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Abstract: This research reports a numerical study on the flexural strength of single-lipped Zed-Purlin sections under two
equal moments applied at the ends of the specimen. The effects of attaching corrugated steel sheeting to the tension flange
of Z-purlins on the structural behavior are investigated. The studied parameters of the specimens are: types of corrugated
steel sheeting, depth-to-thickness ratio, and the span of the purlins. Linear and non-linear analyses using finite element
software are conducted. Results show that a tension flange braced by corrugated steel sheeting can increase the section
capacity of Z-purlins and change the failure mode. The results of the ultimate moment obtained from finite element
analysis have been compared to both the nominal flexural strength according to the Egyptian code (ECP) and the North
American Specifications (AlSI). The results of purlins with sheeting determined by ECP are conservative due to ignoring
the effect of corrugated steel sheeting on capacity, while the results from AISI are in good agreement with finite element

analysis as they take into account the effect of sheeting.
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1. INTRODUCTION

Cold-formed sections are popularly used in structural
applications, e.g., roof trusses, mainframe members, purlins,
and girts, due to their high strength-to-weight ratio, flexibility
to produce any shape suitable to the requirements of a
particular application, and economics [1, 2]. However, these
sections are weak in torsional stiffness, and their large width
to thickness ratio can cause them to fail into three different
modes: local, distortional, and overall buckling [3—4]. There
are several cross sections of cold formed steel such as C, Z,
> and II. The roof panel provides full lateral and partial
torsional bracing for the top flange of Z-section-purlins. The
roof panel is simulated by two components: lateral and
rotational springs, as suggested by Ye et al. [5].

Li, L. Y. [6] studied analytical models to determine the
lateral torsional buckling of Z-purlin laterally restrained by
sheeting subject to different cases of loading (pure bending,
uniformly distributed gravity and uplift loading) with
different boundary conditions. An experimental and

numerical studies are carried out to determine the section
capacity of Z-purlin when the tension flange is restrained to
a standing seam roof by fasteners, with and without a tie rod
subject to uplift loading by (Luan, W., & Li, Y. Q.[7]). The
energy method is utilized to determine the effect of lateral
bracing provided by sheeting on the lateral torsional buckling
of a Z-purlin beam with different parameters (boundary
conditions, location of load, tie rods), Chu et al. [8]. GAO,
T., & Moen, C. D [9] determined the flexural response of
simple purlins subject to outward wind loading using the
direct strength method. Balazs et al. [10] investigate
experimentally the influence of sandwich panels on the
capacity of Z-purlin under outward wind loading.

Li et al. [11] investigated experimentally the influence
of shear fasteners on structural behavior of cold formed
section. Ren et al. [12, 13, and 14] studied the flexural
strength of both Z-section and C-section attached to roof
panels, which was represented as a lateral support act at the
line of web-flange junction and rotation spring stiffness acts
at the middle of the flange.
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In their studies, the purlin is simply supported and
subjected to uniform load upward.

Zhang et al. [15] studied the structural behavior of
channel purlins roof system under uplift uniform load. In-
addition, they considered thickness of both the purlin and
sheeting, types of profile sheeting, location and number of tie
rods. The author reported that the tie rod could affect the
capacity and change the failure modes. Huang, R., & Luan,
W. [16] studied the structural behavior of Z-purlin when
tension flanges were restrained by sheeting under uplift
loading. Their results are compared to different codes
(Chinese code (GB50018), Euro-code (EC3), and other codes
that take into account the restraint provided by sheeting in
calculations.

Yu, C., & Yan, W. [17] reported an effective width
method for evaluating the distortional buckling of both C and
Z-sections. Wibbenmeyer [18] investigated experimentally
purlin roof system consisting of Z-purlin with depth 305mm
connected with roof panels by self-drilling screws subjected
to outward wind loading. He recommended the reduction
factor to be 0.598.

Almatrafi et al. [19, 20] studied experimentally and
numerically the structural behavior of a two Z-sections with
lips placed in the opposite direction subjected to four points
of downward loading linked to cladding sheeting by fasteners
in the presence of angle struts. Moreover, the influence of the
length of the lip in the Z section on the flexural strength was
considered.

The Egyptian code [21] did not take into account the
effect of restraint provided by sheeting for uplift loading
compared with the AISI code [22]. Therefore, the present
research aims to study the flexural resistance of a lipped Z-
section purlin under two equal moments applied at the end of
the specimen. Finite element analysis model is generated and
validated with experimental works conducted by Almatrafi et
al., [19]. Then, the parametric numerical study is presented to
study the influence of corrugated steel sheeting connected to
the tension flange on the moment resistance of the Z-section.
Finally, the results of finite element analysis are compared to
the AISI 2020 design specifications and the ECP 2008.

