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ARTICLE INFO ABSTRACT

Keywords: Roof edge metal systems provide an effective interface between the roof of a building to its walls
Edge metals and are used to secure and protect the edge of the roof membrane. Previous studies show that
Commercial roofs damage involving roof systems mostly occurs because of their failure at perimeter edges under
Wind loads high winds. This study presents an effort to evaluate wind loads on these edge metal elements by
Wind-induced vibrations conducting full-scale experiments at the NHERI Wall of Wind (WOW) Experimental Facility (EF)

Full-scale wind tunnel tests at Florida International University. In addition to full-scale aerodynamic and failure assessment

test protocols, the experimental campaign, for the first time to the authors’ knowledge, consisted
of investigating the effect of wind-induced vibrations on these dynamically sensitive systems.
Pressure measurements were conducted at different layers of the edge metals systems by
considering the most common installation practices in the industry. The results showed that these
roofing elements experience high suctions due to near-parallel wind flows and are susceptible to
significant vibration even at low wind speeds, which is a phenomenon not captured in current
static pull testing. Moreover, peak pressure coefficients were also observed to increase with wind
speeds due to increased dynamic contributions which may amplify the aerodynamic loads by
more than about 25%. Furthermore, utilization of edge metal configurations with a higher degree
of flexibility was observed to possibly reduce suction on roofing components and appurtenances.

1. Introduction

Roof edge metals, used broadly on commercial and industrial roofs, function as an effective interface between the roof of a building
to its walls. Typically, the edge metal system is comprised of a cleat fastened to the substrate and a coping or fascia that is frictionally
attached to the cleat at its front lower ends and mechanically fastened to the roof or parapet at its back. Besides providing an aesthetical
finish for the roof perimeters and protecting building components from water infiltration, they provide anchorage for roofing mem-
branes and are the first line of defense during high-wind events. As they are situated in the most turbulent region of the roof surface
where flow separation is prevalent, such systems are highly vulnerable to wind-induced damage. Results from the Roofing Industry
Committee on Weather Issues (RICOWI) inspection of mechanically attached single-ply roofs in Florida after Hurricane Michael
showed that 80% of the surveyed roofs sustained damage along their perimeter and 70% of them incurred edge metal failures [1].
Observations during past hurricanes also highlighted the dependence of the wind resistance of membrane roofing systems on their
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perimeter flashings. Disengagement or displacement of edge metals was deemed to be responsible for the failure of fully adhered roofs
[2,3]. After the failure of edge metals, membranes were observed to have been torn or loosened, which in turn were also linked to
interior damage as a result of water intrusion [3,4].

Previous studies investigated wind loads on and wind resistance of edge metal systems based on post-disaster reconnaissance
surveys [4,5], field experiments [6,7], and field investigations [8,9]. [5] detailed the progressive failure mechanism particular to edge
metal systems as observed after Hurricane Hugo. The study reported that most failures were due to the inadequate attachment of either
the flashings themselves or the wood nailer. Similarly, four disengagement mechanisms were also reported by Ref. [8]: (1) fascia
disengagement from the cleat, (2) cleat anchor failure, (3) fascia-cleat disengagement and cleat anchor pull-out, and (4) billowing
membrane causing fascia anchor pull-out or damage to the fascia-membrane connection. Aerodynamic wind load evaluation studies
have also shown that edge metal systems mostly experience suction even on the building’s windward wall contrary to what is specified
in building codes and standards, such as the American Society of Civil Engineers 7 and National Building Code of Canada (NBCC)
[6-8]. Besides this external suction, it was reported that these systems are also subject to positive pressures that develop between the
cleat and the substrate. Such pressures act in the direction of the external suction and push the system outwards causing anchor
pull-out or fascia detachment from the cleat. [6] studied various edge metal configurations on the Wind Engineering Research Field
Laboratory (WERFL) test building and reported mean pressure coefficients for the windward, leeward, parallel, and quartering wind
directions. Later, [7] reported the mean, maximum, minimum, and standard deviation of pressure coefficients on the front and top
faces and between the cleat and substrate of an edge metal system installed at the corner of the WERFL building. According to their
study, minimum pressure coefficients ranging up to —1.9 and —3.7 were recorded on the front and top fascia faces, respectively.
Recently, [8] also reported mean and peak pressure coefficients on three different roof edge metal configurations installed on parapets:
anchor clip configuration (ACC), continuous cleat configuration (CCC), and discontinuous cleat configuration (DCC). Even though the
mean pressure coefficient values reported in their study were consistent with those of [7]; peak pressure coefficients were significantly
higher in magnitude. In this case, peak pressure coefficients of —5.6 and —8.0 were reported on the front and top faces of the coping. In
addition to this, the authors also evaluated peak pressure coefficients with a 78% probability of non-exceedance from a Gumbel
distribution fitted to the field data. Based on this evaluation, peak pressure values of —3.1 and —4.6 for the front and top faces of the
coping, respectively, were suggested to be used in the NBCC. The authors also recommended the usage of roof components and
cladding provisions for the conservative design of edge metal systems.

