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ABSTRACT

Recently, the use of Cold-Formed Steel (CFS) sections in construction has observed a
significant surge. The connections of CFS buildings, in many instances, dictate their behaviour.
This research aims to investigate the structural performance of overlap connections in multi-
span CFS Z-purlin under monotonic loading. An overlap bolted connection is proposed for a
multi-span continuous purlin system to achieve economic benefits while ensuring shear and
moment transmission without pre-mature connection failure. The effects of overlap length and
bolt arrangement were investigated in terms of flexural capacity and stiffness. Three specimens
were experimentally tested, in which purlins made up of CFS Z-sections and high strength bolts
(HSB) with a diameter of 12 mm and grade 8.8 were used. The test setup consisted of two-span
back-to-back CFS Z-specimens connected using an overlap connection, with a point load
applied at each span. The setup was designed with lateral supports to prevent lateral torsional
buckling. The experimental results revealed that increasing the overlap length improved the
flexural behaviour of the specimens. Moreover, the bolt arrangement was crucial to enhancing
both the strength and stiffness of the lapped connections.

Keywords: Cold-formed sections, Overlap connections, Purlin Z-sections, Experimental testing,
Semi-rigid connections.

INTRODUCTION:

Cold Formed Steel (CFS) sections have been established nowadays in the construction of steel
buildings. They are made up of materials that have lightweight and high strength-to-weight
ratios. Due to the flexibility in application, ease of fabrication and installation, they are most
suitable for the construction of buildings. They could be implemented in buildings as secondary
systems such as purlins, in which their main use is to transfer floor or roof loads to the main
structural elements in low-to-medium-rise buildings. Furthermore, several types of CFS wall and
roof systems have been involved in construction nowadays. However, the most popular system
used is a multi-span Z-purlin section with overlapping connections. This system is popular due
to its ease of installation as well as its high structural efficiency. Therefore, the recognition of the
structural behavior of this overlapping connection system is required to achieve efficient modern
system construction [1].
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In the multi-span Z-purlin system, there is no engineering data that has been proposed to state
the requirement of overlap connection to obtain moment capacity as connected section capacity
in the CFS Z-purlin system. The connection is required to transmit shear and moment forces
between multi-Z-purlins and their supports. The connection is typically semi-rigid and controls
the section efficiency and the ability of Z-sections to reach their ultimate capacities.
Furthermore, the semi-rigid connections will result in redistribution of moments, leading to
reducing the bending moments at the hogging region, and consequently reducing the weight of
the required sections. By implementing a continuous purlin system, it is possible to achieve
significant savings on the cost of purlins in a steel building.

Previous studies on the flexural capacity of CFS and its influence on the behaviour of purlin
overlapped connections have been conducted [2-4]. An advanced finite element analysis has
been conducted on flexural capacity of Z-purlin system overlaps connection using ABAQUS.
The results showed that all connections display semi-rigid behaviour. Further, increasing lap
length has the greatest effect on the member's stiffness and resistance. In addition, designing
the connection to avoid failure at the lap's edge increases stiffness and resistance significantly.
Moreover, the moment capacity of the test specimen with an overlap length greater than 300
mm is higher than that of the control specimen. Finally, connecting the bottom flanges with
screws has a significant effect only for short overlaps Lp=100mm in which the free flange
deforms early.

Experimental investigations to study the behaviour of purlin connections in CFS Z-purlins have
been conducted [5-7]. Tests were done on CFS Z-section with overlap and sleeve connections,
with various overlap lengths, bolt configurations, web and flange stiffening, and epoxy resin to
join the lapping. The results revealed overlapping connections are more efficient than sleeve
connections. Furthermore, both types of connections failed due to distortional buckling. In
addition, in the bolted overlap connection specimen, lower flange buckling, and web separation
were detected.

Additionally, several researches investigated the behaviour of CFS sections used in portal and
gable frames [8-11] and presented the performance of the corner or apex connection under
static or dynamic loading. The results revealed that increasing the spacing between bolts has
resulted in an increase in the moment capacity of the connection. Furthermore, the bolted
connection has exhibited both the highest moment capacity and desirable ductile behavior when
compared to screw connections. The findings also indicate that increasing the gusset plate
thickness enhances the moment capacity of the connection and reduces displacement. Overall,
the bolted specimens outperform the screw specimens.

