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Abstract. This paper presents the parametric numerical analysis on the ultimate bearing capacity of the purlin-sheet roofs
connected by standing seam clips. The effects of several factors on failure modes and ultimate bearing capacity of the purlins are
studied, including setup of anti-sag bar, purlin type, sheet thickness and connection type et al. A simplified design formula is
proposed for predicting the ultimate bearing capacity of purlins. Results show that setting the anti-sag bars can improve the
ultimate bearing capacity and change the failure modes of C purlins significantly. The failure modes and ultimate bearing
capacity of C purlins are significantly different from those of Z purlins, in the purlin-sheet roof connected by standing seam
clips. Setting the anti-sag bars near the lower flange is more favorable for increasing the ultimate bearing capacity of purlins. The
ultimate bearing capacity of C purlins increases slightly with sheet thickness increasing from 0.6 mm to 0.8 mm. The ultimate
bearing capacity of the purlin-sheet roofs connected by standing seam clips is always higher than those by self-drilling screws.
The predictions of the proposed design formulas are relatively in good agreement with those of EN 1993-1-3: 2006, compared
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with GB 50018-2002.
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1. Introduction

Cold-formed steel sections are commonly used in a
variety of ways such as for purlins, rails, sheeting, decking,
storage racking and shelving, etc (Cai et al. 2015, 2016).
Among these products, purlins and rails are the most
common members widely used in buildings. There are three
main connection types in the lightweight steel roofs,
including sell-drilling screws, hidden buckle, and standing
seam clips. The sheet-purlin roofs connected by standing
seam clips are widely used in recent years. They are popular
in practical engineering due to its excellent waterproof
sealing performance and corrosion resistance. The standing
seam clips and roof sheets are connected by mechanical
occlusions, while the bottom of clips and purlins are
connected by self-drilling screws (European Committee for
Standardization 2003). The slippage of clips may weaken
the connection integrity of roof sheets and purlins. The
failure modes of sheets connected by clips are different
from those connected by self-drilling screws and it is easy
to fail under strong wind uplifts.

The air pressure testing is the most effective method to
study the ultimate bearing capacity of sheets under wind
pressures (Richard 1985). Rousch and Hancock (1997) have
ever carried out a series of tests on the sheet-purlin roofs in
the University of Sydney, which provide a good reference
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for the following researches. Surry et al. (2007) carried out
the full-size tests to simulate the wind loads on the roof
connected by standing seam clips in the Mississippi State
University, and found the test results are in good consistent
with the tests of the University of Western Ontario.
Farquhar et al. (2005) conducted the uniform pressure tests
and wind tunnel tests on the 1:25 scaled standing seam
roofs and discussed the relationship between the static and
dynamic ultimate bearing capacities of purlin-sheet roofs.
Habte et al. (2015) studied the mechanical properties of two
types of standing seam roofs (i.e., vertical-leg and
trapezoidal) by experiments and found that roof panel
profile and perimeter eave attachments can significantly
affect uplift pressures and lower deflections are recorded for
the vertical-leg roof. The ASCE 7-10 standard was observed
to underestimate the corner wind suctions on trapezoidal
roof. Morrison and Kopp (2012) found that compared with
the integrated wind tunnel data, the ASCE 7-05 wind loads
for the standing seam clips are conservative, which is
primarily due to that the critical clips are not located in the
worst aerodynamic region of the roof.

With the development of science and technology, many
researchers proposed some improvements on the test
methods and design criteria of standing seam roofs
(Shoemaker 2009, Prevattet al. 1995). However, due to
huge cost and high requirements on the test equipment,
most of the researches are carried out by numerical
calculations (Cai et al. 2012, 2013). Rousch and Hancock
(1997) proposed the non-linear elastic analysis method to
predict the failure modes and ultimate bearing capacity of
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(c) Standing seam clip
Fig. 1 Dimensions of corrugated steel sheet and standing seam clips

sheet-purlin roof connected by self-drilling screws under
wind uplifts. Zhang and Tong (2016) presented two
representative buckling theories for the lateral buckling of
thin-walled beams and compared with the results of finite
element analysis. Ali and Senseny (2003) developed
mathematical models to estimate aggregate losses from
severe windstorms and developed a three-dimensional static
and dynamic analysis approach by using ABAQUS.
Mahaarachchi and Mahen (2009) proposed a new shell
element to simulate the sheets fixed in the crest, and
conducted the parametric studies to obtain the design
strength of corrugated steel sheets under wind uplifts.

There are some references on the torsional restraint
effect of roof sheets on purlins. Johnston and Hancock
(1994) proposed the revisions of the R coefficient method in
AISI, regarding to the simple-supported purlins and
overlapped continuous purlins. Liu et al. (2004) carried out
an experiment on 28 groups of profiled corrugated sheets to
study the total torsional rigidity provided by the roof sheet,
clip and purlin. Kachichian and Dunai (2012) presented the
effect of sliding clips and intermediate bridge elements on
Z-purlins in standing seam roofs and obtained the lateral
stiffness by the test results. EI Damatty et al. (2003) put
forward a finite element method to simulate the sheets
connected by standing seam clips and found that the relative
displacement of sheets in the vertical occlusions determined
the failure of clips connection. Katnam et al. (2007)
proposed a nonlinear finite element model to assess the
restraints of sheets on the torsion deformations of purlins.
Vrany (2006) thought that the restraints of sheets on the Z
and C purlins are affected by external loadings and
proposed the corresponding design formula. Lucas et al.
(1997) proposed two nonlinear elastic-plastic models for the
analysis of purlin-sheet roofs. Schafer and Pekoz (1999)
proposed the method to analyze the local buckling and the

distortional buckling of the cold-formed flexural members
with flange stiffeners. Serrette and Pekoz (1997) proposed
the theoretical formulas for the elastic distortional bucking
of standing seam roofs by considering both local buckling
and distortional buckling.