The load demand reported by previous studies is higher than those recommended by current design and testing standards such as
ASCE 7-22 [10] and ANSI/SPRI/FM 4435/ES-1 [11], respectively. [8] highlighted the need to evaluate design loads for standards that
use the 3-s time averaging scheme for peak loads. A comprehensive wind tunnel study that takes advantage of the current state of the
art to investigate wind effects on edge metal systems is also missing in the body of knowledge. Furthermore, as opposed to previously
investigated cases, edge metals can experience significant wind-induced vibrations even at relatively low wind speeds which may
result in an increased wind loading [12,13]. Resonant vibrations can significantly affect the performance of edge metals and roof
membranes under strong winds leading to their damage and possible water intrusion into the building’s interior. While previous
studies have investigated dynamic effects on rooftop and ground-mounted PV arrays [14-17], and claddings [18,19] using full- and
large-scale wind tunnel testing, no research has been conducted so far to examine such dynamic effects on edge metals. In addition, the
criterion for dynamically sensitive structures defined by ASCE 7-22 [10] as having a fundamental natural frequency <1 Hz, applies to
buildings and not to building components. This further highlights the need to account for wind-induced dynamic effects in the design
of edge metals.

To overcome these limitations and fill major knowledge gaps in the wind loading of roofing edge metal systems, the objective of this
study is to investigate the aerodynamics and wind performance of roof edge metal systems. This paper presents findings from a full-
scale experimental campaign using a state-of-the-art wind tunnel. The experimental procedure, which involves aerodynamic, dynamic,
and failure assessment tests, is described in the first section. The second section discusses results obtained from pressure and accel-
eration measurements on the roof system, as well as failure mechanisms obtained from destructive tests. In addition, this section
presents a comparison of the measured wind loads from this study with those found in the literature, and current building codes and
standards. Finally, the last section summarizes the study’s findings and provides recommendations that can help inform the design of
more wind-resistant edge metal systems.

2. Experimental methodology

Full-scale experimental tests were conducted at the 12-fan Wall of Wind (WOW) Experimental Facility (EF) at Florida International
University (FIU). The WOW EF is a part of the National Science Foundation’s (NSF’s) Natural Hazards Engineering Research Infra-
structure (NHERI). The WOW is a large-scale open-jet experimental facility that can simulate wind speeds and turbulence charac-
teristics like those observed in a Category 5 hurricane on the Saffir-Simpson scale with wind speeds up to 70 m/s (157 mph). The flow
field of the WOW is 4.3 m high, 6.1 m wide, and 9.8 m downstream of the contraction zone, and is conditioned with spires and
roughness elements that can help generate the desired atmospheric boundary layer profile [20,21]. This section discusses the
experimental testing procedure which consists of (1) the building model and instrumentation, (2) the testing protocol, and (3) data
analysis.

2.1. Building model and instrumentation

Flat-roofed building models, measuring 3.35 m (W) x 3.35 m (L) and 1.75 m (H), were constructed on-site at the WOW by certified
roofing contractors. The constructed roof decks were then sequentially covered with underlayment, Polyisocyanurate (ISO), and
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Thermoplastic Polyolefin (TPO) roofing membrane [see Fig. 1]. The membranes were then secured along the roof perimeters using
galvanized fasteners and standardized edge metal systems consisting of 24- and 22-gauge stainless steel fascia and cleat, respectively.
To consider the current and most common industry practices, four different cleat and nailing configurations were used on their
respective flat roof decks. As shown in Fig. 2a and b, the first two configurations consisted of 15 cm (6-in) tall cleats fastened to the
substrate at a distance of 4.4 cm (1.75 in) and 11.4 cm (4.5 in) from the lower end, respectively. The second pair of edge metal systems
consist of taller cleats that extend up and over the roof surface and help hold the membrane down along with the fascia [see Fig. 2c and
d]. For Configurations 3 and 4, the cleats were nailed horizontally and vertically at a distance of 1.9 cm (0.75 in) from the roof edge,
respectively. For all four configurations, fasteners were placed along the building’s length and width at a 15 cm (6 in) center-to-center
spacing.

