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ABSTRACT: Wind uplift rating is one of the key performance requirements for single-
ply mechanically attached systems. It depends on the properties of the membrane
(mechanical, physical and chemical), substrate (compressive strength and dimensional
stability), and deck (thickness and deflection). An attachment system (fastener, plate and
seam) integrates the above components to form an assembly. Fastener pullout resistance
(FPR) from the deck is one of the essential design parameters in the system specification.
As well, the FPR is an indicator of the existing deck condition in reroofing/recover
applications. In the field, the FPR values are obtained using pullout testers. To quantify
the accuracy of the manual pullout testers under various environmental conditions, an
experimental program is in progress at the National Research Council’s Dynamic
Roofing Facility (DRF). From this ongoing research, this paper compares the FPR data
from the field pullout tester with those obtained using the laboratory universal Instron
testing machine. In the manual pullout tester, consistency of the FPR data depends on the
operator. Considering this variable and to generalize the data, the above experiments are
performed on two decks (steel and wood) with three different fastener types. The study
finds that the field manual pullout tester underestimates the FPR data in comparison to
the data obtained from the laboratory machine. This trend is found true irrespective of the
selected decks and fasteners. In the roofing market, automatic pullout testers are also
available that function using a battery-powered source. Selected experiments were
performed to identify the influence of the pull out speed on the FPR data using an
automatic pullout tester.
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Introduction

Wind loading on mechanically attached single-ply roofing is a complex problem.
The devastating effect of two hurricanes, Andrew (110 to 125 mph) and Iniki (90 to 100
mph), clearly directed the roofing industry in search of better engineering methods to
evaluate and design roofing systems. Failure of materials from roofing systems was the
single largest (95 percent) contributor to financial loss during these hurricanes [/].
Mechanically fastened single-ply roof systems, that appear to be the fastest growing
methods for industrial roofing, face the greatest challenge of resisting the variable wind
forces that act upon them [2]. Of particular interest is their ability to handle the effects of
wind flutter and fatigue caused by uplift forces of varying intensity and direction. Figure
1 shows a typical spot-fastened mechanical single-ply system. The wind uplift forces
deflect the membrane causing membrane tension and loading on the fastener. The
variation of wind-induced effects with time and space creates the phenomenon of
dynamic wind loading on the fastener [3]. Spot-fastened systems subjected to
asymmetrical loading are more vulnerable to wind dynamics. When the fasteners are
exposed to multi-directional wind forces, rotation and rocking occurs. These effects
cause fatigue deformation on the metal deck [4]. Ultimately, this prolonged fatigue leads
to a reduction in the pullout resistance of the fastener, a factor that must be
accommodated in the design of roof systems.
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Figure 1. Wind Dynamics Effect on the Fasteners of Single Ply Roofs.
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In contrast, the current industry design practices for determining fastener pullout
resistance rely on tests that apply a constant static tensile force. It is understood that the
development of a test procedure that can simulate the wind dynamics on fasteners is
beyond the scope of the present paper. Instead, this paper attempts to determine,
systematically, the accuracy of the existing field test practice. Need for such evaluations
is critical due to several reasons, some of them highlighted below:

* For new construction design, typically, the FPR values are taken from the fastener
manufacturer’s specifications, which provide the FPR data of a fastener for
various deck (steel, wood and concrete) applications. There are differences among
steel roof decks [5], depending on their grades. For example, ASTM A 653
Standard Specification for Steel Sheet, Zinc Coated (Galvanized) or Zinc- Iron
Alloy — Coated (Galvanized) by the Hot Dip Process, Grade 80 (minimum yield
strength 80 ksi—550 Mpa) and Grade 33 (minimum yield strength 33 ksi—230
Mpa) are both labeled as 22 Ga steel decks and are used interchangeably across
North America. FPR value of a fastener tested on decks of Grade 80 and Grade 33
can vary as much as 50%.

» Similarly, there is a significant variation in the FPR data obtained for a fastener
between plywood deck and oriented strand board [6].

* In most of the re-roofing applications, the deck properties cannot be easily
determined. In those conditions, one of the critical design parameters is the FPR
data.