This paper presents the parametric numerical analysis on
the ultimate bearing capacity of the purlin-sheet roof
connected by standing seam clips. First, the numerical
analysis method is verified by the experiment data in
current references. Then, the effects of several factors on
the failure modes and ultimate bearing capacity of the
purlins are studied, including anti-sag bars, purlin type,
sheet thickness and connection type et al. Finally, the
simplified design formulas are proposed and compared with
the current design codes.

2. Materials and methodology

The typical two-span roofs shown in Reference 23
(Song 2012) are taken as the research object. The
corrugated steel sheet is HV-612 with the thickness of 0.6
mm. The corrugated steel sheets are made by Q345 and the
purlin is made by Q235. The dimensions of corrugated steel
sheets and standing seam clips are shown in Fig. 1.
According to different cross sections, the purlin spans are
6.0 m, 7.5 m and 9.0 m, respectively. In order to ensure
reliability of mechanical occlusion, the thickness of the
corrugated steel sheet is generally not less than 0.6 mm.
Therefore, 0.6 mm and 0.8 mm are considered in this
analysis. Three types of referenced specimens are studied,
including without anti-sag bars, one row of bars and two
rows of bars, named as “C-0, C-1 and C-2”. As two typical
cross sections, the mechanical mechanisms and failure
modes of C purlins and Z purlins are also compared in this
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Fig. 2 Stress-strain curves of standing seam clips

analysis. Besides, as two typical connection methods in
practical engineering, the self-drilling screw connection and
standing seam clips connection are also compared.

In the numerical analysis, the shell element (SHELL
181) is used to simulate the purlins, clips and corrugated
steel sheets, while the link element (LINK 8) is used to
simulate the anti-sag bars. In order to simulate the contact
behaviors of purlins and sheets, the target element
(TARGET 170) and contact element (CONTACT 173) is
conducted. The sheet surface is defined as the contact
surface, while the purlin surface is defined as the target
surface. Considering different failure modes of components,
the classical elastoplastic model is used for purlins and
corrugated steel sheets, while the tri-linear elastoplastic
model is used for standing seam clips. The details can be
seen in Fig. 2. Where, g, is 0.17%, e4=12 &, =2.04%, and f,
is 420 MPa. The wind suctions are simulated by uniform
pressure applied on the sheet surface.

The boundary conditions of standing seam clips and
purlins are defined as follows. Considering that the self-
drilling screws are fixed tightly, the slippage does not
appear in the tests, so the displacement of clips base and
purlin flange are coupled. Besides, from the previous wind
suction tests, the support adjustment of standing seam clips
is tightly connected with the upper part of the base,
therefore, the corresponding displacements of the
adjustment and the base are coupled. Considering the
adjustment can slide in the groove of the base, the
translational displacement Uz of the two parts are not
coupled. Besides, the connections of standing seam clips
and adjacent corrugated steel sheets are coupled.

3. Results and discussions
3.1 Verification of numerical models

The numerical analysis is carried out to validate the full-
size experiment shown in the reference (Song 2012). The
section of the purlin is C180x2.5 made by Q345. The
dimensions of standing seam clips are shown in Fig. 1. The
thickness of the base sheet is 0.64 mm with the yield
strength of 427 MPa. The thicknesses of the base and the
adjustment are 1.4 mm and 0.8 mm, respectively. The
slippage failure appears in the clips between the middle
sheet and adjacent purlin. Significant torsional deformations
can be observed in the connection between the upper part of
the standing seam clip and the adjustment. Here, the
maximum stress is 390 N/mm?, which has exceeded the

—
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Fig. 3 Failure modes of standing seam clips

Table 1 Comparisons between the test results and the

numerical calculation

Full-size experiment

Numerical calculation

Uniform Pressure

P, (kPa) 1.98
Ultimate bearing
capacity of
standing clipsT, 182
(kN)

2.13

1.96

Failure position Standing clips

Standing seam clips

The base of the
standing clip is
tensioned fracture,
significant
distortional
deformation in the
conjunction of base
and adjustment,
the adjustment is
pulled out from the
base

Failure modes

The base of the
standing clips is in the
elastoplastic phase,
significant distortional
deformation of the
conjunction of the
base and the
adjustment, the
adjustment is pulled
out from the base

yield strength, as shown in Fig. 3(a). The adjustment is
pulled out from the clip base, as shown in Fig. 3(b).
The comparisons between test results and numerical

simulations are shown in Table 1. It can be seen that the
deviations between numerical simulations and test results
are approximately 7%. The failure load of standing seam
clips is 1.96kN, which can be calculated according to the
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Fig. 5 Comparisons of load-deflection curves of the mid-
span section of corrugated steel sheet

subordinate area of standing seam clips. The load-stress
curves of three parts are listed in Table 4, including the
conjunction of free flange and web, the conjunction of free
flange and lips, and the conjunction of restraint flange and
web. Table 4 shows that the numerical calculation agrees
well with the test results. In the initial, the numerical
structural stiffness is slightly higher than the measured data.
In the ultimate phase, the degradation of the numerical
stiffness is more obvious, while the measured data is almost
linear. This is because that the numerical model may not
accurately reflect initial imperfections and possible errors in
the manufacture process.