This research focuses on the performance of bolted lap splice for CFS Z-shaped purlins and
investigates the effect of the lap length and bolt arrangement on the connection moment
capacity and failure modes.

EXPERIMENTAL SETUP

A total of three specimens were experimentally tested. As the Z-section is unsymmetrical, and in
order to eliminate the torsion effect of asymmetric loading, a set of two Z-sections facing each
other was tested. The two CFS Z-sections were connected with another two CFS Z-sections at
overlap length (Lp) using HSB M12 of grade 8.8. The cross-section of the Z-Section was 200
mm high, having a top flange width of 60 mm, bottom flange width of 67 mm, lip depth of 20 mm
and thickness of 3 mm (Figure 1). All three tests consisted of a two-span test setup with a span
of 1500 mm, rested over 3 supports. Two-point loads were applied to the set-up with a distance
of 600 mm from mid-support as shown in Figure 2. The first and second tested specimens,
SPO01 and SP02, had an overlap length (Lp) of 300 and 600 mm, respectively, with HS bolts
M12 (8.8) used in the web as shown in Figures 3(a) and 3(b). The third and last tested
specimen (SP03) had an overlap length (Lp) of 600 mm, with HS bolts M12 (8.8) connecting
both web and flange as shown in Figure 3c.
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Figure 1: Tested CFS Z-section dimensions (in mm).

1145

355

355

1145

300 150 150

300

245

710

245 300 150 150 300

3000

Figure 2: Schematic drawing for expected bending moment for continuous two-spans,
location of load application & LTB support location assuming fully-rigid lap splice.
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Figure 3: Specimens overlap connection dimension (a) SP01 connection, (b) SP02
connection, & (c) SP03 connection (all dimensions in mm’s).

MATERIAL PROPERTIES:

Steel S355 was specified for the purlin material. However, in order to determine the exact
mechanical properties, a total of 3 coupon tests were performed. Dimensions of the coupons
and the test procedure were according to the ASTM-A370 specifications [12]. Two coupon tests
were extracted from the web of the CFS Z-section (CT01 & CT02), and one coupon test was
extracted from the flange of the CFS Z-section (CT03). The three samples were tested using a
universal machine as shown in Figure 4. The failure of the coupon test is shown in Figure 5. The
stress-strain curve for the 3-coupon tensile test is shown below in Figure 6. The coupon test
results are shown in Table 1.

147

24-27 October, Hurghada, Egypt



3" International Conference on Civil Engineering: (Development & Sustainability)

2023

Figure 5: Failure of coupon test (Cup and cone failure).
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Figure 6: Stress-strain curve for coupon tests.

Table 1: Steel properties for tested coupon test.
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CT01 348.4 0.169 524.0 6.88 12.82 205.9
CT02 350.1 0.167 528.5 6.76 11.28 209.9
CT03 350.7 0.168 529.6 6.74 13.05 208.4
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In addition, for bolt connection properties, a lap joint shear test has been performed to
determine the failure type of connection, whether it is the bearing of plates or the shear failure of
bolts. The dimensions of the lap joint shear test and the testing of specimens are shown in
Figure 7 & Figure 8, respectively. A high strength bolts of grade 8.8 with a diameter of 12 mm
have been used. A total of three lap joint shear test has been established and failure was
always due to bearing failure in plates as shown in Fig. 9. The results of the lap joint test are
shown in Table 2.
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Figure 7: Dimensions of Lap joint shear test.

S

Figure 9: Failure mode of lap joint shear specimens.
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Table 2: Lap joint

shear test results.

Specimen ID Yield strength (MPa) UItlmazﬁsatl;ength elongation %
STO01 179.31 190.79 11.41
ST02 187.43 187.43 16.23
STO03 187.81 188.39 14.81

TEST SETUP AND PROCEDURE.

