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Abstract. In the last few years, considerable attention has been paid to the roof cladding
systems due to their progressive use in the construction of low-rise buildings. The design of
such systems has been gaining importance since they are subjected to severe damage and
failure caused by high wind events, particularly at their fastener connection points. To offer a
solution for predicting the maximum pull-out force capacity of cladding fasteners, this article
presents a mathematical model for a fastener made of high strength steel austenitic 316. In this
model, the two basic parameters of the fastener, namely the thread depth and the thread angle
are included as the main elements of the contact surface between threads and the low carbon
mild steel batten/purlin sheets. This mathematical model will be proposed to estimate the
maximum pull-out force capacity of the cladding fasteners made of cold-formed A2 316
stainless steel. After finding the parameters of the mathematical model by using an
optimization method based on a genetic algorithm (GA), a comparison will be made between
the mean estimation error of the new model and the formerly proposed ones.

Keywords: Cladding Fastener; Pull-out Force; Mathematical Model; Thread Engagement
Ratio; Estimation Error

1. Introduction

High wind events such as a hurricane, cyclones, etc. can create severe damage to the roof cladding
systems. The consequence of the roof cladding system damage might be a progressive collapse of the
entire building and irreparable failures. As a result, the roof cladding systems have to be structurally
investigated from two viewpoints, namely cladding system failure and cladding fasteners failure. The
former one could be known as the failure that occurs in the entire system including claddings and
fasteners, while the latter one is a failure that often takes place solely for the fasteners of such
systems.

From the aspect of load application, these systems have been analyzed both statically and
dynamically. Several studies have appeared in recent years documenting the static and dynamic
failures of the roof cladding systems. For instance, among all types of failures occurring in the roofing
systems, localized pull-out failures have special importance due to their high potential for initiating
the extensive loss of roofing systems under high wind uplift loads. Recent studies have also confirmed
that the occurrences of localized pull-out failures that lead to major failures of the entire structure
[1,2]. To predict the pull-out force capacity, some approaches have been proposed by researchers.
Sivapathasundaram and Mahendran developed a mathematical model in which the sheet thickness and
geometry of cladding fasteners were taken into account with an improvement of estimation error
compared to the previous models [3]. Similarly, an improved formula was proposed in terms of the
thickness and ultimate tensile strength of the steel cladding system together with considering the
diameters of the screw head or washer [4]. In this research, the details of the investigation and its
results were presented. Alternatively, in a different study, the shear behavior of cladding fasteners was
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analyzed by De Matteis and Landolfo [5]. In this study, the monotonic and cyclic behavior of
connections were formulated using the mathematical model. In the same line of research, the location
of sheet/purlin fasteners and its impact on the shear characteristics of the roofing systems was
investigated [6]. The finite element analysis (FEA) approach is a useful tool to investigate the
behavior of cladding systems and fasteners. In [7], FEA was used to predict the effects of material
properties and geometric parameters of trapezoidal claddings on the local pull-through failures,
particularly during high wind effects.

On the continuation of previous research, this paper aims to propose a mathematical model in
order to estimate the maximum pull-out force capacity of the cold-formed high strength steel cladding
fasteners. In this model, the two basic parameters of the fastener, namely the thread depth and the
thread angle are included in terms of the thread engagement ratio. This model is acclaimed because of
considering the fastener thread parameters as compared to the previous models. Finally, the output of
the model is compared with that of the tensile test and also a comparison will be made between the
performance of this model and the previously proposed models. The study would demonstrate the
wide possibilities to use on an artificial intelligence, machine learning work and structural
optimization techniques such as [8][9][10] [11][12][13][14] to build and incorporate the smart control
system for the roof cladding solution for the automation prediction system in monitoring and
controlling the maximum pull-out force capacity of cladding fasteners in the future.

The remainder of the paper is organized as follows. In sections 2, an experimental set-up will be
discussed that is dedicated to perform the tensile test and measure the pull-out force capacity of the
fastener and involving sheet with different thicknesses. Section 3 will describe the mathematical
model and compares the performance of the new model with the previous ones. Some conclusions
will be wrapped up in Section 4.

