, the reaction frame and 
the loading system are typically very stiff. First failure of a con-
nection in a bracing wall during laboratory tests typically causes 
an immediate reduction in load and an effective redistribution  
to other fasteners. Subsequent increases in load show very ductile 
behavior of the wall with progressive yielding of the fasteners and an 
increase in strength of the wall following first fastener failure. 
However, tests on a house with a flexible loading system and a 
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FigUre 6 | increase in horizontal displacement of top plate of  
upper storey with each additional construction stage (reardon  
and henderson, 1996).
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flexible suspended timber floor system produced complete failure 
of the bracing walls when the first fastener failed. The energy 
stored in the floor and the flexible loading prevented release of 
load and redistribution to the whole panel following first fastener 
failure. Instead, the adjacent fasteners were rapidly overloaded. 
The full-scale test bracing capacity of the house was 60% of the 
capacity taken from the sum of individual bracing walls tested in 
laboratory conditions (Boughton, 1988).

Load Paths
Load paths for both lateral and uplift loads through the structure 
were identified by comparing results of each house loaded at a 
number of stages during construction. The increase in stiffness 
at each stage of construction gave an indication of the change in 
load path with the addition of each structural and non-structural 
element. (An example is plotted in Figure 6 for the two-storey 
section of the brick veneer split level house.) The results of tests 
on all houses showed that some non-structural elements were 
effective in transferring wind loads through the structure. For 
example, on most houses, without the cornice, the lateral load 
transfer between the ceiling diaphragm and the top of bracing 
walls followed a circuitous path: ceiling to ceiling screws, to 
ceiling battens, to lower chords of trusses, to truss-to-wall con-
nections, to the top of exterior walls, to frame-to-frame nailed 
connections, to internal bracing wall frames, and then through 
cladding fasteners to the bracing panels. After the installation of 
cornices, the load path was from the ceiling cladding through the 
cornice directly to the bracing panels; a very direct and stiff load 
path. Therefore, where glued cornices had been installed, almost 
no lateral load was transferred through the structural connec-
tions until the cornice cement had broken.

Many load paths included a number of parallel elements that 
had the capacity to share loads if one element failed. Therefore, 
weaker elements in load paths that incorporated redundancy did 
not pose a risk of significant structural damage. The vulnerable 
elements identified in Section “Vulnerable Elements” were not part  

of a system that allowed alternate load paths or redun dancies. 
This highlighted the need for further research into the structural 
redundancy of elements in houses and the progression of failure 
following first failure of a vulnerable element.

Models of Structural Load Transfer in Houses
The results from each series of tests on a house type were able 
to confirm or refine accepted models of load transfer between 
elements. For example:

•	 Tests on brick veneer houses indicated that uncracked brick-
work carried all of the lateral wind loads without transferring 
any loads to the timber frame. However, when the brickwork 
cracked, the brick ties transferred the load from the brickwork 
to the timber frame until they buckled and allowed the bricks 
to touch the frame and transfer load by bearing.

•	 Tests on bracing walls indicated that in spite of their more brit-
tle behavior indicated in the Section “Vulnerable Elements,” the 
high in-plane stiffness of roof and ceiling diaphragms enables 
load sharing between the bracing walls and delivers adequate 
total bracing capacity. This confirmed the load transfer model 
assumed in the design of bracing systems in Australian framed 
houses.

limitations of early Tests on Full-scale 
houses
In many of the full-scale tests, particular care was taken to 
ensure that correct construction practices were used. However, 
slight variation in design, workmanship, and materials has been 
observed in inspections of houses in the community and is one 
of the factors accounting for differences in the performance of 
similar houses in the same wind event. The cost of building full-
scale test houses prevents using this method to test variations 
in construction practices; however, damage investigations show 
that this is still a major cause of house failures under wind loads.

The CTS-simulated wind loading across the building is an 
approximation of the pressure gradients derived from Standards 
or wind tunnel models. The patch loads and line loads are applied 
to the structure such that higher loads can be applied to edge 
regions compared to the field (middle) of the roof. The loads can 
also be cycled in a sinusoidal application. Although this simulated 
loading can be repeatedly applied to the test house following 
change of materials/components, it cannot replicate the spatial 
and temporal variations from aerodynamic loading, such as the 
full-scale testing discussed by Huang et al. (2009).

No new complete full-scale test houses have been built at 
the CTS since the late 1990s with the intervening two decades 
of research and development targeting the performance of com-
ponents within the structural models identified in the full-scale 
house testing program. Recent research has extended the original 
concept of full-scale testing so that a range of component charac-
teristics can be investigated in tests of full-scale sections of houses.

FUll-scale TesTs On hOUse rOOFs

Recently, several other full-scale house tests have been carried 
out to evaluate the structural response and load sharing of the 
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FigUre 7 | representative contemporary house 2015 showing truss-to-wall connection study area.

102

Boughton et al. Full-Scale Structural Testing of Australian Houses

Frontiers in Built Environment | www.frontiersin.org April 2017 | Volume 3 | Article 21

North American and Canadian residential houses (Datin and 
Prevatt, 2007; Morrison, 2010; Canino et  al., 2011; Doudak 
et al., 2012; Henderson et al., 2013). However, the usefulness of 
these experimental results to assess the structural response and 
load sharing of Australian residential house is limited, as their 
construction types are different. These variations in construction 
result in differences in their structural response and stiffness of 
roof-to-wall connections. Thus, it can be expected that the load 
sharing and reaction influence coefficients will be different in the 
Australian timber-framed structure compared to that of other 
countries’ houses.

Based on the applied loads and displacements, the full-scale 
tests at the CTS (Boughton and Reardon, 1982a,b, 1983, 1984a,b; 
Reardon, 1986, 1990; Reardon and Mahendran, 1988; Reardon 
and Henderson, 1996) qualitatively showed the strength, stiffness, 
and load transfer of the house system subjected to wind load. 
These tests did not investigate the significance of reaction influence 
coefficients on the truss-hold down force. The reaction influence 
coefficient is used with wind pressure distribution to evaluate the 
truss hold-down forces of timber-framed houses (Ginger et  al., 
2000). The study presented in this section describes a full-scale test 
conducted to identify the load sharing and reaction force influence 
functions of timber-framed houses in Australia. A combination of; 
full-scale tests on sections of a house, numeric models, characteri-
zation of the variability of components, and detailed wind tunnel 
loading data has been used to investigate structural behavior of 
houses with a variety of construction practices, determine statisti-
cal distributions of strength and load/deflection relationships and 
load sharing mechanisms between parallel structural and non-
structural elements (Satheeskumar et al., 2016a,b).

Data on houses under construction (see Investigation and 
Testing of Contemporary House Construction) have been 
incor porated into analytical models to represent variability in 
the strength of connections in a way that a single full-scale test 
cannot. The focus of these studies is the investigation of the effects 

of defects in individual connections and the mechanics of progres-
sive failure in the complex structural systems in timber-framed 
housing. The results of the test programs were used to calibrate 
the analytical models, which can be used for reliability studies.

This section discusses research projects that extend the previ-
ous CTS full-scale testing programs to evaluate the performance 
of full-scale roof structures under wind load using a combina-
tion of wind tunnel pressure records and full-scale testing of 
components and assemblies.

investigation and Testing of contemporary 
house construction
As a collaborator in the Climate Adaptation Engineering for 
Extreme Events Cluster (CAEx) (Stewart et al., 2016), CTS under-
took surveys of houses under construction in three Australian 
capital cities to document current design and construction 
practices. The surveys recorded data on structural members (size, 
grade, and span), connections (fasteners, spacing, and configura-
tion), and identified inadequate design and installation of some 
elements. Incorrect site classifications for wind, errors in connec-
tions for tie-down of roof structural elements, over-driven nails 
on bracing elements, and incorrect window and door installation 
were observed. The plans of the inspected houses showed that 
their roof structure was more complex than the roofs of houses 
used in previous CTS tests on full-scale houses or in wind tunnel 
studies to derive peak wind pressures.

Cyclone Testing Station used these data from the surveys 
to develop a design of a representative house with specified 
dimensions, roof shapes and pitch, plan footprints, materials, 
and structural systems as shown in Figure 7. It included a non-
rectangular floor plan with hips, valleys, and short ridges. Wind  
tunnel studies on this representative house were used to establish 
base-line peak pressure coefficients on all areas of the roof, as 
illustrated in Figure  8. Pressure taps were installed on the 
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FigUre 9 | Full-scale tests on house cross-section.

FigUre 8 | external wind pressure coefficients on representative house.
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models in a 12 mm × 18 mm grid-pattern (representative of the 
600 mm × 900 mm truss-batten spacings in full-scale) to enable 
cladding loads, batten-truss loads, and the resulting wind load 
effects on the trusses to be determined.

Cyclone Testing Station has also conducted investigations of 
damage to houses following most major wind events in Australia 
since the mid 1980s. The data from these investigations have been 
used to highlight/identify deficiencies in design and construction 
practices that have contributed to changes in Codes and Standards 
and initiated research projects to improve building resilience. 
Many of the deficiencies in structural details that contributed to 
damage in houses during severe wind events were also observed 
in the CAEx surveys. These deficiencies have been incorporated 
into recent full-scale tests in order to establish their role in pro-
gressive failure and investigate whether redundancies in some 
elements provide alternative load paths around the deficiencies.

Behavior of Truss-to-Wall connections
A 3.3  m-long section of house including five 6.6  m-long roof 
trusses, shown in Figure 9, was constructed for full-scale testing 
to evaluate the capacity of normal house components such as wall 
linings and cornices to carry loads (Satheeskumar et al., 2016a) 
around weak truss-to-wall connections. Vertical load transfer 
through the structural connections was measured at the top 
plate and the bottom plate. The full-scale test structure included 
five standard prefabricated nail plate trusses, metal battens, 
corrugated steel roof cladding, timber wall frames, plasterboard  
wall and ceiling lining, and cemented ceiling cornices.

Hand-nailed metal framing anchors that complied with 
recommended construction practices (“ideal”) were initially 
installed to connect the trusses to the wall frames. Some of the 
connections were altered (e.g., missing nails) for subsequent 
tests to reflect poor construction practices observed in some 
houses as discus sed in the Section “Investigation and Testing of 
Contemporary House Construction.” The results showed that the 
load distribution of uplift forces was a function of the stiffness 
of the roof-to-wall connection. The lining elements (i.e., ceiling, 
ceiling cornice, and wall lining) contributed significantly to verti-
cal load sharing.

A 3D finite element model (FEM) was also developed using 
ABAQUS (6.12-3) (ABAQUS, 2013) to further assess the load 
sharing and structural response of the timber-framed structure 
to different construction defects in roof-to-wall connections.  
The connections were represented in the FEM as either linear or 
non-linear spring elements. The connection forces in the FEM 
analysis were compared with measurements from full-scale struc-
tural testing using uniformly distributed loads. The results were 
similar, with a maximum variation of about 15% (Satheeskumar 
et al., 2016b). The validated FEM provided confidence to inves-
tigate the response of roof-to-wall connections to more realistic 
uplift forces that vary across a house roof.

The FEM was developed and analyzed for three different con-
figurations: case 1 using “Ideal” connections; case 2 with a single 
nail missing in one of the truss tie-downs; case 3 with two nails 
missing from one truss-to-wall connection and one nail missing  
from an adjacent truss-to-wall connection. The force displacement  
relationships for these cases were obtained from the experi-
mental tests and high resolution FEM of isolated connections 
(Satheeskumar et al., 2016c,d).