2.Finite Element Analysis
2.1 Finite element modelling

The finite element program ABAQUS [23] is used to
perform elastic linear buckling analysis in order to obtain
Eigen value and buckling mode shapes. Then the critical
buckling shape was scaled by imperfection value, to be
considered as the initial imperfect shape of the non-linear
analysis conducted. The S4R shell element, that is a linear 4-
nodded shell element with reduced integration was used to
model both purlins and sheeting. A thin, flexible in shear,
isometric quadrilateral shell element is the one that is used.

The element size utilized in the finite element mesh is 12mm
as recommended by Almatrafi et al., [20], in order to gain
sufficiently accurate findings from the finite element
analysis.. The Young's modulus is considered 210 GPa, and
the Poison ratio is 0.3. The considered nominal yield
strengths are 345 MPa and 245 MPa for purlins and sheeting
profiles, respectively. Figure (1) shows the finite element
model used in this study.

A perfect plasticity model is utilized to simulate the
stress-strain curve.

In order to simulate the interaction between the purlin and
sheeting, a general contact is assumed: hard behavior in the
normal direction and frictionless behavior in the tangential
direction. The considered initial imperfection value is L/1000
for global buckling mode, where L is the length of purlin.
While for local or distortional buckling mode, the value is
taken as 0.1t, where t is the thickness of the purlin.

The self-drilling screws are applied in the form of tie
constraints to connect purlin and sheeting at different points,
which are applied at 200 mm. All section nodes at the end of
the member were coupled to a point at the mid-height of the
web, where loads and boundary conditions are applied. The
loads are applied in the form of moments about the major axis
to create tension at the lower flange (restrained flange) while
the upper flange (free flange) is under compression. This case
occurs in practice when purlins are subjected to uplift wind
loads. The boundary conditions at the end sections are such
that the horizontal lateral movement (Uyx) and the vertical
movement (Uy) are restrained, while the rotation about the
longitudinal axis (UR;) is prevented along the line of the web
only. Also, at the mid-span section, the longitudinal
movement (U,) is restrained at all nodes.

The boundary conditions of sheeting are as follows:
horizontal lateral movement in the X-direction (Ux), rotation
about the longitudinal axis (URz), and rotation about the
vertical axis (URy) are prevented. Figure 2 shows the
boundary conditions for both purlin and sheeting.

a)Purlin’s mesh

b) Sheeting mesh
Fig 1. Purlin and sheeting mesh sizes
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Fig 2. boundary conditions a) for purlin, b) for sheeting

2.2 Finite element validation

Verification of the finite element model has been made by
comparing its results with Almatrafi et al. [19] work. The
imperfection values are combined between the local buckling
value of 0.1t or 0.54 t and the distortional buckling value of
1.14 t. A true stress-strain curve is used, similar to that in
Almatrafi et al. [20]. Due to symmetry, only half of the model
is conducted. Two models are considered. In the first (Model
1), asingle Z-section purlin was connected with both sheeting
and angle struts. (Model 2) consists of a single Z-section
purlin connected with sheeting, while the angle struts was
represented by lateral support. The Z-section has a 3000mm
span, while the cladding sheeting has a width of 250 mm,
linked by self-drilling screws at every 400mm. In addition,
angle struts have a width of 250 mm. They are placed at the
mid-depth of the web at a spacing of 600 mm. The specimens
are subjected to four points of loading downward at the web-
flange junction. The cladding is applied on the compression
side.

TABLE 1. Purlin cross sections Almatrafi et al. [19] and
figure 3 cross section

Section| h (mm) | b (mm)| d mm) | t (mm) [ rmm) r ~J— b — "

714613 | 145.41 | 6137 | 1861 | 128 4.31 #N 7

714620 14568 | 63.35 | 1734 | 195 | 407

217613 | 17675 | 6171 | 1951 | 129 | 3.84

217625 176.13 | 637 | 2095 | 247 | 405 n

220620 200 66.4 | 1964 [ 195 [ 444

224615 | 23975 | 653 | 2047 | 148 3.8

224620 243.83 | 66.35 | 195 2 4 N
z30718| 30025 [ 751 | 1695 | 176 | 405 PR

The types of elements and mesh sizes for both Z-section and
cladding are the same as described in Section 2.1. The mesh
size of angle struts is 5 mm by 5 mm. Points are created on
the compression flange to connect to sheeting with self-
drilling screws. The boundary conditions are the same as in