2. Experimental Set-up

An experimental set-up is dedicated to performing tensile tests for measuring the strength of the joint
or pull-out force capacity of the cladding fastener in this study. The tests were carried out on a Zwick
Z010 tensile test machine with the maximum capacity of load application up to 10kN. Rectangular
test plates were laser cut from sheets of steel material (grade Z45/A653) with thicknesses of 1.2mm,
1.4mm, 1.6mm, 1.8mm, 2mm, and 2.5mm. The test piece design can be seen in Figure 1.

D

Y

- .IO_

Figure 1. Rectangular Test Plate (Dimensions in mm)

These samples were mounted into a fixture bolted to the bottom jaw as shown in Figure 2. The
cladding fasteners were then inserted through an upper plate into and through the test sample using a
Hiltilmpact Driver (ST1800-A22).
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Figure 2. The Test Sample Bolted into the Bottom Jaw

Care is taken to make sure that the screw is inserted close to the center of the test sample as
possible using marks on the test sample and measured spacers designed to hold the upper plate in the
correct position. The upper plate is then bolted to an upright designed to be held in the upper jaws of
the tensile test machine as shown in Figure 3. The fixture is then placed between the upper and lower
jaws of the tensile test machine as shown in Figure 4 and the two halves pulled apart until the screwed

joint failed.

Fastener with 3.9mm tip

Upper

Test Sample

Figure 3. Upper Plate attached using Cladding Fastener
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Figure 4. Schematic of Tensile Test Machine

These tests were carried out on a Zwick Z010 tensile test machine calibrated to 10kN. Six different
steel sheet thicknesses were tested to evaluate the maximum pull-out force capacity. For each test, a
force and extension curve was plotted and the maximum pull-out force capacity was obtained. Each
test was repeated five times and the mathematical average calculated. The results are shown in Table
1 and Figure 5.

Table 1. Results of the Experiments

Steel Sheet Thickness (mm) Average Maximum Pull-out Force
Capacity (kN)
1.2 3.22
14 3.85
1.6 4.47
1.8 5.1
2 6.13
2.5 7.69

Maximum Pull-out Force (kN)
@

1.2 1.4 1.6 1.8 2 22 2.4 26
Sheet Thickness (mm)

Figure 5. Maximum Pull-out Force (kN) Variation with Steel Sheet Thickness (mm)

4
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The geometry of a typical cladding fastener is shown in figures 6a and 6b. The geometry of the
fastener contains five parameters that form its main configuration. These parameters namely, outer
diameter or d_max, inner diameter or d, pitch or p, the thread depth or d max-d, and the thread angle
or Aare shown in Figure 6b.

a)

Outer Diameter «_Thread Pitch Thiead Dopth

Inner Diameter

Thread Angle
b)
Figure 6. a) A Typical Cladding Fastener and its Geometry Parameters, b) Main Parameters of a
Cladding Fastener, Thread Depth, Thread Angle, Outer Diameter, Inner Diameter, and Thread Pitch.

3. Mathematical Model

In this section, a mathematical model, represented in Equation (1), is presented to estimate the
maximum pull-out force of the high strength steel fasteners, P,. The model is the modified version of
the former model proposed by Sivapathasundaram and Mahendran [3] that is represented in Equation
(2). Prior to [3], the pull-out force capacity of the cold-formed steels used to be predicted by using the
design Equation (3), as standardized by Eurocode 3 Part 1-3 (EN 1993-1-3, 2006). In the proposed
model in this study, some parameters are chosen as key parameters that play a significant role in the
amount of pull-out force capacity of the sheet-cladding fastener assembly. In all equations, # stands for
steel sheet thickness, P denotes the pitch value of the fastener which is chosen 1.82mm in this study,
dnax 18 external diameter which is 6.74mm, f, represents the ultimate tensile strength of A653 low
carbon mild steel that is approximately 550 MPa, d is chosen slightly larger than the internal diameter
of the fastener, i.e. 5.3mm and @ denotes the thread angle which is chosen 30°. As discussed earlier,
this model has some advantages over the previous ones in the sense that fastener pitch, P, and the
thread angle € have been taken into account in it. The last term of Equation (1), namely the thread
engagement ratio is to demonstrate the effect of the thread angle at the maximum value of the pull-out
force.

d..—d
1=(P=21g0(=—)

d D E
B = 4" (@) £, (= Dy 2 W
2tg9(%)
P, =1.62¢d" f,[(d,. —d)/ P]" )

P =0.65td.f, 3)
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This term is written as ( )E and graphically illustrated in Figure 7.