Table  1 presents the CN (i.e., truss hold-down coefficient) 
at each connection when 1 kPa uniform suction pressure was 
applied on the roof. It shows that the loads in connections adja-
cent to the trusses that have defective tie-down are increased by 
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TaBle 1 | CN of truss-to-wall connections with uniform suction pressure 
1 kPa applied to the roof with trusses affected by defective fasteners 
highlighted.

Detail CN

Truss a Truss B Truss c Truss D Truss e

Case 1 (ideal) 1.54 1.46 1.41 1.49 1.56
Case 2 (missing single nail) 1.57 1.60 1.07 1.64 1.59
Case 3 (missing single and 
two nails)

1.81 1.07 1.20 1.69 1.70

FigUre 10 | example of a force vs. displacement curve for static pull-out test of batten-to-truss nails.
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about 10% where there is only one defective tie-down (case 2). 
This figure is significantly less than the 50% redistribution from 
a statically determinate system. There is a higher load transfer  
if there are two adjacent defective connections. The research pro-
ject demonstrated that the linings in normal house construc-
tion can carry load around defective truss-to-wall connections.

PrOgressiVe FailUre anD lOaD 
reDisTriBUTiOn OF BaTTen- 
TO-TrUss cOnnecTiOns

Full-scale house testing conducted in the 1980s and 2015 exam-
ined the complex load paths, the effects of construction defects, 
and damage. However it is still largely unknown how loads are 
redistributed during a failure and how structural failure can 
propagate through the roof structure. Damage investigations 
have shown that the failure of a few batten-to-truss connections 
can trigger a progressive failure resulting in the loss of large sec-
tions of the roof structure.

The study presented in this section examines progressive 
failures of nailed timber batten-to-truss connections. Laboratory 
tests were conducted to determine the behavior of connections 
under wind loads. Wind tunnel studies were conducted to 

determine the correlation of load time histories at neighboring 
batten-to-truss connections and its effect on the initiation of a 
progressive failure. Finally, non-linear structural analysis was 
undertaken to determine how loads are redistributed as connec-
tions fail under uplift loads.

Behavior of Batten-to-Truss connections
Laboratory tests were conducted on new batten-to-truss con-
nections and on connections taken from 50-year-old houses. The 
tests on 50-year-old connections provided data on the perfor-
mance of nailed connections in service and enabled deterioration 
due to age to be quantified.

Static testing of batten-to-truss connections was conducted  
to determine the mean strength of the connections under slow 
load rates (2.5  mm/min as specified in Standards Australia, 
2001). A representative load/deflection plot of a 50-year-old con- 
nec tion with a strength close to the mean strength is shown in 
Figure 10. The 50-year-old connections showed a much greater 
variability in strength than new connections.

Dynamic tests of single batten-to-truss connections were 
undertaken to characterize progressive failure or deterioration of 
connections under fluctuating wind loads. The connections were 
tested using a servo hydraulic universal testing machine with a 
synthetic test load trace based on the wind tunnel study discus- 
sed under Section “Investigation and Testing of Contemporary 
House Construction”. Appropriate time scaling was applied to 
determine the required full-scale frequency.

Dynamic testing applied repeated synthetic peak loads to 
full-scale specimens until failure. The loading rate and frequency 
of the time history signal was based on a gust wind speed of 
around 40 m/s for a nominal tributary area for the connections 
of 0.36 m2.

The results of the dynamic tests still showed large variability in 
connection performance, with some connections able to survive 
only two or three peaks and some able to survive more than 100 
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FigUre 11 | example of a force vs. displacement behavior of batten-to-truss nails connections under repeated wind uplift peak events.
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peaks. All showed some ductility as they were able to sustain 
loads at deformations much higher than their elastic limit.

Figure 11 shows an example of 50-year-old connection behavior  
under dynamic loading. There was nail slip with each peak event. 
In most cases, there was an increase in performance similar to 
strain hardening behavior in steel; the magnitude of each slip 
decreased near the center of the plot. After the accumulated nail 
slip had reduced the depth of embedment to a critical level, the 
connection rapidly lost strength and failed as shown at the right 
hand side of the plot.

Preliminary testing also showed that for many of the 50- 
year-old connections, some nail slip occurred at peak loads below 
the mean connection strength. The accumulation of nail slip over 
a number of peak load cycles resulted in lower depth of embedment 
of the nail into the truss. This observation is compatible with older 
connections in service that have experienced nail slip in a num-
ber of previous wind events failing at loads lower than expected.

The dynamic tests showed that a connection’s elastic stiffness, 
indicated by the gradient of the loading and unloading paths, does 
not change with accumulated damage through successive peak 
events, i.e., the elastic behavior of the connection is similar for each 
peak load event. This indicates that load redistribution to adjacent 
connections occurs due to total nail slip in a connection rather  
than to a decrease in elastic stiffness. Once a connection fails com-
pletely, load will be rapidly redistributed to adjacent connections.

The next phase of this study will involve the construction  
of a full-scale portion of a roof with full instrumentation of each 
batten-to-truss connection to evaluate the redistribution of load 
during progressive nail slip and complete connection failure of  
a single batten-to-truss connection.

Wind Tunnel Time-history of loadings  
on roof elements
Previous CTS full-scale testing had focused on demonstrating 
that deemed-to-satisfy designs could withstand the design wind 

loads and that models of structural behavior were valid, so loads 
calculated from contemporary wind loading standards were 
used. However, the Standard loading model is generalized. In 
order to use full-scale testing to evaluate progressive failure of 
elements within a house and demonstrate load sharing among 
elements close to the cladding, as noted in Section “Early Full-
Scale Structural Tests on Whole Houses at CTS,” it is important to 
replicate the temporal and spatial variations in wind loads. Wind 
tunnel studies were used to create fluctuating load sequences 
that could be used to simulate wind forces on crucial elements 
of houses.

Boundary layer wind tunnel studies were conducted on 
1/50 scale models to determine pressure distributions on the 
surface of houses for multiple wind directions (Parackal et al., 
2016). Pressures were measured using hundreds of pressure taps 
on roof and wall surfaces. These pressures were integrated to 
calculate loads on connections supporting different areas of roof 
surfaces.

The tributary areas of batten-to-truss connections expe-
rienced the highest peak loads at roof corners and the apex 
of gables. The loads on a single connection were evaluated by 
summing the pressures over the tributary area of the surface 
for a single batten-to-truss connection. These loads were 
characterized by “peak events” of load more than 3.5 SDs 
from the mean lasting about 0.5–2.0 s for a mean wind speed 
of 100  km/h at full scale. The peak loads experienced varied 
with wind directions and were due to different aerodynamic 
mechanisms such as separation of flow or vortices entrained 
in the airflow.

In order to determine the factors that may promote failures 
to progress through a full-scale roof, correlation coefficients of 
load-time histories at connections were evaluated. The cross-
correlation coefficient (rij) defined in Eq. 1 gives a measure of how 
well correlated the pressures on a specified connection (i) are with 
the pressures on an adjacent connection (j). A time lag term (τ) 
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FigUre 12 | cross-correlations of time histories. Different lines within 
each color refer to different batten-to-truss connections on each truss. Truss 
1 is over the gable, then, Truss 2 is one truss spacing from the gable, then 
Truss 3.

FigUre 13 | Plan view of batten-to-rafter connections on the gable 
roof house modeled in the finite element model.

106

Boughton et al. Full-Scale Structural Testing of Australian Houses

Frontiers in Built Environment | www.frontiersin.org April 2017 | Volume 3 | Article 21

is incorporated to allow for the time it takes for a gust vortex or  
eddy to move from one connection to another:
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where pi  and pj are the fluctuating components of the pressure  
at locations i and j, σp is the SD of fluctuating load, and T is the 
time over which the signal is analyzed.

As shown in Figure  12, cross-correlations of time histories 
show that peak loads are correlated with pressures on adjacent 
connections. The negative lag times indicate that the pressure 
is well correlated with pressures on an upwind connection. For 
this wind direction, it was the connection on the same batten 
immediately upwind of the connection being evaluated. For other 
wind directions, the correlations indicated that the peak loads 
had been moving diagonally across the roof. It was also found that 
wind directions that caused the highest loads were not necessar-
ily those that caused the highest correlations amongst adjacent 
connections.

The patterns of correlation can have implications on the initia-
tion of progressive failures, especially if the correlation patterns 
align with the direction in which loads will be redistributed when 
a single connection fails or weakens. The direction the loads are 
redistributed between batten-to-rafter/truss connections is deter-
mined by the ratio of the bending stiffness of the battens to that 
of the cladding in the direction parallel to its corrugations as well 
as the batten and rafter/truss spacing. For example, the gable roof 
house studied may be most susceptible to progressive failures for 
wind direction 270° with the correlation patterns aligning along 
rafter lines and if the bending stiffness of the corrugated cladding 
is greater than the battens.

non-linear “Pull-Up” analysis
To determine the direction loads are redistributed and to 
determine how progressive failure may propagate through 
the roof structure, a non-linear time history analysis using 
a finite element method structural analysis model was 
performed. An array of batten-to-truss connections repre-
senting the connections within a study area of a gable roof 
house was modeled as shown in Figure  13. Roof cladding 
is modeled as a thin shell with the thickness selected to 
give the same flexural rigidity (EI) as a 0.42 BMT “custom 
orb” cladding profile. A “stiffness modifier” of 0.1 is applied 
to EI of the sheeting in the direction parallel to the bat-
tens to represent the lower bending stiffness in the direc- 
tion perpendicular to the cladding corrugations. Battens were 
modeled as frame elements that represent 45  mm ×  70  mm 
MGP10 battens. Batten-to-truss connections were modeled as 
multi-linear plastic link elements, with their force–displace-
ment behavior determined from laboratory tests. These links 
are assigned a proportional limit 0.5 kN, plastic deformation 
for 10 mm at 0.5 kN, and complete failure at 15 mm extension. 
The roof structure below is not modeled.

A non-linear time history analysis was performed with a 
quasistatic ramp load (1  kN/min) applied at the location of 
connection T2-B7 (batten 7 fastened to truss 2 as shown in 
Figure 13). The ramp loads are continued as the first connection 
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FigUre 14 | color scale plots of batten-to-truss connection loads at five time steps showing percentage of total load borne by each connection. 
From left to right: (a) at and before yield of loaded connection, (B) at yield of connections along battens, (c) at yield of connections along cladding corrugations, 
and (D) at failure of loaded connection.
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fails and a cascading failure takes place. Selected time steps of 
color scale plots showing the redistribution of load are shown 
in Figure 14.

As load is applied above T2-B7, the system behaves as a set 
of springs in parallel, with part of the load being resisted by 
the connection T2-B7 itself and the remaining resisted by the 
batten and the cladding in flexure as well as extension of the 
neighboring connections. Uplift loads are thus shared among 
neighboring connections even when T2-B7 is undamaged and 
in the elastic range.

Before connection, T2-B7 yields as shown in Figure  14A,  
a total of 27% of the load is shared among connections immedi-
ately to the left and right on the same batten (T3-B7 and T1-B7). 
Load is also resisted along the corrugations of the cladding, with a 
total of 21% shared with connections T2-B8 and T2-B6. Finally,  
15% is shared among connections diagonally away from the 
loaded connection. One hundred three percent of the uplift load  
is resisted by connections in the 3  ×  3 grid surrounding the 
loaded connection with connections outside of this grid having 
the sheeting pressing down on the batten (the remaining −3% of 
loads). These proportions of load sharing continue to the point 
where connection T2-B7 yields.