The vertical displacement-load curves of the middle part
(B point) and the stiffening rib on the corrugated steel sheet
(at A and C points) are shown in Fig. 5. It can be seen that
the numerical calculations are consistent with the test
results. From above, the calculated ultimate bearing
capacity and failure modes are in good agreement with the
measured data. However, there are still some slightly
differences between them, which may be related with the
initial imperfections of the specimen, the processing and
assembling process and the application of uniform loadings.
Therefore, the numerical analysis method is reliable and can
be used for the parametric analysis.

3.2 Referenced specimens

Table 2 shows the numerical calculations of ultimate
bearing capacity of referenced specimens. Where, the

ultimate moment M,y is obtained by the model of simple-
supported beam. The yield moment M, is obtained
according to the edge yield of cross section. The factor ¢; is
the ratio of ultimate moment M,y on the yield moment M,.
The resistance coefficient y . is 1.09 for Q235 (GB 50017,
2003). For the referenced specimens in Table 2, the anti-sag
bars are set in 1/3 height of beam web.

As show in Table 2, with span increasing, the ultimate
linear load decreases, but the ultimate moment increases.
For example, for C160x2.0-6.0, the ultimate linear load of
C-0 purlin is 0.95 kN/m and the ultimate moment is 4.28
kKN-m. For C160x2.0-7.5, the ultimate linear load of C-0
purlin is 0.73 and the corresponding ultimate moment is
5.13 KN-m. This is mainly related with the restraints of
corrugated steel sheet and anti-sag bars. Generally, for
traditional beam components, the ultimate bearing capacity
decreases with purlin span increasing. However, in this test,
the increasing of purlin span also means increasing of
restraints provided by corrugated steel sheets. As we know,
the diaphragm effect of corrugated steel sheet is very
important in the purlin-sheet roof connected by standing
seam clips. Therefore, with purlin span increasing, the
ultimate flexural capacity of purlins increases, which is
different from the traditional beam components.

3.3 Comparisons between C purlins and Z purlins

For C-0 purlin, the failure mode is the overall buckling
of lower flange, as shown in Fig. 6(a), whereas the stress at
the junction of the web/lower flange in the middle span
achieves the yield strength. For C-1, the failure mode is
distortional buckling of lower flange in the middle span
where the anti-sag bars are set, as shown in Fig. 6(b). For
C-2, the main failure modes are overall buckling of the
lower flange at the 1/3 points where the anti-sag bars are
set, while the stress in the junction of the web/lower flange
achieve the yield strength, as shown in Fig. 6(c).

From Fig. 6, the failure modes of C-section and Z-
section purlin are significantly different. For C-0 and Z-0,
large lateral displacement and significant torsion can be
observed. The failure modes are overall buckling of the
lower flange and the junction of the web/lower flange in the
middle span achieves the yield strength. The failure mode
of C-1 and Z-1 are similar and their failure modes are
distortional buckling of the lower flange in the middle span.
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Table 2 Numerical calculations of referenced specimens

_ Cc-0 Cc-1 C-2
tyglej-r;)nan M g Mapoa s Ma o Mo M M B
(kN'-m) M, 7 (KN-m) M, 7e  (kN-m) M, 7R
Cl40x20-60 351 068 062 482 093 085 468 091 083
Cl40x22-60 401 071 065 540 09 088 531 095 087
Cl40x25-60 482 077 070 626 100 092 657 105 096
C160x2.0-60 428 062 056 621 089 08 635 091 084
C160x22-60 486 064 059 707 093 08 707 093 086
C160x25-60 585 069 063 828 098 090 815 096 088
C180x20-60 518 058 053 743 083 076 846 094 086
C180x22-60 594 061 056 851 087 08 900 092 084
C180x25-60 707 064 059 905 082  076* 914 083  0.76*
C200x2.0-60 540 052 048 819 079 073 905 087  0.80*
C200x22-60 635 056 052 909 081  074* 914 081 074
C200x25-60 756 060 055 923 073  067* 923 073  067*
C160x20-75 513 067 068 605 087 08 612 08 081
C160x22-75 527 070 064 68 090 08 68 091 084
C160x25-75 640 076 069 802 095 087 809 096 088
C180x20-75 548 061 056 795 088 081 802 089 082
C180x22-75 626 ~ 064 059 88 090 08 900 092 084
C180x25-75 745 068 062 1020 093 085 1041 095 087
C200x20-75 577 056 051 893 08 079 907 08 080
C200x22-75 661 059 054 991 088 08 1027 091 084
C200x25-75 795 ~ 063 058 1132 090 08 1188 094 086
C220x20-75 633 052 047 970 079 073 1062 087 079
C220x22-75 738 055 051 1083 081 074 1223 091 084
C220x25-75 886 059 054 1357 090 083 1441 096  0.88*
C250x2.0-75 675 047 043 1097 076 069 1280 08 08l
C250x2.2-75  7.88 050 046 1223 077 071 1420 089  0.82%
C250x25-7.5 949 053 049 1413 079  072* 1413 079 072
C220x20-00 668 054 050 992 081 074 1023 08 076
C220x22-90 780 058 053 1094 082 075 1164 087 080
C220x25-90 932 062 057 1276 085 078 1367 091 083
C250x2.0-00 699 048 044 1134 08 072 1164 080 074
C250x2.2-90 820 052 047 1245 078 072 1347 085 078
C250x25-90 992 055 051 1428 080 073 1590 089 08l
C280x25-90 1013 046 043 1590 073 067 1802 083 076
C280x30-9.0 1347 052 048 2005 077 071 2066 080  0.73*
C300x25-9.0 1124 045 041 1883 076 069 2086 084  0.77*
C300x30-9.0 1468 050 045 2045 069  0.63* 2086 070  0.65%