The test setup of all three specimens consisted of two continuous spans Z-section with an
overlap length resting over an I-shaped rigid beam (HEB with circular solid welded to top flange
acting as a roller) as shown in Figure 10-11. The loading jack was employed to apply load on
the beam which distributes the load on each span at a distance of 600mm from the middle
support as shown in Figure 10-11. The boundary conditions used at the two ends and middle
are roller supports.

Further, linear variable differential transformers (LVDTs) were used to measure displacement.
For all three specimens, (LVDTs) were used under the loading points. Further, in the SP02 test
setup, LVDTs were used near end support to measure the angle of rotation (deflection slope) at
end support. On the other hand, in SP01 & SPO03 test setups, LVDTs were used before and
after overlapping connection to measure the angle of rotation (deflection slope) due to a
hogging moment at mid-support.
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Figure 10: A schematic of the test setup (all dimensions in mm’s).
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Figure 11: Actual configuration of experimental test setup.

RESULTS AND DISCUSSION:

The results of the three experimental specimen tests are illustrated and explained in detail. The
outcome of the experiment is expressed for each of the two-loading point, as illustrated in
Figure 10. Two load-displacement curves are plotted for each experiment test, one for the left
loading point and the other for the right loading point. Further, using the maximum jack load for
each experimental test result, a moment capacity for connection is determined based on the
relation between the load applied and the moment. By analyzing the portal frame using
SAP2000 V20 software, a correlation is established between the Jack load values acquired
through experimental and numerical analysis and the moment achieved at the single purlin
overlap connection. This is achieved by applying a two-point load at each span with a
magnitude of 1 kN at a distance of 600 mm from middle support as shown in Figure 12. The
value for the moment at mid-support corresponding to the load applied is shown as well (0.26
kN.m).

710 mm
600 mm 600 mm
1kN 0.26 kN.m 1 kN
-ve
+ve AN +ve
1500mm 021 KN.m 0.21 kKN.M™ 7500 rom

3000 mm

Figure 12: Relation between the loading cell values and connection moment capacity of
purlin overlap connection.

e The bending moment at overlap connection = 0.258 x point load applied
e Where point load = Jack load /4
o Therefore, the Bending moment at single overlap connection =0.0645 x jack load
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Finally, the rotation of the overlap connection from each side (left and right) is determined based
on the assumed linear relation between displacement and rotation. It is assumed that there is a
linear relationship between the rotation of the overlap connection and the vertical displacement
at the location of loading on the purlin. which corresponds to each load identified through either
numerical or experimental testing. The calculation of the overlap connection's rotation is
demonstrated in Figure 13.

P=Z/2 P=z/2

The rotation angle at overlap connection (8) = (A (in mm)) /600

Figure 13: Relation between the displacement values and rotation of overlap connection
SP01 experimental results.

Specimen SPO1 connected the CFS Z-section with an overlap length of 300 mm using HSB
M12 (8.8) in the web only. The deformation of SPO1 is shown in Figure 14, with buckling
observed in the top & bottom flange at the end of the overlap connection. Further, the failure
mode of the specimen is illustrated in Figure 15. It can be observed that there is a separation
between the top flanges at the overlap connection. Regarding the connection, no bearing
damage occurred, and the bolts remained intact. It is noticed that the specimen failed due to
distortional buckling at the overlap connection. Additionally, the failure of the specimen occurred
at maximum flexural capacity of 11.88 kN.m, with corresponding rotation at the left and right
spans of 0.0100 and 0.0121 radian angle, respectively.

Figure 15: SPO1 failure mode.

SP02 experimental results.

Specimen SP02 connected the CFS Z-section with an overlap length of 600 mm using HS bolts
M12 (8.8) in the web only. The deformation of SP02 is shown in Figure 16. It can be observed
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that there is a buckling in the top & bottom flange at the end of the overlap connection.
Moreover, the failure mode of SP02 is depicted in Figure 17, indicating that there is a separation
between the top flanges at the overlap connection. As noticed, failure was initiated as local
buckling of the bottom flange of overlap connection followed by local buckling of the cross
section under the loading point. Additionally, the failure of the specimen occurred at maximum
flexural capacity of 12.47 kN.m, with corresponding rotation at the left and right spans of 0.0110
and 0.0122 radian angle, respectively.