Pressure taps, connected to a ZOC33/DSM4000 Scanivalve data acquisition system, were used in this study to measure the wind-
induced pressures on the roof membrane and the edge metal system. The distortions in amplitude and phase of the measured pressures
due to tubing lengths were corrected using appropriate transfer functions [22]. In addition, Dytran accelerometers (full-scale range of
+500 m/s%) were used to measure the system’s response and capture wind-induced dynamic effects. Due to the symmetrical square
roof shape, where similar wind effects are expected on all four corners of the building, only one corner of each roof deck was selected
for instrumentation. Specifically, the southwestern corner of each deck was instrumented with 58 pressure taps and two accelerom-
eters, as illustrated in Fig. 3. The instrumentation consisted of two groups of pressure taps: the first group was installed on the external
surfaces of the TPO membrane and fascia, whereas the second group was installed in the cavities, which are located (1) between the
cleat and the substrate, (2) between the fascia and the cleat, and (3) between the TPO and the ISO (Fig. 3a and b). External and internal
pressure taps on the edge metal were placed 7.5 cm (5 in) below the roof edge. The corner pressure taps were placed at 15 cm (6 in)
from their respective edges and the remaining taps were installed at 30.5 cm (12 in) spacing (i.e., 15 cm offset from fasteners).
Furthermore, the two accelerometers were installed at the corner and mid-span of Edge Metal (EM) 1 for all four configurations, as
shown in Fig. 3. Each of the two accelerometers was installed at the bottom surface of the fascia’s drip edge [see Fig. 3b].

2.2. Testing protocol

Aerodynamic experiments were conducted at mean wind speeds of 11.7, 23.5, 31.3, 35.4, and 39 m/s (26.2, 53, 70, 79.2, and 87
mph) at the mean roof height of 1.75 m (5.7 ft) using simulated open terrain flows for a roughness length of 2z, = 0.07 m. The
acquisition of acceleration data, within the accelerometers’ range, was limited to mean wind speeds of 11.7, 23.5, and 31.3 m/s. Both
pressure and acceleration data were sampled for 60 s at a sampling rate of 500 Hz for 24 wind directions, 6 (i.e., 0°~345°). Due to the
large model scale, the high-frequency component of the full wind spectrum was simulated during the experiments, whereas there was a
deficit in the low-frequency turbulence [see Fig. 4]. The effects of the missing low-frequency turbulence on the wind loading were
incorporated in the post-test Partial Turbulence Simulation (PTS) analysis [23,24]. The PTS approach is based on the assumptions of
the quasi-steady aerodynamic theory and its accuracy has been previously validated by Refs. [23,24] by comparing peak pressure
coefficients obtained from the WOW, after PTS correction, with the field measurements on Silsoe cube [25,26] and Texas Tech
University’s (TTU’s) WERFL building [27,28]. In addition to aerodynamic tests, high-speed failure assessment tests were also per-
formed at 3-sec gust speeds which were increased from 43 m/s (96.2 mph) with increments of 3.5 m/s (7.8 mph) until the edge metal
failure for the three principal wind directions (0°, 45°, and 90°) and using similar terrain exposures.

2.3. Data analysis

The pressure coefficients (C,) were computed using Equation (1), where AP(0,t) = P(0,t) — P,(t) is the relative differential pressure
at the tap location, and U, corresponds to the mean wind speed at the mean roof height. P(6. t) is the measured fluctuating pressure
time series while P,(t) is the static reference pressure measured using Scanivalve static bottle that is positioned outside the wind tunnel
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Fig. 1. Full-scale building model on WOW EF turntable.
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Fig. 3. Instrumentation layout (a) top view; (b) cross-section (Configuration 1).

with controlled temperature and humidity. Consequently, mean and peak pressure coefficients (i.e., C, and Z‘p) were computed as
described by Equations (2) and (3). The PTS method was used to compensate for the missing low-frequency turbulence effects in full-

scale testing. Using the PTS approach, the pressure coefficient time series were divided into N = 100 independent subintervals and E:p
were estimated based on Extreme Value distribution (i.e., Fisher Tippet Type I fit) for a 1-h full-scale storm duration. The missing low-
frequency turbulence intensity was I, = 23%, the target probability of non-exceedance was Py = 0.78, and the probability of
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Fig. 4. (a) Von Karman and WOW wind spectra at mean roof height (b) open terrain profile.

exceedance per subinterval was G = 3.08 x 105, It should be noted that, for direct comparison with ASCE 7-22, the C,, values were
normalized by the 3-sec gust speeds ﬁgs, evaluated using Equation (4) where Usgqqs is the mean hourly wind speed.
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0.5p Uy
_ AP(0
c, 0 =200 @
0.5 Uy
. AP(0
¢,0) =220 ®
0597,
YUy 434 Iy 4
Ussoos

The measured acceleration data were used to obtain the dynamic properties of the edge metal system. Specifically, the natural
frequency ny and damping ratio ¢ were computed from the acceleration time histories for the various wind speeds using the Random
Decrement Technique (RDT) [29-31]. The obtained dynamic properties were then used to analytically incorporate the wind-induced
dynamic effects in the measured force coefficient time history Cr(0,t) [see Equation (6)] while accounting for the missing
low-frequency turbulence, as described in Ref. [15]; and [16]. The Mechanical Admittance Function |H(n)|
was used to analytically compensate for the resonant component in the wind loading spectrum.