After connection T2-B7 yields, the proportion of load borne 
by this connection decreases and the amount of load sharing at 
all neighboring connections increases. When the connection to 
the left (T3-B7) yields, a total of 37% of load is taken by connec-
tions that are immediate neighbors on the same batten and 28% 
spans along corrugations. As the connection to the right (T1-B7) 
yields, the battens have reduced the proportion of load sharing 
and bear 34% of the load, as shown in Figure  14B. Loads are 
now redistributed along corrugations and connections T2-B8 and 
T2-B6 take 30% of the load. From this point on, the loads borne 

by connections on the same batten reduce and load transferred 
along corrugations increases.

Once all connections adjacent to the loaded connection yield 
as shown in Figure  14C, load is shared equally among all the 
connections in the 3 × 3 grid including the loaded connection. 
However, when the loaded connection fails completely as shown 
in Figure 14D, loads are equally shared among battens and along 
corrugations. At this stage, loads are redistributed to diagonal 
connections.

The next connection to fail completely is T1-B7, to the right 
of the loaded connection. Loads are again redistributed to con-
nections along the corrugations. At this stage, a cascading failure 
commences with loads being rapidly redistributed as connections 
fail in rapid succession resulting in the failure of all the connec-
tions in the study area.

The non-linear analysis has shown that load sharing and 
redistribution between batten-to-rafter connections is a complex 
process. Loads are shared among neighboring batten-to-truss 
connections depending on the ratio of stiffness of the battens and 
cladding as well as the batten and truss spacing. Additionally, the 
load path changes whenever a connection yields or fails com-
pletely. Connection failure and load redistribution occurs rapidly 
but in durations similar to pressure fluctuations experienced on 
the roof surface. Thus, the correlations of wind pressures may play 
a significant role in the initiation of a progressive failure. In future 
work, time history analysis with spatial and temporally varying 
loads can be used to determine the effects of the load correlations. 
This will lead to a study of the propagation of the failure cascade 
as well as how the structural system responds under fluctuating 
dynamic loads. Similar techniques can be applied to other con-
nections in the vertical load path such as roof-to-wall connections 
discussed in Section “Full-Scale Tests on House Roofs.”
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DiscUssiOn OF BeneFiTs anD 
liMiTaTiOns

The original house testing research program at CTS was able 
to demonstrate the strengths and weaknesses of contemporary 
house design and enabled the validation of structural details 
and prescriptive standards (codes) for Australian housing. 
Typically, once any weak links in the load path were found and 
repaired, the test houses were stronger than design expecta-
tions. The test program led to a greater understanding of the 
transfer of load and distribution of forces through the various 
elements of the house structure—the program repeatedly high-
lighted the complex non-engineered load path of typical house 
construction. Also, through the application of repeated load 
cycles representing the duration of a tropical cyclone, issues of 
low-cycle fatigue on structural connections of light gage steel 
were highlighted.

In recent years, full-scale testing of US and Canadian houses 
subjected to wind loads has been conducted to evaluate structural 
and component response (Datin and Prevatt, 2007; Morrison, 
2010; Canino et  al., 2011; Henderson et  al., 2013). However, 
there are only limited data available on the load distributions in 
inter-component connections, and progressive damage due to 
connection failure to wind loading.

However, full-scale test programs are expensive and time 
consuming. In early full-scale tests, the costs were justified by 
the value of these data and outcomes from each test. The cur-
rent full-scale test program incorporates detailed FEA modeling 
during the experimental design to ensure that the load and 
displacement data are recorded for the locations required to 
best assess the FEA models. Using a validated model, changes 
in material properties and construction defects can be analyzed 
with confidence.

Full-scale studies on houses and parts of houses have identi-
fied a number of elements that provide structural redundancies. 
For example, grid systems in roof structures can bridge over 
weaknesses in specific elements. Wall systems also incorporate 
multiple parallel elements that can also share load. In addition, 
there are many non-structural elements such as plasterboard wall 
linings and ceiling cornices that can also transmit loads around 
structural systems if the primary structural system fails. However, 
that does not mean that there is enhanced resilience for all criti- 
cal elements in the tie-down chain.

The most recent full-scale tests indicate that battens and roof 
cladding provide some bridging between batten-to-rafter/truss 
connections. Battens have the potential to carry the load from 
a failed batten-to-truss connection to only the adjacent connec-
tions along the batten. This study also indicates that the roofing 
provided a stiffer load transfer mechanism that only transfers load 
in a direction perpendicular to the ridge of the roof. However, in 
completed buildings, a failure of an edge batten-to-truss connec-
tion at the eaves could transfer load via bending in the battens 
to the fasteners in the same batten or via cantilever bending of 
the roof sheeting to the batten connector on the next batten up 
the roof. The load transfer from the failed connector significantly 

increases the load on the adjacent fasteners and can lead to 
progression of the failure. Where first failure is near a corner of a 
roof panel, there can be a rapid spread of failure through the roof 
in both directions.

Connections deeper within the tie-down load path have 
greater redundancy and resilience than connections immediately 
under the roof cladding. Recent tests indicate that at lower levels 
in the house, many more elements have the potential to provide 
bridging systems that can transfer load to other elements if a 
connection fails. Roof sheeting, battens, ceiling elements, ceiling 
cladding, and other roof structural elements can transfer load 
laterally in wall systems over a significant distance if tie-down 
elements in walls fail. In addition, non-structural elements such 
as plasterboard wall linings and ceiling cornices can also contrib-
ute to load transfer and make roof-to-wall connections and wall 
systems less vulnerable to progressive failure.

However, in examining the load path progression from clad-
ding through rafter to wall, the gust pressure correlation over 
the time domain follows the load sharing path for a number of 
wind directions. These correlation results indicate that in an 
overload situation, the peak gust pressures are applied to con-
nections that have already attracted extra load as a result of load 
sharing from a failed fastener. This effect can also contribute 
to rapid progression of failure of batten-to-truss connections. 
Therefore, the limited load sharing at batten-to-truss connec-
tions coupled with the pressure correlation does not lead to an 
improvement in resilience of the structure, so it is important 
that each and every connection has the capacity to resist its 
design loads.

As further research on progressive failure in roofs continues, the 
varying resilience of connections within houses can be quantified.
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Despite many advances in the area of wind effects on structures in recent decades, 
research has been traditionally conducted within limited resources scattered geographi-
cally. With the trend toward increasingly complex designs of civil infrastructure combined 
with the escalating potential for losses by extreme wind events, a new culture of research 
needs to be established based on innovative and collaborative solutions for better man-
agement of the impact of extreme wind events. To address this change, this paper pres-
ents a new paradigm of a multiscale cyber-based laboratory framework for the analysis/
design, modeling, and simulation of wind load effects based on an ongoing collaborative 
cyberinfrastructure-based platform, Virtual Organization for Reducing the Toll of EXtreme 
Winds (VORTEX-Winds, https://vortex-winds.org), and discusses its current status since 
its inception in 2007 and ongoing developments. This collaborative framework as it 
evolves would enable a paradigm shift by offering advanced cyber-enabled modules 
(e-modules) for accelerating advances in research and education to achieve improved 
understanding and better modeling of wind effects on structures. Accordingly, it will 
enhance wind community’s analysis and design capabilities to address next-gener ation  
challenges posed by wind. Through empowering those without computational or 
experimental resources, the e-modules will encompass a large set of subject areas and 
topics categorized as Database-enabled design, Full-scale/Field site data repository, 
Statistical/Stochastic toolboxes, Tele-experimentation, Uncertainty modeling, Damage 
assessment, and Computational platforms. This prototype will allow access to the indi-
vidual e-module, while it is envisaged that next level of development in VORTEX-Winds 
will have the capability for an automated and integrated analysis/design through a nexus 
of e-modules. A highlight of the e-modules currently completed or in development is pre-
sented not only to show the efficacy of the framework to enhance and supplement the 
limitation of traditional off-line approaches but also to describe architecture and features 
of e-modules to promote additional cyber-enabled data-driven developments in the field.

Keywords: virtual organization, cyberinfrastructure, extreme winds, wind load effects, modeling, simulation, 
analysis, design

inTrODUcTiOn

Wind-related catastrophes by extreme winds such as hurricanes, tornadoes, thunderstorms/down-
bursts, etc. inflict enormous devastation on the built environment and result in a staggering number 
of fatalities. A recent report by Munich Re Group (2012) showed that North America has been most 
affected by weather-related extreme events in the world in recent decades. To better understand and 
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manage the impact of such extreme wind events, a new culture 
of research needs to be developed based on innovative solutions. 
In this regard, a virtual organization (VO) or cyberinfrastructure 
(CI) has been recognized as a possible means in many disciplines 
to offer real-time shared access to geographically dispersed 
resources, which would enable the pooling of resources reliant 
on Internet and information technology (IT) (Kijewski et  al., 
2003; Frame et al., 2009). A conceptual example framework for 
integrated design for wind effects is envisioned in Figure 1A in 
which computational, experimental, and other features are man-
aged and coordinated by a cyber studio using a cloud platform.

Other fields are fast recognizing the potential impact of such 
a technology. An example is NERC environmental eScience con-
sortia comprising a variety of VOs in the fields of environmental 
sciences to share resources and perform collaborator (Gurney 
et al., 2009). Similarly, the structural design field is currently at 
the dawn of adopting a new IT known as Building Information 
Modeling, which promises to revolutionize the design and the 
construction of buildings. Building Information Models are 
3-D, smart, parametric e-models of buildings that are shared by 
a team of designers and builders to facilitate the exchange and 
interoperability of information in a digital format. However, 
such a conventional concept of VO or CI that simply shares valu-
able resources for collaboration has now evolved into the new 
stage with the rapid IT developments. For example, nanoHUB 
for nanotechnology offers not only community-contributed 
resources but also online computational tools based on grid com-
puting (Goasguen et al., 2008). In structural engineering field, the 
Network for Earthquake Engineering Simulation (NEES) (Van 
Den Einde et al., 2007) offered a feature of networked facilities for 
enhancing seismic hazard research through hybrid tests. These 
facilities have made high-end resources accessible to groups oth-
erwise limited by their personal research tools allowing them to 
expand the scope of their research to address complex problems. 
NEES also offered computational tools by adopting the frame-
work of nanoHUB, named NEEShub (Rodgers, 2011). Although 
those advanced CI frameworks despite their promise were either 
to computational or experimental/hybrid methods.

Similar to other disciplines that usually include broad research 
subjects, the topic of wind effects on structures is of an interdisci-
plinary nature that requires a knowledge base from a large number 
of subject areas. It includes meteorology, structural engineering, 
engineering mechanics, probabilistic/statistical methods, fluid 
dynamics, turbulence, structural dynamics, experimental meth-
ods, risk, reliability, etc. (e.g., Kareem, 2005, 2008). For better 
quantifying the load effects, a new paradigm shift is required to 
provide efficient and reliable tools or procedures for both research 
and practice. Certainly, it is a daunting task to develop such 
innovative solutions by a group or two, thus community-level 
efforts are necessary. With the recognition of this demand, for 
example, the National Science Foundation (NSF) has recently 
launched a new initiative, Natural Hazards Engineering Research 
Infrastructure (NHERI) [National Science Foundation (NSF), 
2014], replacing NEES, which is a distributed, multiuser, national 
platform to provide the natural hazards engineering community 
(e.g., earthquake and wind engineering) with access to research 
infrastructure. A CI underpins and integrates NHERI as a VO 

that offers researchers a platform for research collaboration and 
knowledge sharing (DesignSafe-CI1). Central to NHERI is the 
experimental testing, computational modeling and simulation, 
research data and their integration with theory for generating 
knowledge, and innovation needed to mitigate the impact of 
future natural hazards such as earthquakes, windstorms, etc. 
[National Science Foundation (NSF), 2014].