Section 2.1, with the exception of two components:
longitudinal movement (U,) is restrained at the center of the
web applied at the end of the purlin, and vertical rotation
(URy) and longitudinal rotation (UR;) are restrained at the
center of the web at both ends. (See Figure 4). The material
properties of steel are as follows: Young’s modulus is 200
GPa, the poison ratio is 0.3, and the maximum tensile
nominal strength is 585.91 MPa according to the true stress-
strain curve. Eight specimens are validated using finite
element models. Table 1 shows the cross-section details,
where h is the height of the purlin, b is the width of the flange,
d is the lip depth, r is the radius of intersection between web
and flange, and t is the thickness of the purlin.

sseg
15448

,
g
¢
e
~
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Fig 4. Boundary conditions of purlin, sheeting and angle struts: a)
for (Model 1) and b) for (Model 2) according to reference [20]

Figure 5 shows a vertical displacement response for
sections Z14613 and Z14620, which agrees well with the
experimental work at the peak point. Table 2 shows the
ultimate moment value for both the experimental work (Mr)
and the finite element analysis ultimate moments My, and
M2 of (Model 1) and (Model 2) respectively. The values of
the specimens show good agreement with each other. In the
first (Modell), the difference in ultimate moment between
numerical and experiment data is not more than 2.4% except
for the section of 214613, which is 6.5%, and the average
value is 1.01. In the second (Model2), the difference in
ultimate moment between numerical and experiment data
does not exceed 2.6%, except in section Z14613, where it is
6% and the average ratio is 1.008. Figure 6 shows the
deformed shape of sections 214620 and 217625 under four
points of loading, which agree well with the experiment
results.
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Fig 5. vertical-displacement response for section 214620 and 214613

TABLE?2. Results of ultimate moment and failure modes of experimental results [19] and humerical calculations.

Exper. Model 1 Model 2 Failure mode
Section My M1 0 M2 Error Finite
«Nm) | enm) “myMerNA)(mm) Mo/ My (%) EXp. Element
Z14613| 5.94 6.33 1.065 6.5 6.3 1.06 6 P/L . P/L :
interaction interaction
714620 | 1154 | 11.39 | 0.987 -1.3 11.25 | 0.974 -26 |D D
717613 | 7.03 7.18 1.021 2.1 7.11 1.021 2.1 |DIL D/L
Yield followed f\c()'lfc';\j,ve i
Z17625| 19.77 | 19.98 | 1.011 1.06 19.81 | 1.002 0.2 |byDIL DIL y
interaction . :
interaction
D followed by |D followed
220620 | 15.62 | 15.61 | 0.999 0 1557 | 0.997 0.3 We by WC
224615 1155 | 11.83 | 1.024 2.4 11.64 | 1.008 0.8 |DIL D/L
224620 | 20.33 | 20.22 | 0.994 -0.6 20.19 | 0.994 -0.6 |D D
D followed by |D followed
Z30718 | 19.13 | 19.48 | 1.018 1.8 19.35 | 1.012 1.2 WG by WC

D: Distortional buckling, L: local buckling, WC: web crippling
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§, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+5.760e+02
+5.280e+02
+4.800e+02
+4.320e+02
+3.840e+02
+3.360e+02
+2.880e+02
+2.400e+02
+1.920e+02
+1.440e+02
+9.604e+01
+4.805e+01
+5.681e-02

a) Section 214620

S, Mises

SNEG, (fraction = -

(Avg: 75%)
+5.102e+02
+4.677e+02
+4.252e+02
+3.827e+02
+3.401e+02
+2.976e+02
+2.551e+02
+2.126e+02
+1.701e+02
+1.276e+02
+8.507e+01
+4.256e+01
+4.598e-02

-

.0)

b)Section 214613

Fig 6. the deformed shape of specimens which agree with experiment work[19]
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Fig 7. Purlin subject to two equal end moment
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Fig 8. Roof profile corrugated sheeting. a) Profile No. 1 (P1), b) Profile No. 2 (P2)
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TABLE 3. Dimension of Z- purlin studied

h b d t
Section
mm mm mm mm
Z175*%1.5 175 62.5 20 15
Z175%2 175 62.5 20 2 | —br—
d |
Z175%2.5 175 62.5 20 2.5 f
Z7200*1.5 200 65 20 1.5
Z7200*2 200 65 20 2 h
7200*2.5 200 65 20 2.5
7265*1.5 265 65 20 1.5 |
|—d_
72652 265 65 20 2 —b—1 1
7265*2.5 265 65 20 2.5
TABLEA4. The R-factor for Z-purlin
Depth of purlin (mm) R factor
d<165mm 0.7
165<d<216mm 0.65
216<d<305mm 0.5

3. Parametric Study:

In this study specimens are divided into two groups. First
group represents purlins without sheeting, while in the
second group sheeting is modeled to consider its effect. First
group consists of single lip Z-section purlin that is subject to
two equal end moments. Second group, consists of
corrugated steel sheeting attached to the tension flange of a Z
section-purlin by self-drilling screws subject to two equal end
moments (see Figure7). All purlins are pin-ended. The
lengths of purlins are 2000mm, 4000mm, 6000mm, 8000mm,
and 10000mm. The width of corrugated steel sheeting that
represents the spacing between purlins is 1500mm. The
specimens are modelled for both linear and non-linear
analysis.