2 i 2 5)
- @] )

Time history of the compensated wind loading Cp,r)(t), which includes both the background (B) and resonant (R) components,
was then obtained from the compensated spectrum using the Inverse Fast Fourier Transform (IFFT) [15,32]. In addition, a Dynamic

Amplification Factor (DAF), which relates 6F(B+R) to E‘F, was calculated for various wind speeds, as described in Equation (7).

2 shown in Equation (5),

H(n) =

AP;(0,1).A;

Cr(0,1) = M (6)
Osp Uref ~Z,Ai

paF = Cre %)
Cr

3. Results and discussion
3.1. Aerodynamic loads on the edge metal system and roof membrane

Results of the aerodynamic tests showed that, for all the evaluated configurations, the edge metals experienced the highest suctions
when the wind flows were directed near-parallel to their surface. That is, the highest suctions were recorded on the edge metal corners
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for wind flows directed close to 0° (360°) for EM 1 and 90° for EM 2. E‘p(e) values for pressure taps located at the midspan of the edge
metals exhibit a more symmetrical distribution about the wind direction normal to the edge metal of interest (e.g. 90° for EM 1 and
0° for EM 2), while values for pressure taps placed at the corners are skewed towards their respective corners. Fig. 5 presents the
obtained peak suctions by the six pressure taps (i.e., W1 to W6) placed on EM 1.
Previous studies have reported 6‘1, values corresponding to a normal wind flow to the edge metal [6-8,33]. According to this study’s
findings, a normal wind direction corresponds to a less critical condition as opposed to near-parallel winds. Specifically, wind flows
directed 15° from the axis parallel to each edge metal (towards its corner) were found to cause the highest suctions on the corners of all
tested configurations (e.g., @ = 15° for EM 1 and 75° for EM 2). Figs. 6 and 7 present the most critical external C, and E'p distributions
for EM 1 using an exploded view of the instrumented roof quarter. For each configuration, the elevation views of the edge metals are
placed along their respective roof edges. In addition, the tributary areas of the pressure taps on the edge metals and roof membrane are
represented by rectangular areas. Positive C, values were observed on the windward side while those on the across-wind surface were
negative. Critical C, values on the edge metals obtained from these tests were 0.92 and —1.1 for the windward and across-wind di-
rections, respectively. In comparison, C, values on the roof were negative for the entire pressure taps placed on the membrane surface
with minimum values reaching up to —3.35 for a cornering wind direction. Consistent with the findings of [8]; negative peak pressure
coefficients (ép) on the edge metal systems were observed even for windward directions. As shown in Fig. 7, high suction values on the
fascia were recorded at the corner tap locations for all four configurations. The highest suctions were recorded on Configuration 4 (see

Fig. 7d), the case with the highest degree of flexibility. Specifically, the highest E‘p values in magnitude were —3.2, —3.1, —3.3, and

—3.9 for Configurations 1, 2, 3, and 4, respectively.
The dual aerodynamic nature of edge metal systems (i.e., roof- and wall-like characteristics) can be observed from these results. For
all four configurations, mean positive pressures were acting on the windward sides of the roof and suctions on the across-wind sides, as

expected on the wall surfaces of buildings. Besides peak suctions being evident on the windward sides, different interactions with roof
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Fig. 6. C, distribution on the roof edge and fascia.

loading can be observed. That is, for Configurations 1 and 2, where the cleats are fastened to the substrate at their lower ends, peak
pressures observed on the fascia for the critical wind direction were significantly lower than the roof suctions [see EP(IS") in Fig. 8 (a,
b)]. On the contrary, for Configurations 3 and 4 where the cleat fasteners at the top facilitate a greater degree of vibration, peak
pressures on the fascia are found to be similar to those observed on the roof [Fig. 8 (¢, d)]. This implies that the more these edge metal
systems are lifted by the wind (i.e., Configurations 3 and 4), the more exposed they are to roof-like pressures. Conversely, when these
systems are restricted from vibrating (i.e., Configurations 1 and 2), wall-like loading conditions factor in.