For C-2 purlin, the failure mode is overall buckling of the
purlins at where the anti-sag bars are set, and the
compressive stress at the conjunction of the web/lower
flange in the middle span can achieve the yield strength.
Meanwhile, for Z-2 purlin, the failure mode is distortional
buckling of cross sections between the anti-sag bars, and the
compressive stress at the conjunction of the web and lower
flange in the middle span can achieve the yield strength.
Besides, there are significant differences between the
ultimate bearing capacities of C purlins and Z purlins, as
shown in Table 3. Compared with C-0, the maximum,
minimum and average increase of Z-0 purlins is 37.00%,

2.74% and 21.13%, respectively. However, the ultimate
bearing capacity of Z-1 purlins is lower than that of C-1
purlins. For C-1, the maximum, minimum and average
decrease of the ultimate bearing capacity is 26.19%, 2.44%
and 18.92%, respectively. For most of Z-2 purlins, the
corresponding ultimate bearing capacities are lower than
those of C-2 purlins, while the rest are higher than C-2. The
maximum increase, maximum decrease and average
decrease are 3.38%, 18.68% and 7.32%, respectively. The
differences between them are mainly related with the
deformation mechanisms of Z purlins and C purlins, as
shown in Fig. 6 and Fig. 7. Fig. 7(c) and (d) shows the
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Fig. 6 Failure modes of C purlins and Z purlins
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Table 3 Comparisons between the numerical analysis results of C purlins and Z purlins (kN/m)

. C-0 C-1 C-2
Purlin type-span

Qunc Qunz Qunc Qunz Qunc Qunz

140%2.0-6 0.78 0.87 1.07 0.88 1.04 1.02
140%2.2-6 0.89 0.99 1.20 1.00 1.18 1.16
140%2.5-6 1.07 1.17 1.39 1.15 1.46 1.39
160x2.0-6 0.95 1.09 1.38 1.10 141 1.31
160x2.2-6 1.08 1.24 1.57 1.26 1.57 151
160x2.5-6 1.30 1.46 1.84 151 1.81 1.68
180x2.0-6 1.15 1.36 1.65 1.41 1.88 1.65
180x2.2-6 1.32 1.54 1.89 1.55 2.00 1.85
180%2.5-6 1.57 1.81 2.01 1.85 2.03 2.01
200x2.0-6 1.20 1.53 1.82 1.50 2.01 1.82
200x2.2-6 1.41 1.83 2.02 1.76 2.03 2.03
200x2.5-6 1.68 2.00 2.05 2.00 2.05 2.02
160%2.0-7.5 0.73 0.75 0.86 0.68 0.87 0.82
160x2.2-7.5 0.75 0.85 0.97 0.77 0.98 0.94
160x2.5-7.5 0.91 0.98 1.14 0.94 1.15 1.11
180%2.0-7.5 0.78 0.89 1.13 0.85 1.14 1.05
180%2.2-7.5 0.89 1.02 1.26 0.93 1.28 121
180%2.5-7.5 1.06 1.21 1.45 1.17 1.48 1.53
200x2.0-7.5 0.82 1.00 1.27 0.97 1.29 1.14
200x2.2-7.5 0.94 1.14 1.41 1.07 1.46 1.32
200%2.5-7.5 1.13 1.34 1.61 1.25 1.69 1.62
220x2.0-7.5 0.90 1.13 1.38 1.10 151 1.30
220x2.2-7.5 1.05 1.30 1.54 1.25 1.74 1.46
220%x2.5-7.5 1.26 1.54 1.93 1.47 2.05 1.76
250%x2.0-7.5 0.96 1.27 1.56 1.29 1.82 1.48
250x2.2-7.5 1.12 1.46 1.74 1.45 2.02 1.65
250x2.5-7.5 1.35 1.74 2.01 1.71 2.01 1.97
220x2.0-9.0 0.66 0.81 0.98 0.73 1.01 0.91
220%2.2-9.0 0.77 0.93 1.08 0.82 1.15 1.06
220x2.5-9.0 0.92 111 1.26 0.97 1.35 1.38
250x2.0-9.0 0.69 0.90 1.12 0.85 1.15 1.01
250%x2.2-9.0 0.81 1.04 1.23 0.96 1.33 1.17
250%2.5-9.0 0.98 1.25 141 112 1.57 1.53
280x2.5-9.0 1.00 1.37 1.57 1.29 1.78 1.62
280x3.0-9.0 1.33 1.77 1.98 1.62 2.04 1.82
300x2.5-9.0 111 1.50 1.86 1.46 2.06 1.71
300x3.0-9.0 1.45 1.94 2.02 1.84 2.06 2.02
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Fig. 9 Stress variations of C purlins

variations of cross section in the middle span for two types
of specimens. It can be see that under the same loading
condition, the lateral displacement and torsional
displacement of Z purlins are significantly lower than C-
purlins. It is easier for Z purlins to achieve its ultimate
flexural capacity.