Nine specimens of different cross-sections of the lipped Z-
section are selected from Albion Sections [24]. Table3 shows
the dimensions of Z-purlin.

Two types of roof profiles with a thickness of 0.5 mm are
chosen, namely profile No. 1 (P1) and second profile No. 2
(P2) (see figure 8), where roofs P1 and P2 are Y X25-200 and
YX50-200, respectively, according to Zhang et al. [15].
Profile No.1 has a height of 25 mm, and profile No.2 has a
height of 50mm. The spacing between self-drilling screws is
taken 200 mm.

Beams will be refereed to Zh*t-L-Q, Where Zh*t refers to the
cross section of purlin as h is the height of the web, t is the
thickness of the purlin.L is the length of the specimen and Q
refers to the types of corrugated steel sheeting as profile No.1
(P1) and profile No.2 (P2). For example, Z175*1.5- 6-P1,
where Z175*1.5 is the section, the length of the specimen is
6000 mm and P1 refers to sheeting profile (No. 1).

4. Nominal Strength in Design Codes

The nominal strengths are evaluated according to the
Egyptian code [21] and AISI-2020 [22]. A brief review of
codes provisions for estimating nominal strength of Z purlins
has been provided hereafter.

4.1. AISI-2020 Code:

The nominal strength is estimated using the following
equations for purlins without and purlins with sheeting when
the tension flange is restrained and the free flange is under
compression:

The moment resistance of Z-purlin with sheeting (M,) is
determine depending on the effective width method from
equation (1):

Mn=R Mo (1)
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R: the reduction factor depends mainly on the depth of
web (see table 4)

Mhnso: Nominal flexural strength with consideration of local
buckling only

The nominal flexural strength for Beams for Z-purlin
without sheeting is determined by the Direct Strength
Method (DSM). It is defined as the minimum of three
values (Mnl, Mnd, and Mne) evaluated using equation (2).

=<

ne ZE(l _ 10My )
M, 9 36M.,,

Mnl — (1 ~0.15 (Mcrl)o.‘t) (Mcrl)
ne Mne Mne
0.5 0.5
nd _ (1 —0.22 (—M"d> ><—M"d> )
y My My

Mcre: Critical elastic lateral torsional buckling moment.

Mie: Nominal flexural strength for lateral torsional buckling.
Mcn: Critical elastic local buckling moment.

Mui: Nominal flexural strength for local buckling.

Mcra: Critical elastic distortional buckling moment.

Mng: Nominal flexural strength for distortional buckling

<

0.4

< X

=<

4.2. Egyptian code of practice (ECP):

According to the ECP [21], the moment resistance is
determined according to the effective width method for
purlins. ECP does not consider the sheeting that is attached
to the tension flange of the purlin. The moment resistance
value (M,) is determined from the smallest of the following
equations:

a.) an FL Seff. (3)

Serr. effective section modulus about major axis
FL: 06 Fy

b) Mn=Cp M, 4)
Cy: Bending coefficient depending on moment gradient,
Mcr: Elastic buckling moment, it can be calculated from
following equation.

s (1380AF)2+( 20700 ):
G [ T Lo/mr)? (5)

Sx : elastic section modulus about major axis, cm?®

A area of compression flange, cm?

d: height of section, cm

Ly: Unsupported length of purlin, cm

rr :radius of gyration about minor axis of a section
comprising the compression flange plus one sixth of web
area, cm

5. Results and Discussion

The effect of corrugated steel sheeting on the moment
resistance of Z-section purlins is considered. The ratio of
improvement in moment capacity and failure mode of purlins
is studied. Resistance of purlins without and with corrugated
sheets was evaluated. Effect of changing sheeting height was
also considered. The results are compared with the ECP [21]
and AlSI [22].

5.1. Effect of sheeting restrained at tension flange

From linear Eigen analysis, Figure 9 shows the elastic
buckling modes of Z-purlins without sheeting for Z175*1.5
with span 2m and 8m. As can be seen from the figures, local
buckling occurs for small spans (2m) for all Z-sections except
for Z-sections (Z175*2.5, Z200*2.5 and Z265*2.5) are
overall buckling. Also, overall buckling occurs for long spans
(4m,6m,8m and10m) of all Z-sections except for Z-section
Z265*1.5 of length 4m is local buckling.