In anticipation of a CI based data-enabled engineering as 
a central component of a computational/experimental infra-
structure, this study describes the evolution of a cyber-enabled 
framework for analysis/design, modeling, and simulation of 
wind load effects, Virtual Organization for Reducing the Toll of 
EXtreme Winds (VORTEX-Winds) at https://vortex-winds.org, 
and discusses its current status since its inception in 2007 and 
ongoing developments that predate the current CI-based initia-
tives. It aimed not only to facilitate an effective, transformative, 
and conveniently accessible methodology for the acceleration of 
advances in research and education in the broad area of wind 
effects but also offered initial developments in an end-to-end 
automated and integrated wind design approach for practical 
application in the end. This framework would enhance analysis 
and design capabilities to address the challenges of innovative 
structural systems needed to realize, in a cost effective manner, 
buildings with ever increasing heights, bridges that span oceans, 
and offshore platforms tapping hydrocarbons in deeper waters 
exposed to weather extremes like hurricanes. This challenge is 
envisaged to be accomplished by cyber-enabled e-modules classi-
fied into Database-enabled design (DED), Full-scale/Field site data 
repository, Statistical/Stochastic toolboxes, Tele-experimentation, 
Uncertainty modeling, Damage assessment, and Computational 
platforms. The prototype framework would allow access to the 
modules individually, while the fully functional VORTEX-Winds 
may also have the capability for automated, integrated analysis and 
design by interactively stitching multiple modules. Throughout 
a highlight of ongoing e-module projects encompassing broad 
wind research areas, the efficacy of the framework to enhance 
and supplement traditional off-line approaches is demonstrated. 
In addition, architectures and implementations of e-modules 
are described to serve as a reference or direction for prompting 
additional cyber-enabled developments by the community.

OVerVieW OF VOrTeX-WinDs

The basic vision of VORTEX-Winds is the development of a 
comprehensive gateway for research and education to achieve 
improved understanding and modeling of wind effects on struc-
tures to counter the escalating loss of property and associated 
indirect losses and the increase in the sensitivity of emerging 
structural systems to winds. In response to this vision, the 
VORTEX-Winds was established in 2007 with the following goals:

 (i) to establish and sustain a community contributing to and 
employing the resources integrated by CI technologies to 
facilitate the mitigation of escalating damage, loss of life, and 
disruption of local economies posed by wind;

1 https://www.designsafe-ci.org.

http://www.frontiersin.org/Built_Environment/
http://www.frontiersin.org
http://www.frontiersin.org/Built_Environment/archive
https://vortex-winds.org
https://www.designsafe-ci.org


FigUre 1 | (a) Modeling wind effects. (B) Schematic of VORTEX-Winds capabilities.
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 (ii) to enhance analysis and design capabilities to address the 
challenges of innovative structural systems needed to real-
ize, in a cost effective manner, buildings with ever increasing 
heights, bridges that span oceans, and offshore platforms in 
deeper waters exposed to weather extremes like hurricanes; 
and

 (iii) to facilitate education and training of the future workforce 
in the field so that the growing competition in the global 
market is met through a cadre of well-trained professionals 
and educators.

VORTEX-Winds envisions offering all aspects of CI capabilities 
to research and engineering community in the area of wind effects 
on structures, including (1) communication tools to support col-
laboration, (2) high-performance computational infrastructure, 
(3) data storage, data mining, visualizations, and data warehous-
ing, and (4) access to remote sensors and tele-experimentation. 
The structure of VORTEX-Winds consists of two main branches: 
the knowledge base and the cyber-enabled e-modules as shown in 
Figure 1B (Kareem et al., 2009). The knowledge base is similar to 
the functionality of a conventional VO to aggregate and central-
ize the shared knowledge of the collaboratory. Services in this 

area include the virtual  encyclopedia, Wind-Wiki, encompassing 
basic terminology and concepts pertaining to wind–structure 
interaction, Damage database that is curated archives of postdis-
aster reconnaissance (e.g., Kareem, 1985, 1986), Help desk, where 
users can submit a question to the collaboratory and where past 
responses are archived as FAQ, Bulletin boards hosting open dis-
cussions, Email list servers for rapidly circulating announcements 
and other information, and Curriculum tools to provide educators 
a means to formally integrate VO services into their teaching.

A key component of VORTEX-Winds is the cyber-enabled 
e-modules to not only offer an automated and integrated design 
approach under CI but also facilitate research activities by 
researchers and students, which are developed by authors as well 
as harvested from the independent work of a number of universi-
ties (largely supported by federal funding) and government agen-
cies such as NIST, etc. (Kareem et al., 2009). For wind design, a 
traditional off-line procedure for civil infrastructures as shown 
in Figure  2A relies on a broad-band knowledge and extensive 
procedures involving a variety of subjects. The integrated design 
approach proposed in this study mimics the traditional procedure 
schematically depicted in Figure 2B for providing more efficient 
and accurate assessment of wind effects on structures and design 
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FigUre 2 | (a) Traditional off-line design. (B) Integrated analysis and design concept in VORTEX-Winds. (c) An overview of ongoing cyber-enabled modules.
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FigUre 3 | User interface of Damage database: damage archive in the Google map and query-based database search and damage information with photos.
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process. In view of the interdisciplinary nature of wind effects 
on structures requires knowledge from a large number of subject 
areas, the e-modules are classified into seven categories: Database-
enabled design, Full-scale/Field site data repository, Statistical/
Stochastic toolboxes, Tele-experimentation, Uncertainty modeling, 
Damage assessment, and Computational platforms (Figure  1B). 
Examples of the modules offered within each category are shown 
in Figures 3 and 4. The modules are currently interrogated inde-
pendently but the final goal is that modules can be automatically 
queried and input into an integrated analysis and design approach 
by stitching together multiple modules. A more advanced frame-
work will be the inclusion of a knowledge-based expert system 

in the loop of the integrated design concept (e.g., Kareem and 
Allen, 1990). Consequently, it is envisaged that VORTEX-Winds 
will provide access to communication, data, computational, and 
remote sensing and tele-experimentation services to generate a 
comprehensive, interactive design aid. Users will be able to execute 
either individual services or composite services integrated from 
multiple atomic services for the purpose of research activity or 
wind design process. This will require format conversion of data 
and those conversions will be provided as stand-alone services or 
directly integrated into the prepackaged web-service workflows. 
It should be noted that the interactive design aid will take the 
notion of hybrid simulation a step further by utilizing databases, 
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experiments, full-scale measurements, and analytical models 
through repeated queries and multistage analyses.

From an educational perspective, VORTEX-Winds’ intro-
duction of a knowledge-based framework and cyber-enabled 
e-modules can indirectly serve as educational tools to countless 
professional end users as well as K-12 and postsecondary edu-
cation. This is particularly important considering the general 
shortage of engineers formally educated in wind effects in this 
country and requires intervention with K-12 students as early as 
possible as part of a STEM education. At the postsecondary level, 
for example, these services can be integrated into an introduc-
tory structural engineering course at the freshman level and a 
vital resource for the wind engineering and structural system 
courses for graduate students emphasizing the cross-disciplinary 
nature of modern design subject to winds. Similar efforts using 
web-based technology have been reported by researchers (e.g., 
Wang and Adeli, 2012a,b). In addition, educators such as K-12 
teachers and college/university professors can use these services 
to develop curriculum tools. Then, these will be archived in the 
knowledge base for access by other educators nationwide so 
that VORTEX-Winds will provide an effective pedagogical tool 
to learn a highly technical subject, which has its roots in a host 
of interdisciplinary fields, through the use of cyberspace and 
visualization capabilities.

These services are hosted on the front end by a single gateway 
server with computation and analysis conducted on back-end 

parallel servers. The primary technical hurdle is in achieving 
e-module developments and their integration, which will require 
significant effort and coordination, particularly with respect to 
the integrated design feature. At this stage, VORTEX-Winds 
has been focusing on the achievement of individual e-modules. 
An overview of ongoing cyber-enabled modules is shown in 
Figure 2C and their current and ongoing statuses are listed in 
Table  1. More detailed information about the highlights of CI 
modules for analysis/design, modeling, and simulation mod-
ules of wind load effects on structures in the VORTEX-Winds 
is presented in the following sections. It is anticipated that the 
architecture and implementation of e-modules demonstrated in 
the following will serve as a reference or direction for prompting 
additional cyber-enabled developments by the community.

cYBer-enaBleD analYsis/Design, 
MODeling, anD siMUlaTiOn MODUles

Damage Database
The Damage database is a digital repository of postdisaster 
investigation documenting damage to structures during extreme 
wind events such as hurricane/typhoon/cyclone, tornado, thun-
derstorm/downburst, extratropical winds, etc. The information 
provided by this database may be beneficial to a variety of 
studies, e.g., evaluation of extreme wind effects on structures 
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TaBle 1 | Current and ongoing statuses of e-modules in the VORTEX-Winds.

e-Module category e-Modules in service in preparation/beta 
testing

Database-enabled 
design

NALD, DEDM-HR, 
DEDM-HR-INT, DEDM-
HRP, DEDM-LR, 
PBDED-OCa

–

Data repository Damping database, 
Damage database

Full-scale data sets

Statistical/Stochastic 
toolbox

NOWS, NGFF, VOWS Non-Gaussian/non-stationary 
simulation modules

Computational platform – Cloud-CFD/VWT
Tele-experimentation – NH-GUST
Uncertainty modeling PBDED-OCa –
Damage assessment – Damage assessment using 

aerial/satellite imagery

aPBDED-OC involves an uncertainty analysis through a Monte Carlo simulation.
CFD, Computational Fluid Dynamics; DEDM-HR, Database-enabled design 
module for high-rise; DEDM-HRP, Database-enabled design module for high-rise 
building with pressure data; DEDM-LR, DED module for low-rise buildings; NALD, 
NatHaz aerodynamic loads database; NGFF, NatHaz gust-front factor; NH-GUST, 
NatHaz interactive wind tunnel; NOWS, NatHaz online wind simulator; PBDED-OC, 
performance-based design of high-rise buildings for occupant comfort; VOWS, 
VORTEX-Winds online wind simulator; VWT, Virtual Wind Tunnel.
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in full-scale, learning lessons from extreme events to improve 
structural design, postdisaster assessment in a regional area, 
correlation between wind speed and structural performance 
in damage aspect, etc. (e.g., Kareem, 1985, 1986). The database 
was established based on a web-based database-query method 
and powered by Google Map/Earth API (Google, 2015), which 
allows users to geographically view submissions of fellow 
VORTEX-Winds members, sorting by location, event classifica-
tion, and damage attributes automatically (Figure 3). Users can 
search damage archives either by pointing at a spot in the Google 
map or by using query-criteria in the right side of the map. Each 
damage report is comprised of wind event on damage, maximum 
wind speed, damage location in either addresses or GPS coordi-
nates, structural properties, damage photos, etc. which registered 
members can upload their own damage reports to the database 
through a web interface.