In addition to external surface pressures discussed thus far, cavity pressures were also investigated at three locations: (1) between
the fascia and cleat, (2) between the cleat and substrate, and (3) between the TPO and polyisocyanurate. Considering these cavity
flows, two net pressures on the edge metal system and one on the membrane were computed. The first net pressure coefficient, Cp,,,, ,
corresponds to the pressure on the fascia that acts to disengage it from the cleat and is therefore computed as the algebraic difference
between pressure coefficients recorded on the front and back sides of the fascia, as shown in Equation (8). When the edge metal system
is acting as a unit (i.e., fascia and cleat are engaged), the net pressure that acts to lift the system, G, . , is the algebraic difference
between pressure coefficients recorded on the front of the facia and the back of the cleat [see Equation (9)]. The net pressure on the
membrane G, is similarly computed using C, values recorded on the top and bottom sides of the TPO, as shown in Equation (10).

Cpner, (‘97 t) = CPfascia (‘97 t) - CPEleat (0, t) 8)
Cpnetz (9’ t) = Cl’fascia (0’ t) - Cﬁsubstrate (6’ t ) ©)
Corers (0,8) = Coppp (0, 1) = Cpy(0, 1) (10)

Cavity pressures were observed to cause net wind load escalation and reduction depending on the wind direction and pressure tap
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location. For wind directions that are predominantly normal to the fascia surface, cavity pressures between the facia and the cleat, and
those between the cleat and substrate were mostly positive, adding to the suction on the fascia’s external surface. That is, the ratio of
net to peak external C, values is greater than unity. Note that these ratios may get significantly high for areas subjected to low external
suction (close to 0). On the other hand, these ratios tend to be lower for near-parallel wind directions, where cavity flows were
observed to increase or reduce the net pressure depending on the measurement location. The reduction in net pressure, in this case, was
observed to be as much as 50% in some cases. Moreover, net-to-peak external C,, ratios were found to vary with edge metal config-
urations used. While an increase in the critical peak net pressure coefficients was recorded for Configurations 2 and 3, a significant

reduction was observed for Configuration 1. Critical Epml and C,_ values for Configuration 3 were 19% and 4% higher in magnitude,

Pnety

respectively, compared to the 6,, on the same fascia. The increase in the critical Epw values were within 5% for Configuration 2. In

contrast, critical EP and C values for Configuration 1 were lower in magnitude by 10% and 20% compared to E’p on the same

net; Pnety

system. For Configuration 4, however, critical EP increased in magnitude by 2% while critical E’P reduced by 12%. Furthermore,

net; nety

net suctions that are responsible for the disengagement of the fascia from the cleat (C

pner, ) Were generally found to be higher than those

that act to lift the fascia and the cleat together (EMZ). C values for pressure taps placed on EM 1 are shown in Fig. 9 while their

Pnety
Cpper, COUNterparts are shown in Fig. 10.

Comparing the experimental results from this study with field investigations conducted by Ref. [8] showed a reasonable agreement
for similar configurations and wind directions. The edge metal configurations considered in Ref. [8] resemble Configurations 1 and 2
from the current study for normal and oblique wind flows. As discussed earlier, the study reported hourly critical peak net C, values of
—5.6 on the front faces of an edge metal system. In the current study, the critical 3-s peak net Cp value for wind directions ranging from
normal to oblique is —1.7, converted to an hourly peak using Equation (4) is a value of —5.7. When considering Configuration 3 and 4,
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critical peak values obtained in this study are higher in magnitude even for similar wind directions. The critical 3-s peak net C; ob-
tained for a normal wind direction on Configuration 3 was —2.0, equivalent to an hourly peak net C, of —6.7, which is 16% higher than
that reported by Ref. [8]. In addition, for near-parallel wind directions not considered by Ref. [8]; these values reach up to a 3-s peak
net C, of —3.98 (hourly peak of —13.35).

Area-averaged pressures on the edge metal systems were evaluated in the current study to compare with the current ES-1 design
requirements [11]. ES-1 calculates design loads by using External Pressure Coefficients (GC,) values of —0.97 and —1.21 for fascia
perimeters and corners, respectively, for building heights less than 60 feet (18.2 m). For heights higher than 60 feet (18.2 m), ES-1 uses
perimeter and corner GCp values of —0.68 and —1.25, respectively. These values are obtained from ASCE 7-10 component and
cladding GCp provisions (Figs. 30.3-1) with the recommended 10% reduction for roof slopes less than 10° [see Fig. 11] [34]. Note that
the GC, values shown for this case were unchanged in subsequent editions, i.e., ASCE 7-16 and ASCE 7-22 [10,35].