M¢=10.85KN.m

a) Section Z175*1.5 with length 2m

U, Magnitude
00

M= 0.529KN.m

b)Section Z175*1.5 with length 8m

Fig 9. linear analysis of purlin without sheeting
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S U, Magnitude
10187601 +1.093e+00
e +1.002¢+00
+6.667¢-01 +9.107¢-01
bed o +8.1976-01
iy o e
e +6,37 Se-
i 2%5! E;i #5d6te-0t
8.333e-02 +4.554e-01
+0.000-+00 +3.643e-01
+2.732¢-01
+1.821e-01
+9.107¢-02
+0.000e+00
M=10.88KN.m Mq=19.62KN.m
a) Section Z175*1.5 with length 2 m b) Section Z175*2 with length 2 m

Fig 10. linear analysis of purlin with sheeting with length 2 m

U, Magnitude
+1.134e+00

Me=10.45KN.m
Section Z175*1.5 with length 8 m

FIGURE 11. linear analysis of purlin with sheeting
with length 8 m

S, Mises S, Mises
SNEG, (fraction = -1.0) SNEG, (fraction = -1.0)
(Avg: 75%) (Avg: 75%)
+3.450e+02 +3.450e+02
12:8822162 I2g8seroz
e -
+1.746e+02 +2.030e+02
+1,463e+02 +1.746e+02
+1.179e+02 +1.463e+02
+8.947e+01 +1.179e+02
+6.107e+01 +8.947e401
Bl S
+4.285e+00
a)  Whole Member b) Section at mid span
Fig12. Failure mode of purlin without sheeting for section Z175 with thickness1.5mm, length 2m. (Mn=7.10KN.m)
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S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+3.450e+02
+3.178e+02
+2.906e+02
+2.633e+02
+2.361e402
+2.08%e+02

+1.272e+02
+9.999e+01
+7.277e+01
+4.554e+01
+1.832e+01

a) Whole Member

S, Mises

SNEG, (fraction = -1.0)
(Avg: 75%)
+3.450e+02
+3.178e+02
+2.906e+02
+2.633e+02
+2.361e+02
+2.089e+02
+1.817e+02
+1.544e+02
+1.272e+02
+9.999e+01
+7.277e+01
+4.554e+01
+1.832e+01

b) Section at mid span

Fig13. Failure mode of purlin without sheeting for section Z175

with thickness2mm, length 2m. (Mn=9.98KN.m)

S, Mises
SNEG, (fraction =-1.0)
(Avg: 75%)
+3.450e+02
+3.168e+02
+2.885e+02
+2.602e+02
+2.320e+02
+2.037e+02
+1.754e+02
+1.472e+02
+1.189e+02
+9.063e+01
+6.236e+01
+3.410e+01
+5.830e+00

a) Whole Member

S, Mises

SNEG, (fraction = -1.0)
(Avg: 75%)
+3.450e+02
+3.168e+02
+2.885e+02
+2.602e+02
+2.320e+02
+2.037e+02
+1.754e+02
+1.472e+02
—+ +1.189e+02
+9.065e+01
+6.239e+01
+3.412e+01
+5.860e+00

v

b) Section at midspan

Figl4. Failure mode of purlin without sheeting for section Z175 with thickness 1.5mm, length 8m (Mn=0.81KN.m)

§, Mises

SNEG, (fraction = -1,0)

(Avg: 75%)
+3.450e+02
+3.167e+402
+2.883e402
+2.600e+02
+2.316e402
+2.033e+02
41749402
+1.465¢+402
+1.182e402
+8.984+01
+6.148e401
+3.313e401
+4.775e400

a)Whole Member

S, Mises

SNEG, (fraction = -1.0)
(Avg: 75%)
+3.450e+02
+3.167e+02
+2.883e+02
+2.600e+02
+2.316e+02
+2.033e+02
+1.749e+02
+1.465e+02
+1.182e+02
o +8.984e+01
+6.148e+01
+3.313e+01
+4.775e+00

b)Section at mid span

(Mn=5.47KN.m)

Fig15. Failure mode of purlin with profile No.1 sheeting for section Z175 with thickness1.5,length 4m
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Section at mid span

8m (Mn=5.44KN.m)

Figl16. Failure mode of purlin with profile No.1 sheeting for section 2175 with thickness1.5mm, length

S, Mises

SNEG, (fraction =-1.0)

(Avg: 75%)
+3.450e+02
+3.165e+02
+2.880e+02
+2.595¢+02
+2.310e+02
+2.025¢+02
+1.740e+02
+1.455¢+02
+1.170e+02
+8.855e+01
+6.005¢+01
+3.156e+01
+3.063e+00

a) Whole member

S, Mises

SNEG, (fraction =-1.0)