It is worth noting that this Damage database is one of the 
first e-module developed for the VORTEX-Winds in 2009, thus 
rather old technology in view of current rapid developments in 
web-based technologies. For this reason, we are in the process 
of eventually retiring this module and transfer the existing data 
to newly developed “Data Intake and Discovery” module in 
CyberEye (Kijewski-Correa et al., 2014) in which authors are also 
involved. It is envisioned that this new module will be further 
enriched with the contribution of members over time.

DeD Frameworks
Most international wind codes and standards traditionally have 
relied on reductive formats and simplifications, which often 
lead to tables and plots that describe wind loads on structures, 
especially, focusing primarily on the alongwind response 
owing to the introduction of the well-known quasi-steady/
strip theories and gust loading factor approach introduced by 
Davenport (1967) and later further refined over the years by 

several researchers (e.g., Solari, 1993a,b; Solari and Kareem, 
1998; Zhou and Kareem, 2001; Kareem and Zhou, 2003). 
However, failure of the basic assumptions in these theories and 
the gust loading factor approach in the acrosswind and torsional 
directions has precluded a formulation based on first princi-
ples. Some codes and standards do provide limited guidelines 
on these aerodynamic loads, however, they are restricted to 
empirical expressions based on measured response of limited 
number of building models tested in wind tunnels. Although 
these expressions are still valuable for assessing preliminary 
estimates of response, their accuracy may not be consistent for 
different shapes as often small changes in the shape result in 
major changes in the aerodynamic effects. In addition, the level 
of accuracy inherent in codification information in this format 
and the uncertainty associated with interpolation or extrapola-
tion of information may compromise the overall accuracy in 
code-specified load effects.

To overcome the aforementioned limitation, a DED procedure 
has been gradually gaining acceptance. The basic concept of DED 
is to directly use wind tunnel-derived data to better estimate the 
response instead of relying on code/standard-based procedure. 
A DED generally offers convenient meshing of a database 
with analysis software for either low to mid-rise and high-rise 
buildings. The NatHaz aerodynamic loads database (NALD) 
ver. 1.0 introduced in 2000 has served an important first step in 
establishing a DED through online experimental archive of high 
frequency base balance (HFBB) data for use in the preliminary 
design of high-rise buildings subjected to wind loads. As a result, 
NALD ver. 1.0 was introduced in the Commentary of ASCE 7-05 
(C6.5.8) [American Society of Civil Engineers (ASCE), 2005] 
and the latest ASCE 7-10 (C26.9) [American Society of Civil 
Engineers (ASCE), 2010] as an alternative means of assessing the 
dynamic wind load effects on high-rise buildings. This includes 
the web-enabled wind tunnel data dissemination to evaluate the 
response of tall buildings (Zhou et al., 2003). However, it required 
manual dynamic analyses based on random vibration theory for 
the preliminary design.

To overcome the last step in NALD v. 1.0 (Zhou et al., 2003) 
involving off-line calculations, a more advanced DED framework 
for estimating the wind-induced response of tall buildings has 
been proposed with the help of recent developments in IT (Kwon 
et al., 2008). This new paradigm offers an attractive solution with 
a concept of a cyber-based online on-the-fly analysis/design via 
user-friendly web interfaces. It is particularly useful for those 
who may not be very familiar with the details of the random 
vibration-based dynamic analysis procedure generally used in 
conjunction with wind tunnel-driven data. Accordingly, NALD 
evolved into version 2.0 in 2004 using this advanced framework. 
NALD ver. 2.0 (Kwon et al., 2005, 2008) has integrated the latest 
advances in data management and mining for interactive queries 
of aerodynamic load data and an integrated web-based analysis 
framework for determining the resulting maximum displace-
ments, base moments, and equivalent static wind loads (ESWL) 
for survivability and peak/root mean square (RMS) accelerations 
for serviceability (habitability). The key feature of NALD ver. 2.0 is 
the flexibility that its analysis module offers: users may select not 
only the data from the online NALD but also may input desired 
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power spectral density (PSD) expressions or wind tunnel-derived 
PSD data set obtained from HFBB experiment for the evaluation 
of wind load effects on high-rise buildings. Thus, it also serves 
as a stand-alone analysis engine. The NALD ver. 2.0 provides a 
platform that can be readily expanded and supplemented to yield 
a comprehensive, simplified, and efficient avenue for e-analysis/
design of high-rise buildings. The architecture of NALD ver. 
2.0 and the role of various web-based tools such as HTML/
Java Script and PHP are summarized in Figure 4. It is basically 
operated by Apache web server with two main processes, i.e., 
external (foreground) process and internal (background) pro-
cess. The external process includes user-friendly web interfaces 
for the selection of a desired analysis case (interface 1 as shown in 
Figure 5A), additional interfaces for design inputs such as struc-
tural parameters of building (interface 2), and display of analysis 
results for the user-specified building. On the other hand, the 
internal processes are server-side operations involving MySQL 
for database operations and MATLAB (Mathworks, 2015) for 
the computation, which are implicitly utilized in NALD ver. 2.0. 
The MySQL database server handles data transmissions between 
interfaces and if necessary transmits information stored in the 
database. Preprogrammed MATLAB and PHP codes function as 
a numerical analysis engine for on-the-fly calculations as well as 
serving as the nexus between interface 2 and the design results. 
The cyber-based online analysis module performs the requisite 
calculations and then generates meaningful figures such as the 
non-dimensional PSD and ESWL, as well as downloadable 
output file. This architecture became a prototype cyber-based 
framework, which prompted further development of DED 
modules such as DEDM-HR, Database-enabled design module 
for high-rise building with pressure data (DEDM-HRP), DED 
module for low-rise buildings (DEDM-LR), and performance-
based design of high-rise buildings for occupant comfort 
(PBDED-OC), which will be discussed in the following.

Database-Enabled Design Module for High-Rise
Although DED is a promising design procedure for better and 
more reliable wind-induced responses than conventional codes 
and standards, it requires a database of wind tunnel data, which 
are often limited in building shapes and configurations. As 
more data sets become available, the designers/researchers will 
have more flexibility. To alleviate this limitation, a DEDM-HR 
introduced a new concept of DED, which seamlessly pools 
multiple HFBB measurement databases from geographically 
dispersed locations and merges them efficiently to expand the 
number of available building configurations for the preliminary 
design (Kwon and Kareem, 2013a). This feature not only offers 
a new direction for the research and professional community 
that can be utilized to efficiently pool multiple databases, expand 
capability of individual database and ensures the reliability of 
design estimates to pool databases in the future. In addition, the 
DEDM-HR embeds a novel feature that allows the employment of 
wind characteristics defined differently between codes/standards 
to supplement the specifications of a specific code or standard, 
which in many cases lacks guidance on the acrosswind and tor-
sional response estimates (Figure 5B). Currently, the DEDM-HR 
is associated with two databases: one is the NatHaz database from 

the NatHaz Modeling Laboratory, University of Notre Dame, 
USA, which is also the one used in the NALD (Zhou et al., 2003; 
Kwon et al., 2005, 2008), and the other is the Tamkang University 
database from the Wind Engineering Research Center, Tamkang 
University, Taiwan (Cheng and Wang, 2004).

Database-Enabled Design Module for  
High-Rise Building with Pressure Data
The aforementioned DED modules such as NALD and 
DEDM-HR have utilized HFBB database(s) resulting from the 
HFBB technique, which is a relatively simple and popular experi-
ment to measure base forces/moments. Nonetheless, it involves 
some inherent drawbacks such as mode shape corrections and 
the assumption of wind pressure distribution over the building 
surface. On the other hand, the synchronous pressure measure-
ment (SPM) technique in wind tunnel test is to synchronously 
measure the pressure fields using a test model with quite a num-
ber of pressure taps distributed at a model surface, which has the 
advantage to directly assess local and global aerodynamic loads 
acting on the structure without specific assumptions. Thus, the 
technique offers the direct estimation of the generalized forces 
including any coupled effects, non-linear and higher mode shapes 
(e.g., Kwon et  al., 2005, 2008; Cluni et  al., 2011). A  drawback 
concerning the SMP technique is that a large number of pres-
sure taps are required to accurately estimate wind loads, which 
may cause an issue of manufacturing test models, especially for 
complex geometries to locate pressure taps. In addition, the 
amount of data is generally much larger than HFBB experiments. 
Furthermore, the treatment and management of SMP datasets 
with the knowledge of complex background theories and proce-
dures are often difficult. For an effective treatment of a large SPM 
data set within the concept of cyber-based DED framework, a 
DEDM-HRP has been developed (Kwon et al., 2014). It addresses 
the management of synchronously measured pressures and their 
reduction to global loads, which is often a daunting task due to 
the large amount of data information involving highly sampled 
time histories by its experimental nature. DEDM-HRP currently 
hosts a publicly available Tokyo Polytechnic University (TPU) 
aerodynamic database for a variety of building configurations 
for side and aspect ratios and various wind directions for each 
test model to account for directional effects of winds (Tamura, 
2013). However, the e-module can be easily expanded to host 
multiple SPM databases similar to DEDM-HR. This framework 
is based on a time domain treatment of the random vibration 
(e.g., Simiu et al., 2008) and uses a minimal set of easily obtain-
able parameters as input such as wind speed, natural frequencies, 
and mode shapes of a target building etc., which the user can 
interact with user-friendly web interfaces (Figure 5C). For effi-
cient calculation to minimize online computational time, this 
module employed a dynamic analysis based on floor level loads, 
precalculated and stored within the module. Estimated outputs 
are maximum base shears and moments, maximum top displace-
ment/acceleration responses for alongwind, acrosswind, and 
torsional directions, and various oncoming wind directions. In 
addition, DEDM-HRP also offers the assessment of ESWL based 
on the formulation in Chen and Kareem (2005) for preliminary 
design purposes.
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FigUre 5 | Examples of web-enabled Database-enabled design user interfaces (a) NatHaz aerodynamic loads database v. 2.0; (B) Database-enabled design 
module for high-rise. (c) User interface of Database-enabled design module for high-rise building with pressure data.
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DED Module for Low-Rise Buildings
This new DED concept has been expanded to address a need for 
a preliminary design of low-rise buildings, namely, a DEDM-LR, 
which provides calculation of wind loads for main frames in 
low-rise buildings that make direct use of pressure time histories 
measured at a large number of pressure taps over building models 
in wind tunnel tests (Kwon et  al., 2016). Presently, DEDM-LR 
works for a database constructed at TPU, Japan (Tamura, 2013), 
which includes various building configurations, but it will be 
expanded with more available databases. The main analysis/
design engine inside DEDM-LR searches for extreme load effects 
based on pressure data at multiple locations and wind direc-
tions given the influence line coefficient for the load effect. The 
fundamental theory employed in DEDM-LR have mainly been 
adopted from a procedure developed at NIST (Main and Fritz, 
2006), which utilizes synchronous pressure data sets measured 
in various wind directions of a test model to evaluate responses 
in a low-rise building such as base moments at knee, ridge etc. 
using influence line coefficient-based approaches, computed 
using a structural analysis program such as SAP2000, etc. The 
DEDM-LR is basically operated under an Apache web server with 
two main processes, i.e., foreground and background processes 
as shown in Figure 6, which is similar to the architecture used in 

other DED modules. Foreground process functions interactive 
web interfaces for user inputs and analyzed/designed results and 
background process performs database-query and computational 
analysis/design.