To quantify the accuracy of the manual pullout testers under various environmental
conditions, an experimental program is in progress at the National Research Council’s
Dynamic Roofing Facility (DRF). From this ongoing research, this paper compares the
FPR data from the field pullout tester with those obtained using the laboratory universal
Instron testing machine. In the manual pullout tester, consistency of the FPR data
depends on the operator. Considering this variable and to generalize the data, the above
experiments are performed on two decks (steel and wood) with three different fastener
types. The study finds that the field manual pullout tester underestimates the FPR data in
comparison to the data obtained from the laboratory machine. This trend is found true
irrespective of the selected decks and fasteners. In the roofing market, automatic pullout
testers are also available that function using a battery powered source. Selected
experiments were performed to identify the influence of the pull out speed on the FPR
data using an automatic pullout tester.

Engineering Properties of the Selected Materials

Decks
Steel: 22 - Gauge (0.76 mm thick) galvanized corrugated sheets of 610 mm long by
915 mm (24 in. by 36 in.) wide were used as steel deck specimens. Young's
modulus (Es) value of the steel is approximately equal to 200000 MPa (29 x 10°
ksi) and had minimum yield strength 230 MPa (30 ksi). The yield strength values
were not measured for the present study. These values are reported as specified by

the manufacture in accordance with the ASTM A 653 specification for the metal
decks.
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Wood: 12 mm (1/2 in) thick plywood sheets, 1219 by 2438 mm (48 by 96 in) were
used as the wood deck specimens. Young's modulus (Ew) value of the wood
parallel to the grain, Ew = 10000 MPa (1451 ksi).

Fasteners

Three different fastener types were tested and their characteristics are listed in
Figure 2. All installed fasteners were 130 mm (5.1 in.) long with a thread length of 102
mm (4 in.).

e Fastener #1 had a shank diameter of 4.572 mm (0.18 in.) with industry
classification as #15. According to the manufacture specification, it is fabricated
using hardened carbon steel with CR-10 fluorocarbon coating.

e Fastener #2 had a shank diameter of 4.37mm(0.17 in.) with industry
classification as #14. It is fabricated using carbon steel with epoxy electro
deposition coating.

» Fastener #3 is similar to Fastener #1 in size and is fabricated by a combination of
techniques similar to that of Fastener #1 and Fastener #2, i.e., using carbon steel
with CR-10 fluorocarbon coating.

As shown in Figure 2, differences exist among the fasteners in the head and tip
design that can contribute to the pullout resistance. Close examination of the fastener tips
also reveals the differences among the fasteners’ thread design, namely distance between
the thread and its angle to the shank. Nevertheless, the same fasteners were tested for
both wood and steel deck, in an attempt to establish FPR comparisons between them.

All the materials were obtained as on shelf items through typical industry distribution
channels.

Instron Machine (IM) - Experimental Set Up and Data

Steel Deck Samples

Samples tested were cut from 22 - Gauge (0.76 mm thick) galvanized corrugated
sheets of 610 mm (24 in.) long by 915 mm (36 in.) wide. The sizes of the samples
were 178 mm (7 in.) wide by 305 mm (12 in.) long. It was necessary to use these
dimensions, since samples tested with shorter lengths 89 by 152 mm and 152 by 152
mm (3.5 x 6 in. and 6 x 6 in.) provided inaccurate results owing to excessive sheet
deformation. On the other hand, samples tested with 305 by 305 mm (12 in. x 12
in.) do not affect the pull out resistance of the fasteners. As shown in Figure 3, the
existing IRC/NRC facility can test samples with dimensions up to 457 by 610 mm
(18 x 24 in.). Steel deck specimens were prepared by installing fasteners through the
upper horizontal section of the deck’s profile, the so-called top flange or male rib.
The fasteners were installed using a drill press. Special precautions were taken
during the installation process to ensure that no bending of the sheet occurred and
that the pressure applied during each application remained fairly constant. In each
case, the fasteners were centered with respect to length and installed with a
minimum penetration depth of 19 mm (3/4 in) to a maximum depth of 25mm (1 in).
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Figure 2: Characteristics of the Tested Fasteners
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Figure 3. Experimental Set-up for Instron Machine
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Wood Deck Samples
Samples of 254 by 305 mm (10 x 12 in.) in size were prepared from 1219 by 2438
mm (48 x 96 in) sheets of 12 mm (1/2 in.) thick plywood. With wood decks,
fasteners were installed perpendicular to the grain at penetration depths of 38 mm
(1.5 in.). Penetration depth refers to the distance from the topside of the wood to the
tip of the fasteners.
For both samples, an attachment base was designed so that the samples were held down
along its edges. This attachment system was connected to a computer-controlled Instron
Model 4502 testing machine. A constant upward force was applied by pulling the fastener
at the 3 different rates of:
* Speed 1- S1 - 40 mm/min (1.6 in./min)
*  Speed 2-S2 - 48 mm/min (1.9 in./min)
*  Speed 3- S3 - 64 mm/min (2.5 in./min)
While the experiment is running, the software records the load vs. displacement curve in
kilograms and millimeters. At the completion of the test, data were stored in an ASCII
file for further analysis.
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Figure 4. Typical Load - Displacement Curve from Instron Machine