(Avg: 75%)
+3.450e+02
+3.165e+02
+2.880e+02
+2.595e+02
+2.310e+02
+2.025e+02
+1.740e+02
+1.455e+02
+1.170e+02
+8.855e+01
+6.005e+01
+3.156e+01
+3.063e+00

b)section at mid span

4m (Mn=6.09KN.m)

Figl7. Failure mode of purlin with profile No.2 sheeting for section Z175 with thickness1.5mm, length

S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)
43.450e+02
43.166e402
+2.882¢+02
+2.599%+402
+2.315e+02
+2.031e+02
+1.747e402
+1.463e+02
+1.179e402
+8.950e+01
+6.111e+01
+3.272e+01
+4,324e+00

'w/

a) Whole member

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+3.450e+02

+2.031e+02
+1.747e+02
+1.463e+02
+1.179e+4-02
+8.950e+01
+6.111e+01
+3.272e+01
+4.324e+00

b)section at mid span

8m (Mn=5.92KN.m)

Fig18. Failure mode of purlin with profile No.2 sheeting for section 2175 with thickness1.5mm, length
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For purlin with sheeting, the elastic buckling modes of Z-
purlin for small span (2m) is local buckling for Z-section
(2175*1.5, Z200*2, Z200*2.5, Z265*1.5, Z265*2,
Z265*2.5) while for others sections (Z175*2, Z175*2.5,
Z200*2) buckling modes are distortional buckling as shown
in Figurel0. For long span, interaction between distortional
and lateral torsional buckling occurs as shown in Figure 11.

For non-linear analysis, Figures 12 and 13 show non-linear
analysis of Z-section without sheeting of length 2m. As
shown in the figure, the failure modes of this section and all
similar sections are distortional buckling except for sections
(Z2175*2, Z175*2.5, Z200*2, Z200*2.5) the failure modes are
interaction between distortional and overall buckling. This is
also noted for purlins with span 4 m. Figure 14 show the
failure mode of long span 8m of Z-section without sheeting.
As seen in the figure, the failure mode is overall buckling
followed by yield stress of compression flange at web-flange
junction and the flange-lip junction. This is also noted for
purlins with spans (6 and 10m).

Figures15, 16, 17 and 18 show the failure modes of Z purlins
with considering sheeting profile No.1 and profile No.2
connected to tension flange. As shown in the figures, the
failure modes of all sections for all spans are interaction
between distortional and overall buckling of all sections,
accompanied by vyield stress at web-flange junction.
However, for long spans (8 and 10m) the failure modes do
not show clear yield stress at web-flange junction for section
at mid-section. Because the corrugated steel sheeting
provides a full lateral brace along the length of the purlin and
a partial rotation brace at tension flange, which improve the
nominal flexural strength and alter the failure mode of purlin

Figures 19 and 20 depict the load-lateral displacement at web-
flange junction of the free flange, at the mid-span for purlins
with and without various profile of sheeting for section
Z175*1.5. As shown in the figures, the nominal moment of
section Z175*1.5 with length 4m is close with the nominal
moment of the same specimen of length 8m. This may be
attributed to the restraint provided by sheeting along the
length of the specimen, so that the failure is caused by section
capacity not member capacity. When moment is applied to
the specimen, the lateral displacement rises until it reaches its
maximum value, after that, the structure becomes less rigid
until it fails. It was observed that for free flanges
(compression flange) the horizontal lateral displacement of
purlins without sheeting is greater than that of purlins with
sheeting. The ultimate moment of a purlin with sheeting is
greater than the ultimate moment of a purlin without sheeting
due to action of sheeting, which offers some constraint that
reduces the lateral movement of the free flange. Additionally,

the curve of a purlin without sheeting is more ductile and
exhibits less moment capacity than a purlin with sheeting.
The moment resistance of Z-purlin with profile No.1 is
smaller than moment resistance of Z-purlin with profile No.2.
Additionally, a purlin with sheeting profile No.2 has a smaller
lateral displacement than a purlin with profile No.1. This
effect is due to the higher stiffness of profile sheeting No. 2
compered to stiffness of profile-sheeting No. 1. So that profile
sheeting No. 2 produce greater rotational and lateral resists
for attached purlin, consequently reduces lateral movement of
free flange.

Figure 21 illustrates a comparison of the FEA results and
codes results. Nine curves with various sections are taken into
consideration. Figure 21 illustrates the relationship between
Mn/My and the global slenderness ratio (Aq). Where M, is the
nominal capacity moment of purlin, My is the initial yield
My

moment of purlin. Aq is defined as , where Mcre is the

critical elastic global buckling moment. M is acquired from
the CUFSM software [25]. Every curve starts at Aq <0.94. For
purlins without sheeting, the ratio My/My decreases as the
slenderness ratio increases. A reduction in the strength of
these purlins may be attributed to the overall lateral torsional
buckling occurrence, which governs the failure of purlins
without sheeting.