Performance-Based Design of High-Rise  
Buildings for Occupant Comfort
Recently, the concept of web-enabled DED has also been applied 
to a newly developed probabilistic framework for the PBDED-OC 
(Bernardini et al., 2015). The performance is expressed in terms 
of the probability that the fraction of people on a target floor 
that perceive the motion exceeds a chosen value, given a mean 
recurrence interval for the wind event. In addition to the random 
perception threshold characterizing each individual occupant, 
other uncertainties affecting the structural response have been 
included concerning the wind speed, the modal characteristics 
of the structure, and the use of wind tunnel tests (in particular, 
HFBB tests), taking advantage of probabilistic models that can 
be found in the literature. Fully in accordance with the principles 
of performance-based design, the proposed framework provides 
the designer with a flexible tool for the description of the struc-
tural performance, where the acceptable probability of exceed-
ance can be chosen by a team of decision-makers (designers, 
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building owner, tenants, etc.) depending on the peculiarities of 
the structure, and is seen as an alternative to the use of prescrip-
tive approaches, which are instead based on a simple comparison 
between demand and capacity and do not provide any informa-
tion on the reliability of the structure. The input fields concern the 
building geometry, the 3-s gust wind speed, the type of exposure 
according to the ASCE Standards, and the averaging time for the 
response estimation (in particular a 10 min or a 1 h averaging 
time) can be selected, as these are the typical values adopted in 
most international codes and standards, the mean value of the 
building bulk density, the mean values of the natural frequencies 
and of the modal damping ratios for the first three modes (two 
sway modes and one torsional mode). Concerning the perfor-
mance assessment, the user can choose the fraction of people 
perceiving the motion which is considered acceptable and the 
target floor. Another section of the input interface shows default 
values of the coefficients of variation (CoV) of the uncertain 
parameters considered in the analysis with a provision to change. 
It also offers the choice of carrying out the analyses with specific 
user-supplied HFBB data. In this case, the user needs to input 
their own PSD data. The default value for the number of samples 
utilized in the embedded Monte Carlo simulation for uncertainty 
analysis is currently set at 10,000. The results obtained from the 
analyses (Figure  7) are the probability of exceedance in the x 
and y directions, plots for performance assessment in the x and y 
directions for the user-defined acceptable% of people perceiving 
the motion (Xp%), and global performance curves for various 
Xp%, providing rapid estimate of the building’s performance 

on occupant comfort, which can be conveniently used in the 
preliminary design phase.

Modeling and simulation
Modeling of Gust-Front Winds: NatHaz  
Gust-Front Factor (NGFF)
In comparison with atmospheric boundary layer winds, which 
are customarily treated as stationary, winds associated with 
gust-fronts originating from a thunderstorm/downburst exhibit 
rapid changes during a short time period which may also be 
accompanied by changes in wind direction. This introduces non-
stationarity both in the mean and the SD of wind fluctuations. In 
order to realistically capture characteristics of gust-front winds 
and their attendant load effects, a new analysis framework, gust-
front factor, was proposed (Kwon and Kareem, 2009). This is akin 
to the gust loading factor format used in codes and standards 
worldwide for the treatment of conventional boundary layer 
winds. The gust-front factor expresses a generalized descrip-
tion of the genesis of the overall wind load effects on structures 
under both gust-front and boundary layer winds and it reduces 
to the gust loading factor for the case of conventional boundary 
layer winds. This approach encapsulates both the kinematic and 
dynamic features of gust-front induced wind effects on structures 
which distinguish themselves from those experienced in conven-
tional boundary layer flows, i.e., variation in the kinematics of 
the velocity profile and its effects on the associated aerodynam-
ics; dynamic effects induced by the sudden rise in wind speed; 
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FigUre 8 | Gust-front factor framework: (a) Schematic diagram. (B) Web-based user interface. (c) Result interface.
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non-stationarity of turbulence in gust-front winds; and transient 
aerodynamics (Figure 8A).

To facilitate expeditious utilization of this framework in 
design practice and inclusion in codes and standards, the analysis 
framework and its workflow were introduced within a web-based 
portal. This eliminates the need for an in-depth understand-
ing of the background within the framework and the need for 

associated computational effort. The portal has a user-friendly 
interface, permitting convenient analysis of several design sce-
narios with a host of potential loading conditions including the 
current ASCE 7 procedure in boundary layer winds for immedi-
ate comparison. Note that the user can utilize not only the two 
predefined profile criteria (see Kwon and Kareem, 2009) but also 
arbitrary Vmax and zmax values to determine the gust-front factor 
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on-the-fly and corresponding design loads (ESWL). This offers a 
modeling capability of gust-front wind load effects on buildings. 
Based on the inputs, the following quantities are then shown in 
the output interface (Figures 8B,C): user inputs; gust-front factor 
and its subfactors (I1 to I4); a comparison between ASCE 7-based 
and gust-front-based ESWLs. More detailed information on the 
theoretical background can be found in the studies of Kwon and 
Kareem (2009, 2013b).

Wind Simulation: NatHaz On-Line Wind Simulator 
(NOWS) and VORTEX-Winds On-Line Wind Simulator 
(VOWS)
The NOWS introduced in 2005 was designed to provide users 
with on-line on-the-fly simulation of stationary Gaussian mul-
tivariate wind fields for the longitudinal direction. Simple and 
intuitive user-friendly interfaces (Figures 9A,B) easily allow user 
to input any terms and check simulation results such as simulated 
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wind histories and comparison of target (analytical model) and 
simulated PSDs. This web framework features supporting both 
Metric (SI) and English units as input/output with on-line unit 
converter, location inputs for vertical, horizontal, or arbitrary 
2-D coordinates, ASCE 7-based mean wind calculation in terms 
of terrain roughness to minimize user’s input, offering users the 
ability to download simulation results as a file for further off-line 
analysis such as structural dynamic analysis under wind loads. 
In particular, one unique feature of this module is a flexibility 
to choose one of four popular wind simulation schemes such as 
Discrete frequency function with FFT (Wittig and Sinha, 1975), 
Schur decomposition approach with autoregressive (Di Paola, 
1998; Di Paola and Gullo, 2001), Ergodic spectral representation 
method (Deodatis, 1996; Ding et  al., 2006), and Conventional 

spectral representation method (e.g., Shinozuka and Deodatis, 
1991). A modified Kaimal spectrum was employed for the PSD of 
longitudinal wind velocity fluctuations (Kaimal et al., 1972), and 
Davenport coherence function (Davenport, 1967) was utilized to 
describe spatial correlation in the frequency domain.

Similarly, VOWS also offers wind simulations, but it features 
a wind simulation of three atmospheric turbulence components 
such as the longitudinal (u), lateral (v), or vertical (w) component, 
which the fluctuating component of the wind velocity is modeled 
as a Gaussian stationary random process with zero-mean. The 
three components of turbulence are considered as statistically 
independent and are simulated independently of each other. The 
wind profile in this module was described by a logarithmic law, 
and this module employs one of the four different input options: 
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FigUre 9 | (a) User and (B) result interfaces of NatHaz on-line wind simulator (NOWS); (c) User and (D) result interfaces of VORTEX-Winds on-line wind simulator 
(VOWS).
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friction velocity and roughness length, reference velocity at 10 m 
and roughness length, Eurocode (CEN, 2010)-based inputs, and 
mean wind velocity and SD/integral length scale of wind compo-
nents. In addition, users can select one of three wind turbulence 
components (u, v, or w) to be simulated (Solari and Piccardo, 
2001; Carassale and Solari, 2006). The PSD function of the turbu-
lence component (u, v, w) proposed by Solari and Piccardo (2001) 
and coherence function of the turbulence component by Vickery 
(1970) were employed in this module. The simulation of the 

turbulence field is carried out by the spectral representation algo-
rithm described in Carassale and Solari (2006). Similar to NOWS, 
VOWS also offers the ability to download simulation results as a 
file in the result interface, in addition to a comparison between 
target and simulated PSD for verification (Figures 9C,D).

Damping Database
Despite the advances that have been made in structural engineer-
ing in the last century, one critical parameter, damping continues 
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to remain a source of complexity which is due in part to the 
diversity of sources contributing to the overall energy dissipation. 
The viscous damping levels on the order of 1% critical damping 
for steel structures and 2% for concrete are commonly assumed as 
some codes recommend these values. However, measurements of 
light and flexible structures suggest that assumed levels of damp-
ing were often not realized in the constructed building (Kijewski-
Correa et al., 2006; Spence and Kareem, 2014). For this class of 
tall buildings, the diminishing level of damping may cause issues 
related to habitability as damping plays a pivotal role in the building 

response estimates. This is a concern often experienced by design 
professionals. Since the inherent damping in these structures 
cannot be engineered, reliance is placed on augmenting damping 
through auxiliary damping devices. Introduction of these devices 
leads to measurable and controllable levels of damping in build-
ings (Kareem et al., 1999). The Damping database is an initiative 
to provide users with on-line damping information for various 
full-scale building structures in terms of a query-based database 
module. The query parameters include not only building informa-
tion such as cross-sectional shapes, widths, depths, and heights 
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FigUre 10 | Damping Database: database-query (a) and result (B) interfaces.
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but also test excitations, damping estimation methods, ranges of 
damping ratios, etc. (Figure 10). This database is currently estab-
lished with the Japanese damping data sets [Architectural Institute 
of Japan (AIJ), 2000; Satake et al., 2003], but it is anticipated that 
the contents will be expanded with other damping datasets in the 
future (e.g., Kijewski-Correa et al., 2006, 2013).

Tele-Experimentation: NatHaz Interactive  
Wind Tunnel (NH-GUST)
Given the interconnectedness of research and the lack of available 
experimental hardware at every research location, developing a 

system that can bring the greatest amount of technology to as 
many people as possible is certainly warranted. To that end, a 
prototype system for an interactive wind tunnel, NH-GUST, 
has been developed as a proof-of-the-concept (Butler, 2010). 
This system, conceptualized in Figure  11, consists of various 
components arranged within a local network. The end user oper-
ates the wind tunnel remotely through a dedicated web interface 
that connects to the networked components, though test models 
need to be physically set up by on-site personnel before allowing 
remote users to perform the experiments. An interactive web 
user interface was introduced to be controlled using embedded 
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FigUre 11 | Prototype system for an interactive wind tunnel capable of generating gust-like events for remote experimentation.
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LabVIEW software (National Instruments, 2015) to provide a 
cross-platform simulation framework. The software is designed 
to set the limits to protect wind tunnel system from unexpected 
or undesirable operations. In addition, it is preferable to have an 
on-site personnel to communicate with remote users and check 
out overall experiments. Similar to that of the NEES (Van Den 
Einde et al., 2007), this framework for severe wind experiments 
may offer a method for improving both the range and quantity of 
experimental data and for enhancing the wind engineering field 
as a whole. Instead of only a few schools sharing a limited number 
of wind tunnel facilities, a customizable (although limited) wind 
tunnel framework may be developed for anyone to input a wind 
field scenario to see how it will impact a physical model, either 
through SPM or through a HFBB technique. Modification of 
existing wind tunnels and the development of research portals 
can have the effect of quickly building the body of knowledge for 
the effect of severe storm events, matching the body of knowledge 
that has been produced over several decades regarding the effects 
of boundary layer flows on structures. The current NHERI wind 
tunnel facilities have similar features, which would permit shar-
ing of advanced wind tunnel facilities with programs that do not 
have experimental capabilities.