The peak area-averaged net pressure coefficients Epm o Were computed from their corresponding time histories G, (6, t) using

Equation (11), where A; represents the tributary area for the i tap. Following the area zonings provided in ASCE 7-22 [10],
area-averaging was conducted for the corner (C) and mid-span (M) areas for combinations of 2 and 3 taps for each case [see Figs. 12
and 13]. Selecting a maximum of three taps for area-averaging is consistent with the ASCE 7 zonal classification shown in Fig. 11,
where the width a for zone 5 is 3 feet (0.9 m). The results from this study showed that critical corner area-averaged values can reach up
to —2.0 and —1.5 for corner and mid-span regions of the roof, respectively, for parallel and near-parallel wind flows. Area-averaged
values for these critical loading cases on EM 1 installed using Configuration 3 are shown in Figs. 12 and 13. Similarly, minimum peak
area-averaged values for Configurations 1, 2, and 4 for corner regions were —1.4, —1.7, and —1.6, respectively, while their mid-span
counterparts were —1.3, —1.2, and —1.1, respectively. These values are higher in magnitude than those currently used for conducting
ES-1 tests and those provided in ASCE 7-22. Moreover, using area-averaged loads provided in ASCE 7-22 may not be accurate for edge
metal systems as they are located in the uppermost part of the wall and have relatively narrower widths, resulting in a more
concentrated wind load around the corners.
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This study also showed that the edge metal configurations used on the roof edges have a direct influence on roof pressures. Besides
the similarity between the suctions observed on the fascia and the roof edge as discussed earlier for Configurations 3 and 4, suctions on
the roof decks installed using these two methods were also observed to be significantly lower than those on Configurations 1 and 2.

Fig. 14 presents directional Epms plots for the six pressure taps located on the western edge of the roof.

The results presented therein show that the relative flexibility of the edge metal system has changed both the magnitude and the
distribution of peak loads over the roof surface. While critical values for Configurations 1 and 2 can be seen to be close to —6.0, those on
Configurations 3 and 4 were generally higher than —4.0, about a 25% reduction in peak Cp. This is likely due to two possible reasons:
(1) wind flows separating from the lower ends of the fascia than the roof edges as the edge metal system acts as an extension of the roof
and thus shortening the length of the separation bubble; (2) fascia vibrations altering the rooftop separation bubble. Similar to roof
edge and parapet aerodynamic modifications used to reduce rooftop suctions, allowing a higher degree of flexibility for edge metal

systems may also be used to achieve the same goal [36-38].

3.2. Wind-induced dynamic effects
The collected acceleration data were used in conjunction with the force coefficient data to identify the dynamic properties of edge

metal systems and analytically incorporate the wind-induced resonant component in the wind loads [15,16]. Fig. 15 shows the ac-
celeration spectra on the midspan of the edge metal system for the four configurations at 23.5 m/s (53 mph). It was observed that the
natural frequency of the system was the highest for Configuration 1 and the lowest for Configuration 4. More specifically, the natural
frequencies of the first mode of vibration were found to be 43, 33, 19, and 10 Hz for Configurations 1, 2, 3, and 4, respectively. This is
mainly due to the dependence of the system’s flexibility for each configuration on the cleat anchorage location. For instance, a cleat
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Fig. 13. Area-averaged (A?pm (6=15°) on EM 1 installed using Configuration 3.

fastener close to the lower end (Configuration 1) will exhibit a shorter moment arm than the rest of the configurations, which leads to
an increase in the stiffness and, consequently, the natural frequency. In contrast, Configuration 4 was subjected to a higher degree of
flexibility due to the longer moment arm, which justifies its low natural frequency compared to the other configurations. Besides the
natural frequency, the computed damping ratio using RDT was found to be 6%.

The peak accelerations aqy for the corner and midspan zones of the four configurations are displayed in Fig. 16 as a function of
wind speed and direction. The comparison reveals that the system’s flexibility is dependent on edge metal configuration. For example,
the highest a;;qx of 130 m/s> was observed at 31.3 m/s for Configuration 3 followed by Configurations 4 and 1 (@mq, = 80 m/s%), then
Configuration 2 (@mgx = 50 m/s?). In addition, the highest peak accelerations for Configurations 1 and 3, which were detected at
critical near-normal and near-parallel wind directions, are higher at the corner than at midspan. This indicates that Configurations 1
and 3 become more flexible as the wind speed increases due to possible edge metal deformation and failure initiation near the corner,
which makes the system susceptible to significant wind-induced vibrations.