3.4 Number and position of anti-sag bars

Fig. 8 shows the ultimate lateral displacement of
web/flange junction of purlins along the span, when the
specimens achieve the ultimate bearing capacity. Table 4
shows the effect of setting anti-sag bars on the ultimate
bearing capacity of C purlins. Compared with C-0, the
maximum, minimum and average increase of the ultimate
bearing capacity of C-1 is 67.57%, 17.81% and 43.92%,
respectively. Compared with C-1, the maximum increase of
the ultimate bearing capacity of C-2 is about 16.67%, the

Table 4 Effect of number and position of anti-sag bars on
the ultimate bearing capacity of C purlins

Ultimate bearing

Purlin type- capacity gyn (KN/m) Oun: 9o Gunz —Ouns
span Without Onerow TwOTrows 0y, Ount
Quno Ount Ounz
C140x2.0-6  0.78 1.07 1.04 37.18%  -2.80%
C140x2.2-6  0.89 1.20 1.18 3483%  -1.67%
C140%x2.5-6 1.07 1.39 1.46 29.91% 5.04%
C160%x2.0-6 0.95 1.38 1.41 45.26% 2.17%
C160%x2.2-6 1.08 1.57 1.57 45.37% 0.00%
C160%x2.5-6 1.30 1.84 1.81 4154%  -1.63%
C180%x2.0-6 1.15 1.65 1.88 43.48%  13.94%
C180x2.2-6 1.32 1.89 2.00 43.18% 5.82%
C180x2.5-6  1.57 2.01 2.03 28.03% 1.00%
C200x2.0-6 1.20 1.82 2.01 51.67%  10.44%
C200x2.2-6 141 2.02 2.03 43.26% 0.50%
C200x2.5-6 1.68 2.05 2.05 22.02% 0.00%
C160x2.0-7.5 0.73 0.86 0.87 17.81% 1.16%
C160x2.2-7.5 0.75 0.97 0.98 29.33% 1.03%
C160x2.5-7.5 0.91 1.14 1.15 25.27% 0.88%
C180x2.0-7.5 0.78 1.13 1.14 44.87% 0.88%
C180x2.2-7.5 0.89 1.26 1.28 41.57% 1.59%
C180x2.5-7.5 1.06 1.45 1.48 36.79% 2.07%
C200x2.0-7.5 0.82 1.27 1.29 54.88% 1.57%
C200x2.2-75 0.94 1.41 1.46 50.00% 3.55%
C200x2.5-7.5 1.13 1.61 1.69 42.48% 4.97%
C220x2.0-7.5 0.90 1.38 151 53.33% 9.42%
C220x2.2-7.5 1.05 1.54 1.74 46.67%  12.99%
C220%x2.5-75 1.26 1.93 2.05 53.17% 6.22%
C250%x2.0-7.5 0.96 1.56 1.82 62.50%  16.67%
C250%2.2-75 1.12 1.74 2.02 55.36%  16.09%
C250%2.5-7.5 1.35 2.01 2.01 48.89% 0.00%
C220x2.0-9 0.66 0.98 1.01 48.48% 3.06%
C220%x2.2-9  0.77 1.08 1.15 40.26% 6.48%
C220%x2.5-9 0.92 1.26 1.35 36.96% 7.14%
C250%x2.0-9  0.69 1.12 1.15 62.32% 2.68%
C250x2.2-9 0.81 1.23 1.33 51.85% 8.13%
C250%x2.5-9 0.98 1.41 1.57 43.88%  11.35%
C280x2.5-9 1.00 1.57 1.78 57.00%  13.38%
C280x3.0-9 1.33 1.98 2.04 48.87% 3.03%
C300x2.5-9 1.11 1.86 2.06 67.57%  10.75%
C300%x3.0-9 1.45 2.02 2.06 39.31% 1.98%
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Table 5 Effect of the position of the anti-sag bars on the
ultimate bearing capacity of C purlins

Table 6 Effect of sheet thickness on the ultimate bearing
capacity of C purlins (kN/m)

Ultimate Ultimate
Purlintype -  CapaCity  Qun—Ow,  CAPACILY Gy O
span (KN/m) Auno (KN/m) Qoo
Qunb  Junm QuNb QuNm
C140x2.0-6-1 1.07 1.10 2.80% 1.04 1.00 -3.85%
C160x2.0-6-1 1.38 1.36 -1.45% 141 129 -851%

C180x2.0-6-1 1.65 1.52

C200x2.0-6-1 1.82 1.55
C160x2.0-7.5-1 0.86 0.91
C180x2.0-7.5-1 1.13 1.10
C200x2.0-75-1 1.27 1.24
C220x2.0-75-1 1.38 1.36
C250%2.0-75-1 1.56 1.42

-7.88% 188 154 -18.09%
-1484% 201 166 -17.41%
581% 0.87 0.82 -575%
-2.65% 114 1.00 -12.28%
-2.36% 129 112 -13.18%
-145% 151 137 -9.27T%
-8.97% 182 145 -20.33%

C220x2.0-9-1 0.98 1.04 6.12% 1.01 093 -7.92%
C250x2.0-9-1 1.12 1.17 4.46% 115 105 -8.70%
C280x3.0-9-1 1.98 1.98 0.00% 204 2.00 -1.96%
C300x3.0-9-1 2.02 2.00 -099% 2.06 2.00 -2.91%
304
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Fig. 10 Effect of position of anti-sag bars on the lateral
displacement of purlins

maximum decrease is about 2.80% and the average increase
is about 4.86%. After setting the anti-sag bars, the lateral
displacement and torsion deformation of C purlins have
been restrained significantly and the ultimate flexural
capacity increased greatly.