This term is used to estimate the ratio of projected length of the engaged length between steel sheet
and fastener (shown by red lines in Figure 7) to the overall thread length, ’L’. Regarding the values of
the fastener parameters for this particular class, Equation (1) is valid for the sheet thicknesses, #/P <
1.37, /P > 0.66 and 20° <6 <40° . As mentioned above, this model takes into account the fastener
pitch, P as it does not appear in the model proposed by Eurocode 3 and also the thread angle, € that is
not observed in Equation (2).

The values A, B, C, D, and E have to be obtained in a separate analysis by using GA. For this
purpose, one experiment was conducted on the steel sheet with a thickness of 1.6mm. The average
pull-out force obtained for the sheet with t=1.6mm was 4400 N by performing five experiments. By
using this average value, the model parameters A, B, C, D, and E were obtained using the following
objective function,

. . 2
Obj. Function: 0.5(4400—P)) 4)
- Profile of Geared Section P
- L
between Sheet and Fastener’s - = -

Threaded Section

P-2tgS™(dmac-d

Figure 7. Graphical [llustration of the Thread Engagement Ratio (the Ratio of Summation of Length
of Red Lines to Thread Length, L) for the Cross-Section of the Fastener.

Where 4400 is the average value of the maximum pull-out force for the steel sheet with 1.6mm. By
minimizing the objective function above, the parameter values were obtained as A=1.62, B=1.35,
C=0.65, D=1.1, and E=0.06 with 1.6% overestimate of 4470 N compared to the average value of 4400
N. Note shall be taken that since the unit of Equation (1) is Newton (N), the summation of B+C=2 has
to be defined as equality constraint for the optimization process. In order to validate the model
obtained, we obtained 3580 N when the sheet thickness is 1.4mm that has 5.67% underestimate
compared to the average value of 3800 N.

After obtaining the final equation, one comparison was made between the proposed model in this
study and the two former models that are represented by equations (2) and (3) based on the
experimental data shown in Figure 5. As can be seen in Figure 8, the new model seems to be more
performative in terms of the maximum pull-out force prediction compared to its previous
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counterparts. The mean estimation error obtained for the range of sheet thicknesses from 1.2mm to
2.5 mm, was 259.3 N for the new model, 1567 N for Sivapathasundaram and Mahendran model
(Mathematics Model #2 in Figure 8) and 826.62 N for Eurocode 3 model (Mathematics Model #1 in
Figure 8), respectively.

11000

—O— Mathematical Model #1
10000 - Mathematical Model #2
—<— New Mathematical Model
9000 [ |—— Experimental Results

8000 -

7000 -

6000 -

5000 -

Maximum Pull-out Force (N)

. . . . . .
1.2 1.4 1.6 1.8 2 2.2 2.4 2.6
Sheet Thickness (mm)

Figure 8. Comparison between the New Model and the Previous Models based on the Experimental
Data

4. Limitations and future work

The results presented are indicative of fastener performance when stalled using a screwdriver set up to
the manufacturer’s recommended settings. Impact tools were not used in any of these tests. In real
life situations the skill of the operator and environmental conditions are expected to affect the
performance of any fastener. This should be taken into consideration when reviewing the results.
Finally, only one grade of material was used and it is likely that alternative steel grades will affect
performance, as will alternative materials such as GRP. Further work is required to validate the
general applicability of the proposed model to a wide range of materials.

5. Conclusion

This paper has presented the details of an experimental study on a commonly used roof fastener made
of austenitic steel 316. Firstly, an experimental set-up was designed to conduct the experiments on the
steel-fastener assembly with different steel sheet thicknesses. Then, by using the experimental data
and considering the previous models, a new mathematical model was proposed by which the two
basic parameters of the fastener, namely the thread depth and the thread angle were taken into
account. Finally, a simulation was performed, and the results satisfactorily demonstrated a good
agreement between the predictions of the maximum pull-out force by the new model in comparison
with the previous ones.
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