Cloud-Computational Fluid Dynamics (CFD):  
A Virtual Wind Tunnel (VWT)
The complexity of multiscale turbulence–structure interactions 
has thus far precluded a functional relationship between wind 
speed and its load effects on structures immersed in atmospheric 
boundary layer. Recent advances in numerical schemes and esca-
lating growth in computational resources have aided efforts in 
developing computational simulation of flow around structures 
using CFD. In order to capture multiple-scale interactions and to 
resolve small-scale fluctuations, one faces major challenges that 

include both computation speed as well as memory to manipu-
late millions of pieces of information at grid points or control 
volume nodes. These challenges have limited the success of CFD 
in simulating real world scenarios. Commercial software has 
provided access to CFD and is increasingly used in the industry 
which often lacks verification and validation of the codes. Users 
without the necessary background in fluid mechanics and 
numerical techniques embark on using these codes resulting in 
a product that may have inaccuracies and uncertainties. Users 
of these codes have been alerted in several earlier publications 
regarding the possible pitfalls (e.g., Castro and Graham, 1999). 
In this context, CFD is quite different from the use of numeri-
cal methods in structural mechanics. Proper training in fluid 
mechanics, numerical methods, and access to user friendly 
portals with embedded CFD codes would help to enhance the 
user community, which will lead to additional advances [National 
Science Foundation (NSF), 2014; NHERI SimCenter2].

Despite major challenges even for the experts, some groups 
around the world have made significant progress, especially 
in Japan where Architectural Institute of Japan [Architectural 
Institute of Japan (AIJ), 2004] now permits use of CFD in 
determining wind effects on structure with a caveat that it will 
be carried out under the direction of an expert and subjected to 
verification by a committee designated by the Building Law of 
Japan.

These challenges impose a steep learning curve and have kept 
this venue of quantifying wind loads on structures closed for 
the majority of wind engineering researchers and practitioners. 
To address these challenges, “Virtual Wind Tunnel (VWT)” has 
been developed to help people not fully versed in the nuances of 
CFD be able to simulate wind–structure interactions and benefit 

2 https://www.designsafe-ci.org/facilities/simcenter/.

http://www.frontiersin.org/Built_Environment/
http://www.frontiersin.org
http://www.frontiersin.org/Built_Environment/archive
https://www.designsafe-ci.org/facilities/simcenter/


FigUre 12 | Continued

131

Kareem and Kwon Cyber-Based Data-Enabled VORTEX-Winds

Frontiers in Built Environment | www.frontiersin.org August 2017 | Volume 3 | Article 48

from the emerging power of simulation driven technologies. This 
effort combined with useful tutorials was intended to allay the 
very concerns raised in for example Castro and Graham (1999). 
Despite initial serious criticism by some with background in 
computational wind engineering, we are pleased to report that 
we have measureable success in the initial development and have 
noticed a step forward in potentially removing the commonly 
perceived fear out of CFD that has haunted many earlier users 

(Sempolinski et  al., 2015). It has been demonstrated that the 
concept, though initially opposed by some experts, is feasible as 
a group of student engineers, low-skill volunteers from Amazon 
Mechanical Turks, graduate students, and postdoctoral graduates 
were able to simulate flow around a cross-section of the Empire 
State Building with very reliable results as the users went through 
helpful tutorials, explored various grid options, turbulence mod-
els, and undertook convergence studies (Staffelbach et al., 2015). 
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FigUre 12 | (a) Virtual Wind Tunnel login screen. (B) An example of a completed task. (c) Drag coefficient of a square cylinder at various angles of attack.
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VWT is a user-friendly web-enabled CFD collaborative platform 
that does not require expertise of CFD simulation and extensive 
computer resources. In place of this, it offers ample tutorial 
help and FAQs for CFD simulation. It employs Gmsh3 as the 
unstructured mesh generator and OpenFOAM (2015) as the CFD 
simulator and allows users to import various designs and run two 
dimensional wind simulations. The simulations are automatically 
sent to powerful cloud and/or grid-based computing backend. 
Figure 12A shows the login screen of the VWT portal.

To help create a new geometry easier, users can use SketchUp.4 
In SketchUp, users can either draw the design by themselves or 
download from its 3D warehouse where there are millions of 
models such as autos, aircrafts, buildings, including famous tall 
buildings like Burj Khalifa, World Trade Center, etc. Users can 
also create geometry from templates on the platform. With such 
templates, users can create new designs by specifying geometric 
dimensions such as height, width, etc., and control points, and 
the points can be segment end points or spine control points. The 
feature of Template makes creating the geometry easier when 
users want to change the location of some control points, and it 
can be particularly useful for exploring shape optimization.

Once the geometry is created, mesh control should be set. 
Mesh generation is the most complex part of CFD simulations 
and it requires necessary experience, thus it becomes a key 
problem for non-experienced CFD users. VWT makes the mesh 
generation task easier. It only requires simple mesh control 
parameters input such as the distances to four sides of the fluid 
domain, boundary conditions, and grid sizes. Subdomains can 
be created to refine the mesh in specified regions. By following 
the solution control setting, inflow velocity, simulation time step 
and duration, kinematic viscosity, turbulence model, etc. can be 
managed. Default values are automatically imported in on the 
setting page, which makes it easier for new comers in CFD use to 
start a simulation, it is especially helpful for the most difficult but 
important part of mesh generation. The system gives suggestions 
to modify the settings when errors occur during the simulation. 
In terms of turbulence models, there are laminar flow model, S-A 

3 http://gmsh.info.
4 http://www.sketchup.com.

one equation model, k-epsilon model, Smagorinsky turbulence 
model (large eddy simulation, LES), and Dynamic One Equation 
model (LES) to choose from at this stage.

New cases can be duplicated from existing ones, which makes 
it convenient to set similar cases, this feature is very useful for 
parameter comparison which is widely used in CFD. The user 
receives an email once the simulation is completed, and results 
of plots and data of pressures, velocities, force coefficients, and 
mean Reynolds stress are outputted automatically for further 
viewing and analysis. Users can also download the simulation 
which are OpenFOAM case files, as well as force coefficient data 
for further postprocessing. Users are also able to access the VWT 
portal through a console-based interface, which is useful when 
using tools like MATLAB (Mathworks, 2015). This makes it more 
convenient to run a large amount of simulations that share similar 
parameters, as well as to analyze the output data.

Virtual Wind Tunnel implements some of the ideas of col-
laborative software design in computational wind engineering, 
letting users edit structural geometries, compile geometries into 
usable models for simulation, perform wind simulations, evaluate 
results, and then share and discuss their work with other users. 
This feature is an attractive feature that promotes a culture of 
collaboration toward complex problems and empowers those 
who are beginning in the field. This has the promise of building 
a virtual community of users, especially in the era of ubiquitous 
internet, to reach a new level of potential.

These features make VWT helpful for different users, varying 
from CFD experts to initially untrained potential users with the 
aid of sufficiently comprehensive tutorials. Professional CFD 
users can employ VWT to get a quick and easy prediction and 
validation. Structural engineers without CFD background can 
run wind simulations to get a better understanding of aerody-
namics of a building or a bridge cross-section by utilizing a tuto-
rial detailing how to reject flawed simulations, along with some 
suggested parameter settings on VWT. Untrained workers can 
also run simulations by taking advantage of a bank of preliminary 
analyses of complex data they can import from the platform. 
Investigations to examine the feasibility of using crowdsourcing 
for various complexities of technical tasks using VWT have been 
carried out, and it shows that crowd workers with no background 
in engineering could follow tutorials and come up with acceptable 
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TaBle 2 | Drag coefficient of various shapes.

Test model VWT Wind tunnel data

cells cFD 
scheme

Cd Cd

Circular cylinder 
(Re = 105)

27,468 S-A one 
equation 
model

1.30 1.2 (Re = 105) 
(Wieselsberger, 1921)

Square cylinder 
(Re = 105)

83,582 LES 2.29 2.19 (Re = unknown) 
(Bearman and Trueman, 

1972)
Rectangular cylinder 
(B/D = 2, Re = 105)

94,732 LES 1.63 1.60 (Re = 1.05 × 105) 
(Mizota et al., 1988)

Flat plate 
perpendicular to flow 
(Re = 1.33 × 106)

174,212 S-A one 
equation 
model

2.03 2.13 (Re = unknown) 
(Fage and Johansen, 

1927)

CFD, Computational Fluid Dynamics; LES, large eddy simulation; VWT, Virtual Wind 
Tunnel.
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solutions (Staffelbach et al., 2015). To complete a task on VWT, 
a user should create the design, generate the mesh, and run the 
simulation. The long-running simulations are automatically sent 
to powerful backend computing platforms. Figure 12B shows a 
completed task sequence.

An example case to demonstrate verification and validation 
involving flow around various shaped prism cylinders is pre-
sented. Figure 12C shows a comparison of the drag coefficient 
(Cd) of a 2D square cylinder at various angles of attack (α). For 
the simulation, LES scheme was employed with the Reynolds 
number (Re) of 105, while the experiment results were performed 
with Re = 1.76 × 105. Mesh convergence study was first carried 
out at α  =  0° with the number of cells that was chosen to be 
83,582, 144,400, and 189,694, respectively, with corresponding 
Cd values of 2.26, 2.09, and 2.10, respectively. The difference in the 
Cd with respect to the number of cells was within acceptable range 
of ±10% compared to the experimental result, thus the lowest 
number of cells, 83,582, was chosen for this example because the 
larger number of cells is used, the more computational resources 
are demanded.

Table 2 shows the drag coefficient of various shapes performed 
in this study. Results obtained through the VWT simulations 
after mesh convergence tests were compared to the available 
wind tunnel data. A good agreement was observed as shown 
both in Figure 12C and Table 2. More examples can be found in 
Staffelbach et al. (2015).

The VWT has been expanded to include 3-D simulations and 
being transported through NHERI SimCenter to the NHERI 
DesignSafe CI for convenient distribution and computational 
resources needed for advanced simulations. After extensive veri-
fication and validation exercises it will be released to the NHERI 
community of users.

Damage Assessment from Aerial/Satellite Imagery
This module is focused on automating damage assessment 
schemes based on before-and-after storm satellite/aerial imagery 
to provide an accurate individual building assessment of damage 
(Thomas et al., 2011). The framework for damage estimation con-
sists of three steps. First, objects of interests such as buildings are 

detected automatically from prestorm images. Next, correction 
of photometric and geometric differences between before and 
after image-pairs is done (Figure 13A). Third, change detection 
is performed, and the damage is classified based on quantitative 
measures of change (Figure 13B).

Note that Speeded Up Robust Feature, which is robust and 
fast, was employed (Bay et al., 2006) to extract features from the 
two images of before and after events. An approximate k-Nearest 
Neighbor algorithm (Muja and Lowe, 2009) is used for feature 
matching. A speed-up of 10× was achieved without compromis-
ing robustness through randomized Kd-trees and a constrained 
RANSAC algorithm (Thomas et al., 2012b).

Automatic color balancing approaches for different applica-
tions have been studied by different research communities in the 
past decade. For multitemporal images to identify damage, an 
ideal color correction approach should be effective at transfer-
ring the color palette of the source image to the target image 
for the unchanged areas while being able to transfer the global 
color characteristics for the changed area without creating visual 
artifacts. Toward this goal, a new local color balancing approach 
that uses adaptive windowing was proposed, which was evalu-
ated against other state-of-the-art approaches using a database 
consisting of aerial image pairs (Thomas et al., 2012a). The test 
image pairs were taken at different times, under different light-
ing conditions, and with different scene geometries and camera 
positions (Figure 13A).