Fig. 9 shows the stress variations at the web/lower
flange junction along the span when the specimens achieve

C-0 C-1 C-2

Ouno.s  Ounos  Cunos  Cunos  CQunos  Qunos

C140x2.0-6-0 0.78 079 1.07 1.07 104 1.05
C160x2.0-6-0 095 096 138 138 141 141
C180x2.0-6-0 115 117 165 166 188 1.89
C200x2.0-6-0 120 124 182 184 201 204
C160x2.0-75-0 0.73 073 0.86 0.87 087 0.88
C180x2.0-75-0 0.78 079 113 113 114 114
C200x2.0-75-0 0.82 083 127 126 129 1.29
C220x2.0-75-0 090 091 138 138 151 161
C250x2.0-75-0 096 096 156 156 182 1.78
C220x2.0-9-0 0.66 067 0.98 098 101 1.02
C250%x2.0-9-0 069 070 112 116 115 1.16
C280x2.5-9-0 100 104 157 158 178 1.78
C300x2.5-9-0 111 114 186 186 206 2.06

Purlin type-span

the ultimate bearing capacity. The stress distribution of C-0
purlin is more uniform and a large area can achieve the
yield strength. The stress of C-1 is a little lower than the
yield strength and the failure mode is elastic distortional
buckling, so the ultimate bearing capacity is lower than C-0.
For C-2, the stress can achieves the yield strength and the
failure mode is elastoplastic distortional buckling.

Fig. 10 shows that the lateral displacement of the
web/lower flange junction along the span, C200x2.0-7.5-1,
and C200x2.0-7.5-2. Table 5 shows the effects of the
position of anti-sag bars on ultimate bearing capacity of C
purlins. Where, qunp is the ultimate bearing capacity when
the anti-sag bars are set in the 1/3 height of the web and
Qunm 1S When the anti-sag bars are set in the 1/3 height of the
web. The ultimate bearing capacities of C purlins whose
anti-sag bars are set in the middle of the web are lower than
those whose anti-sag bars are set near the bottom flange.
For C-1 purlins, the maximum and average decrease is
14.84% and 1.65%, respectively. For C-2, the maximum,
minimum and average decreases are 20.33%, 1.96% and
10.01%, respectively. From above, setting the anti-sag bars
near the lower flange is more effective for restraining the
lateral displacement and increasing the ultimate bearing
capacities of purlins.

3.5 Thickness of corrugated steel sheet

Table 6 shows the effect of sheet thickness on the
ultimate bearing capacity of C purlins. Where, gy and
Qunos are the ultimate bearing capacity of C purlins whose
thickness is 0.6 mm and 0.8 mm, respectively. The ultimate
bearing capacity of C purlins increased slightly with sheet
thickness increasing from 0.6 mm to 0.8 mm. The main
reason is that the roof and the purlins are connected by
standing seam clips, not by self-drilling screws. This
connection can slide, which can weaken the restraints of the
roof on the purlins. The distance of standing clips is always
2-3 times than that of self-drilling screws, which also
weakens the integrity of connections between corrugated
steel sheets and purlins. It should be noted that the thickness
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Table 7 Comparisons of the numerical analysis results of C
purlins (KN/m)

Purlin type- C-0 C-1 C-2
span Qunb Quns Qunp Quns Qunp Quns

C140x2.0-6 085 078 1.03 1.07 113 1.04
Cl40x2.2-6 092 089 118 120 125 1.18
Cl40x2.5-6 1.04 107 136 139 143 146
C160x2.0-6 1.07 095 129 138 152 141
Cl160x2.2-6 119 108 144 157 169 157
C160x25-6 133 130 170 184 194 181
C180x2.0-6 129 115 150 165 193 188
C180x2.2-6 145 132 168 189 210 2.00
C180x2.5-6 1.66 157 2.00 201* 244 2.03
C200x2.0-6 136 120 165 182 211 201
C200x2.2-6 154 141 194 202* 237 203
C200x2.5-6 1.77 168 231 205 277 205
Cl60x2.0-75 072 073 084 086 093 0.87
Cl60x2.2-75 078 075 095 0.97 1.04 0.98
Cl60x2.5-75 088 091 110 114 119 115
C180x2.0-75 087 078 091 113 119 114
C180x2.2-75 096 089 106 126 134 1.28
C180x2.5-75 108 106 128 145 155 148
C200x2.0-75 092 082 107 127 135 1.29
C200x2.2-75 102 094 117 141 152 146
C200x2.5-75 115 113 141 161 176 1.69
C220x2.0-75 103 090 116 138 154 151
C220x2.2-75 114 105 131 154 171 174
C220x2.5-75 130 126 156 193 204 205
C250x2.0-75 104 096 130 156 179 1.82
C250x2.2-75 118 112 150 174 199 2.02
C250x2.5-75 140 135 180 201* 238 201
C220x2.0-90 074 066 080 098 1.07 1.01
C220x2.2-90 082 077 089 108 119 115
C220x2.5-90 092 092 111 126 138 1.35
C250x2.0-90 076 069 091 112 123 115
C250x2.2-90 087 081 104 123 138 133
C250x2.5-90 099 098 125 141 161 157
C280x2.5-9.0 107 100 138 157 183 1.78
C280x3.0-9.0 123 133 174 198 223 204
C300x2.5-9.0 115 111 152 18 208 2.06
C300x3.0-9.0 137 145 192 202* 257 2.06

and strength of corrugated steel sheet are the important
factors to ensure the quality of mechanical occlusion.