The figure reveals that the effect of sheeting on the tension
flange of a Z-purlin results in a great improvement in the
purlin's flexural capacity. For A¢<0.94, the nominal moment
for purlin with profile No.1 sheeting is changed with
slenderness ratio. Therefore, the beam slenderness ratio has
an impact on the R factor. As for the short spans with low
slenderness ratio, the effect of sheeting on moment capacity
of purlin is insignificant as the failure mode is section
capacity.

For longer spans where Ad>0.94, the nominal moment of
purlin with profile No.1 sheeting (Mj) is higher than the
nominal capacity moment of purlin without sheeting (M),
because the corrugated steel sheeting acts as a restraint along
the length of purlin. The average ratio of M1/M, for sections
Z175, Z200, and Z265 are 5.490, 4.293 and 4.192,
respectively.

The effect of the web-depth-to-thickness ratio on the
average Mn/My ratio of Z-purlin is considered. For purlin
without sheeting, the h/t ratios of Z-purlin (Z175) are 116.67,
87.5 and 70, with average ratio (Mn/My) ratios of 0.271,
0.288 and 0.301, respectively. The ratios (h/t) of Z-section
(Z200) are 133.33, 100, and 80, and the average ratios
(Mn/My) are 0.267, 0.301 and 0.303, respectively. The ratios
(h/t) for Z-section (Z265) are 176.67, 132.5, and 106 and the
average ratios (Mn/My) are to be 0.254, 0.277 and 0.301
respectively.

-20-



Engineering Research Journal (ERJ)

Anwar Badawy Abu-Sena et al

Vol.53, No. 2 April 2024, pp.10-25

For purlin linked with sheeting, the (h/t) ratios for Z-section
(Z175) are 116.67, 87.5 and 70 average, with (Mn/My) ratios
of 0.271, 0.288, and 0.301. The (h/t) ratios for Z-section
(Z200) are 133.33, 100 and 80, with average (Mn/My) ratios
0f 0.497, 0.597, and 0.599. The h/t ratios for Z-section (Z265)
are 176.67, 132.5 and 106, with average Mn/My ratios of
0.455, 0.529, and 0.575.

The comparisons between the nominal moments calculated
using various codes and the nominal moments obtained from
the finite element model are shown in Figure 21. The nominal
moment of the finite element of a purlin linked with sheeting
for Ad<0.94 is greater than the nominal moment of AISI-
codes because section capacity is the failure mode. Therefore,
the R factor that is recommended by AISI affected by the
slenderness ratio.

The nominal strength capacity of purlin attached to sheeting
for Ad>0.94 obtained from finite element is in good

agreement with the nominal moment evaluated by AISI for
all Z-sections except for sections (Z200*2 and Z265*2). For
these sections finite element results are slightly greater than
flexural moment of AISI by about 9% and11% respectively.
For purlins without sheeting, the results of the finite element
model are in good agreement with the AISI code for sections
Z175, 7200, and Z265 with average percentage of increase of
about 2.16%, 0.573% and 1.19%.

For ECP, the nominal moment of purlin obtain from finite
element model is greater than the nominal moment evaluated
by ECP code, with an average increasing percentage for
sections Z175, Z200, and Z265 of about 41.4%, 44.1 and 44.7
in case of Ad<0.94. While for Ad>0.94, the average
percentage increase to about 53%, 54% and 68%.
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7 Z175*1.5-8 / Z175%1.5-4
6 6
purlin with (P2) sheeting purlin with (P2) sheeting
5 g ﬁ ==&="purlin with (P1) sheeting > , «=®= purlin with (P1) sheeting
4 i ] : emg== purlin without sheeting & 5 a=p==purlin without sheeting
EJ 2
y
3 (¢ c ,
4 7 y
2 ¥ I
.| o |
f ® w 0
0 o=
0 50 100 150 200
0 50 . 100 150 200 Displacementmm
Displacement mm bYE am
a) For span 8m )For span
Fig20. Load displacement curve for purlins Z175 with thickness1.5mm, 4m and 8m spans

-21-



Engineering Research Journal (ERJ) Anwar Badawy Abu-Sena et al Vol.53, No. 2 April 2024, pp.10-25

=== F.EA. purlin with sheeting + ok AISI with sheeting
0.9
F.E.A purlin without sheeting \ ==« AISI without sheeting \
0.8
07 A == + ECP purlin without sheeting \'
0 \ t=2mm \ t=2.5mm
7 0. . .
IR Y \ WP SRS )
~ 12 T XY e
-] ‘,:,),\‘N,.,‘lrrf.‘&',;”‘ --u\‘n-u.-nn.nn‘ \\
204 1 \ \ \ \
03 + i
- A W\ \
02 LN AN N\
[ NN \ N -
0.1 O oA
. o:-.“ ~ , :: .“ N . h‘:
0