Figure 17: SP02 failure mode.
SP03 experimental results.

Specimen SP03 had the CFS Z-sections connected with an overlap length of 600 mm using HS
bolts M12 (8.8) in both web and flange. Figure 18, illustrates the deformation of the SP03
specimen. It can be observed that there is a buckling in the top & bottom flange left and right of
the overlap connection. Further, it has been observed that there is no separation between the
flanges at the overlap connection. In addition, the failure mode of the specimen is shown in
Figure 19, indicating that failure occurred due to local buckling of the cross section under the
loading point and the connection almost buckled. Moreover, the specimen reached maximum
flexural capacity of 13.18 kN.m, with corresponding rotation at the left and right spans of 0.0107
and 0.0121 radian angle, respectively.

Figure 19: SPO3 failure mode.

Comparison between tested specimens.

The ratio of connection to section moment capacity (Ms/Mc) versus rotation of specimen are
plotted against each other for left point and right points as shown in Figs. 20 and 21,
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respectively. The finite element modeling software Abaqus [13] has been utilized to ascertain
the moment capacity of the Z section with double thickness at the position of the proposed
overlap connection. The experimental results of all specimens showing the maximum load
capacity and corresponding displacements at left & right loading points are shown in Table 3.
Additionally, the connection and section moment capacities, as well as the ratios between them,
in addition to the rotations in connections, are shown in Table 4.

Experiment testing

Load-displacement curve (left point)
0.9

0.8

0.7

0.6

<-SP0O1-EXP-left
0.5

Ms/Me¢

0.4 =SP02-EXP-left

0.3 =SP03-EXP-left
0.2

0.1

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
rotation angle (radian)

Figure 20: Ratio of connection to section moment capacity versus rotation of specimen
(left point).

Experiment testing
Load-displacement curve (Right point)
0.9

0.8
0.7

0.6
<SP01-EXP-Right

Ms/Mc

+-SP02-EXP-Right

=SP03-EXP-Right

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016
rotation angle (radian)

Figure 21: Ratio of connection to section moment capacity versus rotation of specimen
(right point).
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Table 3: Experimental results for all specimens.

model Jac(kkll\_l;)ad displla_l‘ce:]:ment displlqelgtr-:-]rtnent
(mm) (mm)
SPO1 184.13 6.01 7.28
SP02 193.33 6.63 7.31
SP03 204.38 5.81 6.60

Table 4: The connection capacity, section moment capacity, and the rotations in
connections.

Conn_ection Sec_tion Left span Right span
model Capicl\llt)r/n(Ms) Capicl\llt)r/n(MC) Ms/Mc rotation (8,) | rotation (6r)
SPO1 11.58 15..90 0.747 0.0100 0.0121
SP02 12.47 16.75 0.744 0.0110 0.0122
SPO3 13.18 16.75 0.787 0.0107 0.0121

CONCLUSIONS:

1.

In the specimen with overlap length/section depth (Lp/d) of 1.5 and a web-bolted
connection, the dominant failure mode was local buckling of the overlap connection.
This means that the failure occurred in the connection rather than the cross section
indicating that the connection was not able to fully transmit the moment.

In the specimen with a (Lp/d) of 3 and a web-bolted connection, the failure was initiated
by local buckling of the flanges at the overlap connection, followed by buckling of the
cross-section under the loading point, although the connection was capable of
transmitting the moment.

Specimen with (Lp/d) of 3 and overlap connection bolted in both the flanges and webs,
failure mode was governed by the failure of the cross-section under the loading point,
indicating the connection was capable of transmitting moment between cross-sections.

Increasing the ratio of overlap length to section depth (Lp/d) from 1.5 to 3, has caused
an increase in connection moment capacity by 4.88%. On the other hand, deflection
has increased by an average value of 5.11%.

Using bolts to connect both the flanges and webs at the overlap connection enhanced
the connection moment capacity by 5.55% and increased deflection by an average
value of 2.15 %, relative to overlap connection with webs bolted only.

The highest ratio of the connection to the section moment capacity was 0.787, and it
was achieved by an overlap connection bolted at both flanges and web, and with an
Lp/d value of 3.
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