The acceleration spectra for the critical wind directions and locations on the four edge metal configurations are presented in Fig. 17
for 31.3 m/s. It was observed that the natural frequency of the edge metal system can be affected by the tested wind speed. Specifically,
while no differences were observed in the natural frequencies of Configurations 2 and 4 between 23.5 m/s and 31.3 m/s, those of
Configurations 1 and 3 at 31.3 m/s were found to be 15 Hz and 6 Hz, respectively, as opposed to 43 Hz and 19 Hz at 23.5 m/s. It should
be noted that the acceleration data could not be captured at wind speeds higher than 31.3 m/s due to limitations related to the ac-
celerometers’ measurement range.

The obtained dynamic properties of the four edge metal configurations were used to analytically compensate the force coefficient
spectrum for dynamic effects, as shown in Fig. 18 for Configuration 3. The DAF was evaluated for two scenarios: (1) using the initial
natural frequencies obtained at lower wind speeds (DAF; in Fig. 19a); (2) by considering the change in the natural frequency at higher
wind speeds due to failure initiation (DAF; in Fig. 19b). In the second scenario, the initial natural frequencies were used up to a wind
speed of 31.3 m/s, where a change in the dynamic properties was observed for Configurations 1 and 3. Even though the system’s
flexibility is expected to increase with increasing wind speed, the dynamic properties captured at 31.3 m/s were used to characterize
the system’s behavior during failure initiation.

An increasing relationship between the DAF and wind speed was identified for all configurations, where DAF; increased from 1.05
to 1.25 and DAF; from 1.05 to 1.4 when the wind speeds were increased from 12 (26.8) to 60 m/s (134 mph). It was observed that upon
failure initiation and possible deformation, Configuration 3 became the most flexible system with a DAF of up to 1.4. Dynamic effects
were observed to significantly increase the wind loading on edge metal systems, which indicates that not accounting for such effects in
the design of these systems may lead to nonconservative results. This implies that edge metal systems may be exposed to significant
vibrations at higher wind speeds resulting in much higher wind loads than those obtained at lower wind speeds. In particular, the peak

force coefficients E‘F(BH;) accounting for dynamic effects were found to be as high as —2.50 and —1.90 for the corner and perimeter
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Fig. 14. Directional EPM for membrane taps placed on the western edge of the roof.

zones, respectively. These values are higher in magnitude that GC, of —1.1 and —1.4 provided in ASCE 7-22, or —0.97 and —1.21 as
used in ES-1 after a 10% reduction [see Table 1].

3.3. Failure assessment results

The failure assessment test results showed an important performance comparison between the four configurations. As expected, the
relatively flexible cases (i.e., Configurations 3 and 4), demonstrated wind-compliant oscillation at lower wind speeds compared to
Configurations 1 and 2. Interestingly, however, the failure wind speeds were contrary to the current industry knowledge. Configu-
ration 1 was believed to be the most robust among all the four configurations being considered, with the rest following their num-
berings given in this study. That is, lower fastening of cleats is believed to reduce the exerted lifting moment by reducing the moment
arm. Based on this notion, Configurations 3 and 4 were considered susceptible to high lifting moments as the entire thickness (face) of
the edge metal system hangs below the fasteners applied. The interesting finding in this study, however, was that the lift-off (i.e.,
failure) wind speed for all four configurations was similar. It should be noted that, throughout this section, the failure wind speeds
correspond to 3-s peaks measured at the roof height. All four edge metal systems were lifted at a wind speed of 60 m/s (134 mph).
Fig. 20 shows the edge metal lifting observed for Configurations 2 and 3 at this failure wind speed. In all configurations, lift-offs were
initiated at the corners due to near-parallel wind flows, which were consistent with the observations from the aerodynamic study.

Another finding from the destructive test was the susceptibility of Configurations 1 and 2 to installation errors. Premature
disengagement of the cleat and fascia was observed for Configuration 1 at a testing wind speed of 31.3 m/s (70 mph) as shown in
Fig. 21a. This edge metal system failed (i.e., lifted-off) at a wind speed of 39 m/s (87 mph). This is 35% lower than the wind speed at
which the other three configurations lifted off. Examining the reasons for the early disengagement and failure showed that it occurred
due to an installation error that placed the cleat slightly higher [about 1 cm (0.4 in)] than its intended location. Such a slight change in
the cleat placement resulted in a lack of sufficient engagement between the cleat and fascia drip edge and, consequently, a premature
failure. Repeating the test with the correct installation resulted in a similar failure wind speed discussed earlier [i.e., 60 m/s (134

13
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Fig. 15. Acceleration spectra for 23.5 m/s.

mph)]. Based on these findings, achieving the exact engagement length may be improbable given the short length of the drip edge.
Since the cleat types, installation procedures, and load-resisting mechanisms are similar for Configurations 1 and 2, similar suscep-
tibility to installation errors can be expected for Configuration 2.