Slenderness ratio

0.5 15 25 3.5 45 0.5 15 2.5 3.5 4.5 0.5 15 25 35 45

a)Section Z175 without and with profile sheeting No.1 for different thickness

Slenderness ratio

1 ==8== F.E.A. purlin with sheeting + «a « AISI with sheeting
0.9
F.E.A purlin without sheeting \\ == = AJISI without sheeting \
0.8 \ .
\ == « ECP purlin without sheeting \ ._ t=2mm «  t=2.5mm
0.7 \
¢, t=l5mm L O Se e R A N
50-6 FE IO T o o | A \ A \
Z 0.5 \ v *
= 04 \, \ \ \\ VA
0.3 M W \ \
© N\ .
0.2 \ A N A N
~ W
NS Bling d ‘\
0.1 E, ey L e N ey
- = ) by 4
0
0.5 1.5 2.5 3.5 4.5 0.5 1.5 2.5 3.5 4.5 0.5 15 25 35 45
Slenderness ratio
b)Section Z200 without and with profile sheeting No.1 for different thickness
1
=== F,E.A. purlin with sheeting »«h+ AISI with sheeting
0.9
F.E.A purlin without sheeting ==« AIST without sheeting K
0.8
07 == « ECP purlin without sheeting \ \
BE 3 \\ =
o 06 \\ t=1.5mm t=2mm \ \ t=2.5mm
z v \
:U.:! \ \\ N Aa.\.\-l-:-”noln—u
Aveccagisssconipossogosenn)
% 04 .....\i\.... e \ \ \
0.3 X L
: N\ N v\
0.2 N\ AW N\
"t . . NN -
0.1 - :
B BRRv=n RS
0
0.5 15 25 3.5 4.5 0.5 15 25 3.5 4.5 0.5 15 2.5 35 45

c)Section Z265 without and with profile sheeting No.1 for different thickness

Fig 21. Variation of My/My to Slenderness ratio (Aq)

-22-




Engineering Research Journal (ERJ)

Anwar Badawy Abu-Sena et al

Vol.53, No. 2 April 2024, pp.10-25

5.2. Effect of changing the profile type of sheeting

The results of the investigation of the nominal strength of
purlins with various profile sheets obtained from Finite
element analysis are shown in Figure 22. The specimens
that are used, as shown in the figure, have lengths ranging
from 4m to 10m, disregarding the impact of short lengths
(2m). Purlins connected to profile sheeting No. 2 have
nominal moments for all of their sections that are greater
than those connected to profile sheeting No. 1, because the
profile's wave height increases from 25mm to 50mm. So

that profile sheeting No. 2 is stiffer. For section Z175, the
average percentage increase in moment capacity from
using profile No. 2 to profile No. 1 is 7.45%. Additionally,
for section Z200, there is an average percentage increase
of 9.94% in the moment capacity of the purlin from using
profile sheeting No. 2 to profile sheeting No. 1. For
section Z265, the nominal moment of the purlins
increased by 11.15% from using profile sheeting No. 2 to
using profile sheeting No. 1.
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Summary and Conclusions

A numerical parametric study has been conducted to evaluate
the ultimate flexural strength of Z-purlins under two equal
end moments. In the modeling process, the influence of
corrugated steel sheeting restraining the tension flange on the
moment capacity of Z-sections is considered. Results of the
parametric study showed that:

1-

Considering the lateral restraint effect of the tension
flange by the corrugated sheets, the failure modes of
long-span Z-purlins change from overall lateral torsional
buckling to mainly sectional buckling modes; either
local or distortional depending on the beam span.

The nominal moment capacity of long span Z-purlins
increases significantly by considering the lateral restraint
of the tension flange. This enhancement of the nominal
flexural capacity on average is up to 200% for all
sections.

The height of the corrugated sheet affects the nominal
flexural capacity of the Z-purlins with the tension flange
laterally restrained. The average nominal flexural
capacity increases by about 10% with increasing height
of the corrugated sheets. The percentage increase varies
from 4% to 15% for all sections.

The nominal flexural capacity of the Z-purlins with a
laterally restrained tension flange provided by North
American Specifications, AISI-S100, is comparable with
the FEA results for purlins with slenderness ratios, Aq >
0.94. However, for purlins with Agq < 0.94, the predicted
nominal moments of AISI are lower than those of FEA.

5-

Finite element results show that the reduction factor
“R” of Z-purlins with tension flange laterally braced is
affected by beam slenderness ratio as well as the
corrugated sheet profile. This conclusion has to be
considered in AISI provisions to get more accurate
estimation of nominal flexural resistance.
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