3.6 Connection type

Table 7 shows that the ultimate bearing capacity of C
purlins connected by self-drilling screws and standing seam
clips respectively. Where, qup and quns are the ultimate
bearing capacity of purlins connected by self-drilling
screws and standing seam clips, respectively. The ultimate
bearing capacity of purlin-sheet roofs connected by
standing seam clips is lower than that connected by self-
drilling screws, except for C-1 purlins. For C-0 and C-2, the
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Fig. 11 Relationship between the coefficient ¢ and
the height-thickness ratio of C purlins

ultimate bearing capacities of purlin-sheet roofs connected
by standing seam clips are about 5.16% and 5.7% lower
than that with self-drilling screws. For C-1, the ultimate
bearing capacity of standing seam roof is 12.18% higher
than the latter. This is because that the lateral displacement
of C purlins can delay the distortional buckling of the lower
flange in the middle span, while the lateral displacement of
Z purlins can accelerate the distortional buckling of the
lower flange. The variation laws of standing seam roofs are
different from those connected by self-drilling screws.

4. Proposal of the design formulas

From the previous studies, the relationship between the
ultimate bearing capacity and the uniaxial flexural capacity
of C purlins are built through the coefficient ¢. The
coefficient ¢ is related to purlin type, number and position
of anti-sag bars and depth-thickness ratio of purlin web. The
relationship between the coefficient ¢ and the depth-
thickness ratio of purlin web is shown in Fig. 11, based on
the above analysis. Where, the red points mean failure of
standing seam clips and the rest are the failure of purlins.
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Considering that the expected failure modes are the failure
of standing seam slips, the failure modes of support failure
should be excluded.

When the thickness of corrugated steel sheet is larger
than 0.6 mm, the proposed formulas for the coefficient of C
purlins made by Q 235 is as follows.

56 <h/t <100 ¢:—0.0050%+0.98 1)
For C-0 h
100<h/t <125 (p=—0.0020?+0.68 )
56<h/t<93 =-0 0051h+1 19 3)
Forc-1 >~ PRI
93<h/t<125 p=071 (4)
56<h/t<70 ¢:—0.0086%+1.43 (5)
For C-2 h
70<h/t<125 0= —0.0011?+0.91 (6)

In some cases, the standing seam clips may fail ahead,
while the purlins and sheets are well. Thus, it is common to
see the failure of the roof under strong wind uplifts due to
the failure of standing seam clips. From the previous
analysis, the ultimate bearing capacity of the purlin-sheet
roof lies between 2.00-2.06 kN/m. Then, the maximum load
that the clips carried is 1.22 kN, where the spacing of clips
is 612 mm. This load is lower than the ultimate bearing
capacity shown in Table 2 and the standing seam clips are
safe in the design.

The part presents the comparisons of several design
formulas for the ultimate bearing capacity of purlins under
wind suctions, including the proposed design formulas,
Technical Code of Cold-Formed Thin-Wall Steel Structure
(GB 50018 2002), and European Supplementary Provisions
for Cold-Formed Components and Plates (EN 1993-1-3
2006).

In GB 50018-2002, the design formula is as follows.

M

— 4 M, <f (7
quWex Wey

In EN 1993-1-3 (2006), the design formulas for the
lower flange is shown in Eq. (8).

LMX,Ed_'_MW,Ed

<f
Xir W w (8)

fy

Where, y.7 is the reduction factor that can consider the
effects of anti-sag bars. The design formulas for C purlins
are shown in Egs. (9)-(11).
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The effective section modulus can be obtained
according to the formulas for the effective section in

Table 8 Comparisons of predictions of ultimate bearing
capacity of C purlins by different methods (kN -m)
Purlin type- C-0 C-1 C-2