In Figure 4, typical load versus displacements recorded during testing of five different
steel deck samples are compared. The graph refers to results obtained from testing
Fastener #lat a pulling speed of 40 mm/min (1.6 in./min). During testing, the fastener
was gradually pulled out of the deck causing sheet deformation along the fastener's

Page 7 of 18



perimeter or area of influence. Eventually the fastener thread pulled out of the deck. In
the case represented in Figure 4, the test was terminated immediately after the initial
pullout of the fastener’s thread from its deck engagement. Continuation of the test
showed significant reduction of pullout resistance following the initial failure. The sheet
deformation around the fastener was about 4 mm vertically. Slight bending and damages
in terms of coating loss on the threads of the fastener were also observed. The
connection failure involved both the fastener and the steel deck.

FPR data obtained from IM is shown in Figure 5 for steel and wood deck samples. Data
at three different pull out speeds for three different fasteners are compared. The plotted
FPR data represents the average value of more than ten independent pullout tests. The
standard deviations are also calculated and shown in the figure. The following
observations are noted:

* In the case of the steel deck samples, Fastener # 1 yields 2504 N (563 1bf) as FPR,
the highest FPR of all the 3 fastener types tested.

* Fasteners # 1 and # 3 have the same head design and shank diameter (4.57mm)
and are both classified as #15 by the industry, however, Fastener # 1 performed
better than Fastener # 3. This is due to the fact that there is a difference between
the tip and thread design of Fasteners # 1 and # 3. These differences contributed
to the fastener’s engagement with the deck, thereby affecting the FPR value.

* For the steel deck samples, using the average data, a maximum difference of 62 N
(14 1bf) was calculated between the different pulling speeds. This is true for all
three different fasteners.

Further scrutiny of the FPR results of wood and steel decks revealed the following:

« FPR does not vary between the testing samples in the case of steel decks. This is
not true with wood decks. The maximum standard deviation for steel deck
samples was 62 N (14 1bf) whereas in the case of wood deck it was 686 N (27
1bf).

« Even though steel is much thinner than wood (0.76 mm in comparison to 12 mm),
fastener pullout loads are higher with steel decks. Two factors contribute to the
higher pullout load with steel deck. First, the Young's modulus value of steel is
high, Es = 200000 MPa (29 x 10° ksi), compared to that of wood, Ew (wood
modulus parallel to the grain) = 10000 MPa (1451 ksi). Secondly, the steel deck
gains a certain percentage of the pullout load by deflecting before the fastener
fails. This was not observed with the wood deck.

Similar experiments were also carried out using OSB (a machine made product
from wood flakes) deck samples instead of plywood. Overall, FPR values were greater
for plywood than OSB. This is found to be true regardless of the fastener pulling speed.
The difference between the two materials can be attributed to the additional strength
contributed by the grain of the plywood. Plywood grains, having natural bonding,
allowed the load to be more distributed thereby increasing the pullout loads. OSB, on the
other hand, has low bonding between the grains. This causes a reduction in the FPR.