In general, the disengagement of the fascia from the cleat occurs at lower wind speeds for Configurations 1 and 2 than it does for
Configurations 3 and 4. For example, even though the lifting (failure) wind speed was 60 m/s (134 mph), the corner areas for
Configuration 2 disengaged at a wind speed of 51 m/s (114 mph). In contrast, the edge metals installed using Configurations 3 and 4
did not disengage until the lifting wind speed is reached. Besides the shape of their cleat allowing for a more precise installation, its
relative flexibility to vibrate along with the fascia was observed to preserve the fascia-cleat engagement. Fig. 21b shows the cleat
engaged and oscillating with the fascia for Configuration 4. The failure assessment results further indicated that low-fastened cleats
tend to act more like the substrate, while relatively flexible cleats tend to function as the fascia, providing better dynamic load sharing.

Even though Configurations 3 and 4 are subjected to higher dynamic loads than Configurations 1 and 2 at similar wind speeds, the
failure assessment study showed that they have overall better wind resistance. They are less likely to be susceptible to installation
errors and showed a better cleat and fascia (e.g., drip edge) engagement that lasted until the edge metal system was lifted. Comparing
the edge metal lift-off in Fig. 20b with that shown in Fig. 22, the cleats in Configuration 3 are observed to have not lifted while those of
Configuration 4 were completely lifted, exposing the membrane. In this regard, Configuration 3 may be preferable as the cleat will
continue to hold the roofing membrane in place and would provide a better shield against water intrusion due to wind-driven rain.

4. Conclusions

This study presents an effort to evaluate wind loads on and responses of edge metal roof elements by considering four configu-
rations commonly used by the roofing industry. This entailed conducting full-scale aerodynamic and failure assessment experiments at
the NSF NHERI Wall of Wind (WOW) Experimental Facility (EF) at FIU. The experimental campaign also consisted of investigating the
effect of wind-induced vibrations on these systems.

The results showed that fascia elements experience high suctions (negative pressures) due to near-parallel wind flows for all
configurations tested, while suctions were found to be higher for relatively flexible configurations by up to 25%. In these cases, the
highest suctions experienced by the fascia elements for the critical wind directions were comparable to roof surface peak wind loads.
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Fig. 16. Peak accelerations on the corner and midspan as a function of wind speed and direction.

Wind flows between the fascia and the cleat, and those between the cleat and the substrate were surmised to cause both an increase and
decrease in suction depending on the location of the measurement and wind direction. Generally, an increase in suction was observed
for windward directions while the decrease in suction pertained to cases where the wind flows were directed orthogonal to the edge
metals. Moreover, peak pressure coefficients were also observed to increase by up to 25% and 40% before and at the onset of failure
initiation, respectively, with wind speeds due to increased dynamic contributions. Based on the findings from this study, peak pressure
coefficients of —1.9 and —2.5 at the perimeter and corner, respectively, can be used to enhance the design and testing (e.g., ES-1) of
edge metal systems.

The study also identified the roof- and wall-like characteristics of the edge metal systems and their relationship to the configuration
method employed. Lower nailed cleats were found to act more like the substrate as they did not vibrate along with the fascia. In these
cases, the integrity of the fascia was found to be dependent on its engagement with the cleat. The study also showed that configurations
with cleats without a horizontal flange are highly susceptible to installation errors that could result in a lack of sufficient engagement
length. In contrast, higher nailed configurations with an L-shaped cleat were observed to vibrate with the fascia. Further research is
needed to investigate the effect of other geometric parameters of edge metals, such as the drip edge’s angle and length, on the wind
performance of these systems. In addition, future studies are encouraged to investigate the relationship between edge metal flexibility
and aerodynamic pressure on the system as well as fatigue-related effects.
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Table 1
Comparison of area-averaged peak pressure coefficients with ES-1 test.
ES-1 Test Current Test (Aerodynamic) Current Test (Dynamic)
Perimeter 0.97 1.50 1.90
Corner 1.21 2.00 2.50

(b)

Fig. 20. Fascia lifting at a wind speed of 60 m/s (a) Configuration 2, and (b) Configuration 3.

(b)

Fig. 21. (a) Configuration 1: premature fascia and cleat disengagement, and (b) Configuration 4: cleat and fascia oscillating together.
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Fig. 22. Fascia and cleat lifting together at 3-sec peak wind speed of 60 m/s — configuration 4.
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