A segmentation-based scheme that uses a maximum likelihood 
classifier along with k-means clustering was adopted for building 
detection. Measure of Estimated and Predicted Shadows features 
along with shape-based features to combine segments together 
were utilized. In addition, a fusion of color- and edge-based 
features to classify rooftops into damage states was proposed. The 
evaluation was performed on a database of posthurricane rooftop 
images that is larger than the ones used in previous studies. The 
classifier was found to perform with 80% accuracy for a 3-scale 
damage metric and 72% accuracy for a finer grained 4-scale dam-
age metric (Thomas et  al., 2011). To further validate results of 
building segmentation and damage classification, preparation of 
ground truth data sets is in progress.

The first row in Figure 13C shows a collapsed building and the 
corresponding false color images for edge density, V histogram 
(edge-based features) and H means (color-based feature). Note 
that the edge density values are significantly higher in this case. 
The second row corresponds to a partially damaged building with 
a cavity in the rooftop. V histogram indicates a significant change 
in the cavity area and H means shows a minor damage on the roof 
(Thomas et al., 2011). This automated damage assessment scheme 
based on satellite imagery is being transported to a web-based 
portal for inclusion in VORTEX-Winds.

Monitoring System: Data Management  
Based on Cyber-Based Framework
Possibly the greatest challenge in long-term monitoring projects 
is the transfer, processing, dissemination, and management of 
collected data, in particular for geographically dispersed collabo-
rators. The fusion of engineering and information technologies 
provides today’s engineer with the potential for analysis and 
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FigUre 13 | (a) Source images (left), Target images (middle) that have been corrected geometrically. New target image transformed using the proposed local color 
transfer technique (right). (B) Example of a satellite image (left) and extracted buildings in white (right). (c) Damage assessment: extracted features for a collapsed 
building (top) and a partially damaged building (bottom).
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research programs that defy geographic boundaries and create 
new venues for remote sensing and data analysis and archiving. 
The following two monitoring programs demonstrate the use of 
cyber-based technologies to enhance the accessibility, organiza-
tion, interpretation, and dissemination of long-term data sets. 
The first example is an ongoing full-scale monitoring program 
involving several tall buildings in the city of Chicago, which was 
established in 2001 (Kijewski-Correa et al., 2006). As the manage-
ment of years of full-scale data from this project poses a daunting 
task, information/Internet technologies provide an attractive 
solution, through local communication hubs and secured web 
interfaces to catalog, convert, download, and display the meas-
ured time histories. In the Chicago program, the dataloggers that 
store data at its backup storage module are remotely interrogated 

by Internet. This information is then uploaded to an Apache 
web server, called Windycity,5 for access by the geographically 
dispersed project team. A variety of IT tools such as HTML/Java 
Script, PHP (2015), etc. were utilized to create interactive displays 
allowing users to select any record available for a given building. 
An alternative mode of data access was provided via structured 
query language, enabling a database query using a database man-
agement system, e.g., MySQL (2015), to identify records with a 
desired level of wind velocity or response resulting in an automati-
cally updated listing of the available files satisfying these criteria 
(Figure 14A). Upon selecting a record, a data set is postprocessed 

5 http://windycity.ce.nd.edu.
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FigUre 14 | (a) Database query interface in the Chicago project. (B) Analyzed data display interface in the Chicago project. (c) Cyber-based e-modules in the 
SmartSync framework.
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on-the-fly via preprogrammed MATLAB codes on the server side 
with JAVA (2015) technology providing the interfacing capabili-
ties. Through this process, any spikes and drifts are removed to 
preserve data quality, voltages are converted to engineering units 
and responses at the corners of the building are decoupled to 
extract the sway and torsional accelerations in a computationally 
efficient manner (Figure  14B). Detailed information is given 
in the studies of Kijewski et  al. (2003) and Kijewski-Correa  
et al. (2006).

SmartSync System: Internet of Things (IoT)
Conventional monitoring program such as the Chicago 
Monitoring Program is often limited to being a manual or 
semi-automated system requiring several manual interventions 
by project teams due to the incapability of hardware/software 
configuration to autonomously comply with the central 
command. To overcome this limitation, a unique prototype 
system for full-scale measurement and long-term structural 

health monitoring (SHM), SmartSync, which utilizes the 
building’s existing Internet backbone as a system of “virtual” 
instrumentation cables to permit modular and largely “plug-
and-play” deployments including advanced and automated 
software packages to establish a fully automated system has 
been introduced. Within this framework, data streams from 
distributed sensors are pushed through network interfaces in 
real-time and seamlessly synchronized and aggregated by a 
centralized server, which performs basic data acquisition, event 
triggering and database management, while also providing an 
interface for data visualization and analysis that can be securely 
accessed. The system enables a scalable approach to monitoring 
tall and complex structures that can readily interface variety of 
heterogeneous sensors and data formats (analog and digital) 
and can even accommodate variable sampling rates. With the 
help of rapid development in hardware systems that nowadays 
offers Ethernet-enabled hardware, e.g., dataloggers, all process 
can be automated without the need of human intervention. To 
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insure reliability of the system, TCP/IP (Transmission Control 
Protocol/Internet Protocol) was invoked as a stable stream 
delivery service that guarantees transmission of data sent from 
one host to another without duplication or loss, ideally suited 

for data from variable sensors coordinated over local area 
network (LAN). Though, the realization of a network-based 
architecture significantly depends on the software development 
operating on the system’s centralized server housed within the 
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FigUre 15 | (a) Web-based automated NRT hybrid SI framework in Burj Khalifa. (B,c) Result web interface for normal conditions.
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building being monitored. To facilitate this, all data acquisition 
operations in SmartSync, including synchronization, are pro-
grammed in LabVIEW at the central server, while higher level 
processing and analyses are facilitated by cyber-based on-line 
modules on an additional analysis server with results pushed to 
web user interfaces that are streamlined in terms of cyber-based 
schemes described earlier. Note that the SmartSync framework 
has deployed to the world’s tallest building, Burj Khalifa, for 
a proof-of-concept in triggering under dual excitations (wind 
and earthquake) and has successfully been performing since 
2008. For reference, cyber-based modules developed in this 
project are shown in Figure 14C including real-time display in 
both time and frequency domains, the latest 10-min statistics, 
archived daily statistics, triggered data depository, on-demand 
spectral analysis (Kwon et al., 2010, 2011; Kijewski-Correa et al., 
2013). Note that these modules are not currently associated with 
VORTEX-Winds and operated independently due to agree-
ments of confidentiality with building owners for monitoring 
datasets.

Near Real-time Monitoring
The concept of cyber-based SHM has also applied to a newly devel-
oped near real-time (NRT) hybrid framework (Guo et al., 2016). 

Particularly, a hybrid framework was introduced to enhance the 
damping estimation in terms of the combination of two system 
identification (SI) schemes such as WT-TSVD-Laplace wavelet 
filtering for non-stationary data, e.g., earthquake response and 
SSI-COV for stationary data such as wind response (e.g., Van 
Overschee and De Moor, 1996; Peeters and De Roeck, 1999). It 
is worth noting that an innovative web-based framework was 
designed and applied to the SHM of Burj Khalifa. This streamlines 
the overall procedure as an “Internet of Things” (IoT) concept in 
SHM. Figure 15A depicts a web-enabled NRT hybrid SI frame-
work being employed in Burj Khalifa. Details can be found in 
Guo et al. (2016).

Through the back-end process, the hybrid SI framework 
embedded in the analysis server is continuously performed 
whenever a data segment is ready. After the analysis, the estimated 
results are automatically stored in the database management sys-
tem, MySQL in this study, to gain more flexibility for additional 
data analysis with accumulated valuable SI datasets in the future. 
For a convenient data visualization, several web interfaces in the 
front-end process are established, where the interfaces implicitly 
interrogate with the database and then display the results on the 
interface on-demand, on-the-fly. In the case of transient events 
such as earthquake events, users can see a table containing event 
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time, frequency and damping information for each mode. A table 
format is a better choice than a plot in this case due to the fact 
that such events are relatively rare, thus a collection of all extreme 
events would provide useful information for a user to grasp all 
past events. For the cases of normal conditions such as under 
extra-tropical winds and/or ambient excitations, two kinds 
of plots are illustrated in the result interface (Figures  15B,C). 
One is a plot to show the trend of accumulated frequency and 
damping information against RMS amplitude in each mode, 
which is valuable to examine the trend of amplitude dependence 
(Figure 15B). Updated statistics of estimates, i.e., mean and CoV, 
are also included inside each plot. The other is a display of time 
history of frequency, damping and RMS amplitude, which is 
very useful to check the variation of dynamic properties of the 
structure such as natural frequencies and damping over time 
(Figure 15C). In this manner, users can see both the latest and 
accumulated SI results whenever accessing to the web interface. 
It is anticipated that the proposed framework in the context of 
the IoT has the potential of being well-suited for the SHM system 
to meet the demand of quick near real-time structural perfor-
mance assessment involving minimal human intervention and 
ultimately offering a decision-support system for the building 
operation regarding structural operation as currently employed 
by the owners. More detailed information can be found in the 
study of Guo et al. (2016).

cOnclUDing reMarKs

The enormous reported losses from wind-related events and 
the increased sensitivity of civil infrastructures such as freeform 
super tall buildings, long-span bridges, and deep water offshore 
platforms etc. to wind call for a new paradigm for their analy-
sis, modeling, and performance assessment. A cyber-enabled 
framework based on a VO, VORTEX-Winds,6 presented in this 
paper offers these such analysis/design tools. VORTEX-Winds 
is viewed by some as a microcosm of the CI and SimCenter of 
the new NSF NHERI initiative. Through the development of 
e-modules stitched and networked with a flexible architecture 
and interfaces to support research and education objectives in 
real-time, these cyber-enabled analysis, modeling, and simula-
tion tools in the VORTEX-Winds promise to enhance the capa-
bility of individuals beyond their current resources through a 
synergistic, integrative approach to understanding and modeling 
the complexity of wind–structure interactions. This framework 
can help the wind community minimize windstorm damage and 
meet the challenges posed by burgeoning emergence of wind-
sensitive structures. Consequently, the result will be a community 
as a whole better positioned to address the next frontiers in the 
field. Currently, most of the modules are available to the general 
public via registration at https://vortex-winds.org and one of 

6 https://vortex-winds.org.

DED modules (VORTEX-Winds: DEDM-HR) has been ported 
to the NHERI DesignSafe Discovery portal at https://www.
designsafe-ci.org. Some of the modules are still being beta tested 
and others are restricted and require additional registration and 
login for additional firewall equipment of cloud platform and 
external servers.

It is envisaged that this cyber-enabled framework would 
facilitate an effective, transformative, and conveniently acces-
sible framework for the acceleration of advances in research and 
design practice, as well as teaching and learning, in the broad 
wind effects area and would have a revolutionary impact on 
this field due to its unprecedented potential of dissemination 
of knowledge and tools through easily accessible NHERI or 
NatHaz CI. In addition, the architecture and implementation of 
e-modules demonstrated in this study will serve as a reference or 
direction for prompting additional cyber-enabled developments 
by the community.
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