Page 8 of 18



IM-STEEL

ES1 OS2 OS3

0000000
00000
55555

N N - -

(=4
o
™

IM -WOOD

mS1 OS2 OS3

(= (=4
(= (=4
o n
™ N

o o o o o
o o o o

o 1) o g

N - -~

Data from Instron Machine (IM)

Figure 5: Pullout Resistance



Portable Automatic Machine (PAM) — Experimental Set Up and Data

For the portable machines, an entire sheet of roofing deck was used for testing.
However, the decks used were taken from the same manufactured set as those used for
testing with the IM. As shown in Figure 6, both deck samples were placed on a 152 mm

by 152 mm (6 x 6 in.) wood beams to provide the space needed for the fastener
penetration depth and stability during the testing.
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Figure 6: Experimental Set-up for Portable Automatic Machine(PAM)
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Fasteners were installed on the same deck sheet so that they were far enough away from
each other to avoid influencing the engagement of adjacent fasteners during testing, when
the deck experienced some deformation. Therefore a distance of 305 mm (12 in.) was
provided between two fasteners.

A wood base support was attached to the PAM base for two reasons:
1. First, to get enough clearance between the fastener head and PAM tester when
using a 127 mm (5 in.) long fastener.
2. Second, to provide a flat surface for the PAM base to avoid any tilt of the
machine during testing.

Test performed without the wood base affected the FPR values for the above-
mentioned reasons. Moreover, care should be taken such that the operator is not
preventing the localized deck deformation during testing. This is more critical with the
steel deck samples than with the wood decks tested. Another factor that can affect the
FPR data was the alignment of the fasteners. As shown in Figure 6, care should be taken
when attaching the fastener head to the pullout tester, such that the fastener remains
vertically aligned. FPR data significantly varies between an inclined fastener and a
vertical one. This difference in values also varies depending on the fastener thread
design.

PAM has three pre-set pullout speeds (40, 48 and 64 mm/min) that are similar to the
speeds used in the IM. It can display the load cell data either in newton, kilogram or
pound. However, it stores only the maximum pullout resistance for the test. To run the
PAM, according to the manufacturer, one can use the supplied battery or an AC/DC
converter. During the present study the battery was not strong enough to allow many tests
continuously and consistently. After about 15 pullout tests, the machine could not
maintain the required speed and the maximum pullout resistance values were not
consistent. Therefore, to avoid this limitation, all experiments were conducted using an
110V-12V converter.

Figure 7 shows the FPR data on steel deck samples obtained from PAM. Differences in
the fastener pulling speed does not affect the FPR values of the fastener. However, the
three different fasteners each showed different values of FPR. The difference between
fastener # 1 and # 3 was more than 814 N (183 Ibf) (refer to Figure 5 in the case of IM, it
was 698 N (157 Ibf)). Discussion with the PAM manufacturer revealed that the output
signal from load cell used in the PAM might have been interfering with the excitation
signal. To recalibrate the load cell and to remove the signal interference, the PAM has
been returned to the manufacturer several times. As the issue continued, it was decided to
exclude the PAM data from the further comparison with the IM and error analysis.
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Figure 7: Pullout Resistance Data from Portable Automatic Machine (PAM)

Portable Manual Machine (PMM) - Experimental Set Up and Data

For testing with the PMM, the same samples and set up as for the PAM were used.
Figure 8 shows the components of the PMM and testing in progress. Tensile forces are
applied against the fastener by rotating the capstan arm. The power nut and screw
arrangement transforms the rotational force into vertical tensile force. As shown in the
figure, similar to PAM, a wood base attachment was used during the PMM operation.
One major differences of the PMM in comparison to the other methods is the operator
involvement. Three operators, two male and one female, were selected. The senior male
operator had previous operating experience of the machine whereas the female and the
other male operators were spectators during the pullout testing process and had a trial run
before the actual testing.

Figure 9 shows the FPR data from the PMM both for steel and wood deck samples.
In comparing the performance of different fasteners for the steel deck, it is clear that
Fastener # 1 performs better than the others. A similar observation had also been noticed
with the wood deck samples. However, the operator influence is clearly evident from the
data. This influence is more pronounced in the wood deck samples then the steel deck
samples. As shown, there is no consistent FPR variation amongst the different operators
for the different fasteners tested. In the case of the wood deck samples, for Fastener # 1,
operator 3 obtained higher FPR values than the other two operators. Similarly, operator 1
yielded the highest FPR values for Fasteners # 2 and # 3. Overall, operator dependence is
more evident in the wood deck samples than the steel deck samples. This is also evident
if one compares the calculated standard deviation values.
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Comparison of Fastener Pullout Resistance

Figure 10 compares the FPR data obtained from the IM with that of the PMM. Data
from steel and wood deck samples are presented for three different fasteners that are
tested. In the case of the IM, the average data from three different speeds are compared
with the average data obtained from three different operators of the PMM.