span My M, M; M; M, My My M, M,
C140x2.0-6.0 326 1.13 3.06 431 316 224 431 3.78 2.86
C140x2.2-6.0 3.72 127 329 486 345 241 496 411 3.08
C140x2.5-6.0 439 150 360 567 3.88 2.64 595 459 3.39
C160x2.0-6.0 4.03 1.86 4.17 543 461 294 571 527 421
C160x2.2-6.0 4.66 207 451 6.20 5.03 3.18 6.28 574 456
C160x2.5-6.0 559 241 498 7.31 564 352 7.45 6.42 5.06
C180x2.0-6.0 4.76 294 529 656 6.30 3.71 7.28 6.99 5.79
C180x2.2-6.0 559 326 577 7.57 6.87 4.04 803 7.62 6.29
C180x2.5-6.0 6.80 3.74 643 9.03 7.71 450 9.12 853 7.01
C200x2.0-6.0 4.96 3.19 581 7.34 721 416 827 8.03 6.70
C200x2.2-6.0 5.93 352 6.34 819 7.86 453 9.13 875 7.28
C200x2.5-6.0 7.34 404 7.07 9.89 882 505 1040 9.81 8.13
C160x2.0-75 4.03 129 426 543 3.96 3.15 571 494 384
C160x2.2-75 466 145 461 620 434 340 6.28 538 4.15
C160x25-75 559 1.71 510 7.31 490 3.76 745 6.03 4.58
C180x2.0-75 4.76 199 555 6.56 560 3.90 7.28 6.64 5.29
C180x2.2-75 559 222 6.04 757 6.12 425 8.03 7.24 574
C180x2.5-75 6.80 259 6.72 9.03 6.89 4.74 9.12 812 6.38
C200x2.0-75 4.96 215 6.12 7.34 6.37 429 827 762 6.07
C200x2.2-75 593 239 6.67 819 6.96 468 9.13 831 6.59
C200x25-75 7.34 278 744 989 7.84 522 1040 9.32 7.33
C220x2.0-75 564 273 7.09 871 7.82 494 9.68 9.18 7.44
C220x2.2-75 6.43 3.03 7.76 951 854 5.40 10.7110.02 8.09
C220x2.5-75 812 349 869 11.14 9.60 6.05 12.2311.24 9.03
C250x2.0-75 6.23 299 7.85 10.29 9.12 556 11.2010.80 8.79
C250x2.2-75 7.18 3.33 864 11.27 9.99 6.11 12.46 11.83 9.60
C250x2.5-75 859 3.85 9.75 12.7111.28 6.88 14.3213.3410.79
C220x2.0-9.0 564 199 7.25 871 6.75 516 9.68 8.66 6.79
C220x2.29.0 643 222 792 951 7.39 565 10.71 945 7.39
C220x259.0 8.12 259 8.87 11.14 835 6.33 12.2310.61 8.24
C250x2.0-9.0 6.23 217 8.04 10.29 7.79 5.70 11.2010.16 7.90
C250%x2.2-9.0 7.18 243 884 11.27 855 6.27 12.46 11.13 8.63
C250x2.5-9.0 859 283 997 12.71 9.70 7.07 14.3212.55 9.69
C280x2.5-9.0 9.95 3.31 11.6015.5011.78 8.28 17.18 15.3212.04
C280x3.0-9.0 13.32 4.15 13.6518.4314.13 9.76 20.95 18.22 14.19
C300%2.5-9.0 10.95 4.05 13.1017.67 14.13 9.32 19.3617.8214.28
C300%3.0-9.0 14.21 5.05 15.51 21.02 16.90 11.04 23.68 21.20 16.88

previous reference (AISI S100 2007). Table 8 shows the
calculation results of the design formulas in different
codes/methods. Where, M1, M2, and M3 are the calculation
results of the proposed formulas, GB50018-2002, and EN
1993-1-3: 2006. The predictions of C-0 purlins in GB50018
are conservative, only 42% of those by the proposed design
formulas. For C-1 and C-2 purlins, the calculation results of
GB50018 is a little lower than the proposed design
formulas, about 82% and 90% of the proposed design
formulas. This is because that the GB 50018-2002 does not
consider the restraint of corrugated steel sheets on the
purlins. For C-0 purlins, the calculation results of EN 1993-
1-3 are consistent with those of the proposed design
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formulas. For C-1 and C-2 purlins, the calculation results of
EN 1993-1-3 are only 53% and 69% of those of the
proposed design formulas. This is because for the purlins
without anti-sag bars (C-0), the EN 1993-1-3: 2006 can take
into account the effects of corrugated steel sheets and anti-
sag bars.

However, for purlins with anti-sag bars (C-1 and C-2),
the EN 1993-1-3: 2006 only considers the restraint of anti-
sag bars and ignores the restraint of corrugated steel sheets.
As mentioned above, the numerical calculations show that
the diaphragm effect of corrugated steel sheet is significant,
so the EN 1993-1-3: 2006 always underestimate the
ultimate bearing capacity of the purlins with anti-sag bars.
From above, the differences between the predictions of the
proposed design formulas and GB 50018-2002 are
significant. Relatively, the calculations of the proposed
design formulas are consistent with those of EN 1993-1-3:
2006.

5. Conclusions

This paper presents parametric studies on the ultimate
bearing capacities of purlin-sheet roofs connected by
standing seam clips. In purlin-sheet roofs connected by
standing seam clips, the failure modes and ultimate bearing
capacity of C purlins are significantly different from those
of Z purlins. It is always beneficial for setting the anti-sag
bars near the lower flange, for the C purlin-sheet roofs. This
is because it can reduce lateral displacement and torsional
displacement, and improve the ultimate bearing capacity of
purlins significantly. The ultimate bearing capacity of
purlins increases slightly with sheet thickness increasing
0.6mm to 0.8mm.

The proposed formulas are simple and reliable. For
purlins without anti-sag bars, the predictions of C-0 purlins
in GB50018 are conservative, only 42% of those of the
proposed design formulas, while the calculation results of
EN 1993-1-3: 2006 are consistent with those of the
proposed design formulas. This is because for purlins
without anti-sag bars, GB 50018 does not consider the
restraint of corrugated steel sheets on purlins, while EN
1993-1-3 can consider the restraint effects of sheet and anti-
sag bars. For purlins with anti-sag bars (C-1 and C-2), the
calculation results of GB50018 are a little lower than the
proposed design formulas, while the EN 1993-1-3: 2006
underestimate the ultimate bearing capacity of purlins with
anti-sag bars significantly. This is because for purlins with
anti-sag bars, EN 1993-1-3 does not consider the restraint
effect of corrugated steel sheets on purlins. From above, the
differences between the calculations of the proposed design
formulas and GB 50018-2002 are significant. Relatively,
the predictions of the proposed design formulas are
consistent with those of EN 1993-1-3: 2006.
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