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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,

Frontiers in Built Environment | www.frontiersin.org 1

February 2017 | Volume 3 | Article 7


http://www.frontiersin.org/Built_Environment/
http://crossmark.crossref.org/dialog/?doi=10.3389/fbuil.2017.00007&domain=pdf&date_stamp=2017-02-10
http://www.frontiersin.org/Built_Environment/archive
http://www.frontiersin.org/Built_Environment/editorialboard
http://www.frontiersin.org/Built_Environment/editorialboard
https://doi.org/10.3389/fbuil.2017.00007
http://www.frontiersin.org/Built_Environment/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:gak@blwtl.uwo.ca
https://doi.org/10.3389/fbuil.2017.00007
http://www.frontiersin.org/Journal/10.3389/fbuil.2017.00007/abstract
http://www.frontiersin.org/Journal/10.3389/fbuil.2017.00007/abstract
http://www.frontiersin.org/Journal/10.3389/fbuil.2017.00007/abstract
http://www.frontiersin.org/Journal/10.3389/fbuil.2017.00007/abstract
http://loop.frontiersin.org/people/358398
http://loop.frontiersin.org/people/213616
http://loop.frontiersin.org/people/213445

Miller et al.

Airbox Testing on Multilayer Cladding

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,' 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

'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 coeflicients 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
coeflicients to reduce with area faster than the external pressure
coeflicients 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 “0”
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

A 2-Ports Slotted Disk g In_ 3-Ports

Fan @‘:3 O ‘L ----- o b ' & Pressure Box
O out

B

._/—a . H— a
! He b "T~4Lb»
o+~ . o+~ .

FIGURE 1 | (A) A schematic drawing of the five-port valve concept and (B) an operational flow diagram showing the three limiting states of the valve.
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FIGURE 2 | An assembly drawing showing an exploded view of the
final valve design and symmetric disk.

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

40 T T T T T T T T T

30

201

Box pressure [kPa]
fa=)

07 ng 049 1

_4D 1 1 1 L 1 L
u] 0.1 0.2 013 04 0s [1h=]

vake position

FIGURE 3 | A valve map showing the comparison between the
first-generation disk (blue) and the final symmetric disk (red).

(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, T, for the PID control. In calculating T 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, T, to vary enormously. The solution for this issue was to
use gain scheduling; the real-time estimation of T 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 t, which can lead
to instabilities with an overestimation of 7, 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 7, that is, the pressure chamber and test element properties.
Therefore, a median value of T 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
T 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 4 | A valve map of the final symmetric disk at different leakage conditions.

0.5 0.6 0.7 0.8 0.9

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 X 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
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—Actual Pressure

o
&)
:
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‘
>
-
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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.

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

Frontiers in Built Environment | www.frontiersin.org

February 2017 | Volume 3 | Article 7


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

Miller et al.

Airbox Testing on Multilayer Cladding

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.) X 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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25 —50 Hz
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w© 20 — 60 Hz
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= O 65Hz
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é 15 X 70Hz
o m 3x1/4" holes
a
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e 6x1/4" holes
5 o 7x1/4" holes
¢ 8x1/4" holes
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Flow rate (CFM) ——Manufacturer'sfan curve
FIGURE 6 | A graph of box pressure versus flow rate for the selected fan at different variable speed drive speeds, along with the manufacturer’s fan
curve, demonstrating the effect of leakage on the pressure.
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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
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FIGURE 7 | A graph showing a portion of the external pressure time
history for each individual airbox.

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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Latex
Barrier
System

FIGURE 8 | A photograph showing the latex-barrier system, creating
separate airboxes attached to a vinyl siding specimen.

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 PEE
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, ps, in each separate
airbox,

pd:pe_Pc’

where p. is the external pressure coefficient and p. 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(X) — Pexternal (x) - Pcavity (x) ,

~

P external

where P, . (x) and P, (x) represent the external and cavity
pressures, respectively, at the location on the wall and Pextemal is
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FIGURE 9 | Measured differential pressure time histories under
(A) uniform and (B) gradient external pressures.

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 PEE]
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 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

FIGURE 11 | Pressure equalization factor as a function of time for a
sudden change of the pressure with time, including external spatial

pressure gradients.

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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