* For steel deck, a maximum deviation of about 222 N (50 1bf) between PMM and IM
was noticed during the testing of Fastener # 1.

* For wood deck, a maximum deviation of about 330 N (70 Ibf) between PMM and IM
was noticed during the testing of Fastener # 2.

* For all fastener types, standard deviation values are higher for the steel deck samples
than the wood deck samples.

To establish the accuracy of the PMM, both experimental error and deviation from
IM are calculated as shown in Table 1. The experimental error represents the PMM and
IM difference in the standard deviation values for the respective fastener and deck type.
Deviation error represents difference in the average value between the PMM and IM. The
steps involved in the calculations are shown below:

1 3

AE:EZ(SDPMM _SDIM) (D)
i=1 i
1 3
AD = EZ (avG,,, - AVG,,) )
i=1 i
n (FPR,
AVG = Z( ! j (3)
TR AN
where:
SD Standard Deviation
AVG Average of the FPR value
IM Data from Instron machine
PMM Data from portable manual machine
n Number of samples tested
i Data from three speeds (40, 48 and 64 mm/min) for the IM where

as for the PMM data from three operators (two male and a female)

By algebraically adding the values of the equations (1) and (2), one can obtain the
deviation of the PMM from IM. As tabulated, in the case of steel deck samples the
experimental errors are less than deviation errors and this is not true for the wood deck
samples. Regardless of the scenario, the PMM FPR data was always less than that of the
IM. The PMM underestimates the FPR on the steel deck samples by 191-276 N (43-62
Ibf) depending on the fastener type whereas in the case of the wood deck samples, the
difference ranged from 231-347 N (52-78 1bf), depending on the fastener type.
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TABLE 1: Deviation of the PMM from IM

Fast 4 Steel Deck
astener AE AD Déviation
Ibf N 1bf N 1bf N
Fastener 1 14 62 48 214 62 276
Fastener 2 13 58 30 133 43 191
Fastener 3 19 85 39 173 58 258
Fast 4 Wood Deck
astener AE AD Déviation
Ibf N 1bf N 1bf N
Fastener 1 44 196 8 36 52 231
Fastener 2 15 67 57 254 72 320
Fastener 3 22 98 36 160 58 258
Summary

From the limited data presented in this paper, one can generalize the following

conclusions.

¢ The speed has no influence on the maximum pullout resistance.

¢ Larger fastener shank diameter or larger fastener type does not necessarily yield
higher fastener pull out resistance.

¢ Good homogeneity of the data was obtained from the steel deck samples. Pullout
resistance values from the steel deck samples are greater than those from wood deck
samples.

¢ Greater experimental error observed in the usage of PMM than the error from the IM.

¢ In field applications, overall, one should account for about 220-330 N (50 —70 1bf)
underestimation in the fastener pullout resistance, when portable manual machines
are used.

This paper presented a discussion that concentrated only on static pullout resistance
of new materials. These resistance values are critical in determining the fastener design
load with the respective deck composition. An equally important feature in fastener
design is the prediction of its service life under dynamic conditions. For the steel deck,
this phenomenon is influenced by various factors such as fatigue loading, deck corrosion,
and thermal bridging. For wood deck, the factors influencing this phenomenon include
moisture content, material non-homogeneity and the sample age. Efforts are in progress
at IRC/NRC to develop proper experimental procedures to account for some of these
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effects and to gather experimental data to predict fasteners' service life. Development of
such design data is vital in re-roofing situations to determine the strength of the existing
fastening system.  Supporting this view, using Instron Machine, two types of
experimental results are reported, one on fatigue loading on steel decks and another on
water immersion effects on wood decks [4]. To establish the accuracy of the PMM in
situations that are common in re-roofing applications, experiments will be undertaken
using the PMM.
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