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Abstract

The paper presents an example of the determination of moment resistance for a liner tray restrained by
sheeting according to the rules given in standard PN-EN 1993-1-3 [12].
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1. Introduction

Light gauge steel cassettes, also often named liner trays, are made from cold-formed
C-shaped steel sections, typically with the geometry shown in Fig. 1. The idea of a cassette
wall construction has its origins in an invention by Baehre in Stockholm in the late 1960s [3].
Extensive research on the behavior of steel cassettes under loading was conducted at that time
by Baehreetal. [1,2,11, 19, 20] and later by Davies et al. [ S-7]. Their results formed the basis
of the design clauses given in Eurocode 3, Part 1-3 [4, 12].

Fig. 1. Example of a liner tray [9]

At present, cassette sections are widely used, mainly for industrial buildings and
warehouses as an alternative to traditional wall construction using beams. Figure 2 presents
an example of the usage of liner trays as wall members.

Fastener

External profile sheeting
Mineral wool insulation

Liner tray

Fig. 2. Example of using liner trays in wall cladding system [10]




Cassette walls are subjected to three primary load combinations: axial load, bending, and
shear [8]. This paper presents the design procedures (determination of moment resistance)
for trays subjected to bending resulting from wind pressure and suction according to the rules
given in the standard PN-EN 1993-1-3 [12].

The behaviour of a cassette section under bending is characterised by the usual
relationships that apply to all thin-walled cold-formed sections. However, the design of
a cassette with a narrow flange which is under compression (caused by e.g. wind pressure), is
a particularly complicated problem because the following four effects should be considered
here: local buckling of the web and narrow flanges; distortional buckling of the narrow flange
and edge stiffener assemblies; flange curling of the wide flange which is under tension; the
effects of shear lag. If the wide flange of a cassette subjected to bending is under compression
(caused by e.g. wind suction), the narrow flange and edge stiffener assemblies are under
tension and do not buckle. Bending behaviour is dominated by local buckling of the wide
flange. PN-EN 1993-1-3 [12] does not propose any special treatment for the interaction
of flange curling that occurs in the wide flange under compression and local buckling. This
seems to be too difficult; instead, it is suggested in the standard that the conventional effective
width procedure should be used but with the material factor y,, increased to 1.25 [8].

2. Typical geometry of liner trays

The elements of a typical cassette section have two narrow flanges (b, b J(2), two webs (h,,
h,) with intermediate stiffeners (h ), one wide flange (b,) with intermediate stiffeners (|
and h ), and two edge stiffeners (c), as shown in Fig. 3.

The analytical calculations for the moment resistance of a liner tray were performed with
the use of Mathcad 14 [15] for the cross section presented in Fig. 3 [9] and the statical scheme
as a simply supported beam shown in Fig. 4.

The effective section properties of this element were determined in AutoCAD program [14].
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Fig. 3. The geometry of a 600/120 wall cassette
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Fig. 4. The statical scheme of a 600/120 wall cassette




3. Calculation of the thickness of the designed liner tray

After applying formula (3.3c) in [12]:

t=t., =t.mn —tmetanic =1-.5—0.04=1.46 mm, (1)
where:
t — core thickness of steel material before cold forming,
' — mnominal sheet thickness after cold forming (inclusive of zinc or other
metallic coating) t =1.5 mm
- — the nominal thickness minus zinc or other metallic coating
t . — the thickness of the metallic coating (for the usual Z275 zinc coating,

t =0.04 mm)

zinc

4. Verification of the standard geometric proportions of the liner tray

The recommendations for the design given in PN-EN 1993-1-3 [12] can be applied to
cross sections for which width-to-thickness ratios are within the following ranges as adopted
from Table 5.1 in [12] (see Table 1):

Table 1. Maximum width-to-thickness ratios

—— s fomn 6 “
narrow flange bﬂ bﬂ/t =bf;tn=mzlé/}léz6 - 60
edge stiffeners ¢ o/t= 1? /rtn=m6/€1;546 mm 50
wide flange b, b/t =:;?=m4n1l(/)1926 mm 500
web b, h/t= ;llz/ot’:g;/ 1'946 mm 500-(sind) = 500-(sin90°) = 500
web I, hy/t= ;lzlft’:gg ;24 6 mm 500-(sind) = 500-(sin90°) = 500

where:
¢ - angle between the wide flange and the web.

In order to provide sufficient stiffness and to avoid primary buckling of the stiffener
itself, the size of the stiffener according to (5.2a) in [12] should be within the following
range:




10
02<S=2"2025<0.6, (2)
b 40

where, according to Fig. 3: c= 10 mm, b=b = 40 mm for the left end
10
02<<=""2028<0.6, (3)
b 36

and ¢ = 10 mm, b = b, = 36 mm for the right end.
If ¢/b < 0.2, the lip should be ignored (c = 0).

It can be concluded that the geometric proportions of this liner tray are appropriate and
allow the use of standard PN-EN-1993-1-3 [12].

The moment resistance of a liner tray may be obtained using 10.2 in [12] provided that
the geometric properties are within the range given in Table 10.6 [12] and the depths h  and
h, (see Fig. 3) of the corrugations of the wide flange do not exceed /8, where h (h, h,) is
the overall depth of the liner tray (see Fig. 3). The range of validity of the design procedures
according to 10.2 [12] is as follows (see Table 2):

Table 2. The range of validity of the design procedures according to 10.2 [12] in dependence
on the geometry of a cross section

0.75 mm t . =LSmm 1.5 mm
30 mm bﬂ =40 mm 60 mm
30 mm bf2 =36 mm 60 mm
60 mm h, =120 mm 200 mm
60 mm h,=118 mm 200 mm
300 mm b, =600 mm 600 mm
I/b=1932 mm*/ 600 mm
— I/b =3.22 mm*/mm 10 mm*/mm
(see Fig. 5)
— s, =210 mm (see Fig. 2) 1000 mm
h,/8 =120 mm/8 = 15 mm
— h,=Smm h,/8 =118 mm/8 = 14.75 mm
(see Fig. 3)

hl/8 =120 mm/8 = 15 mm
— hu2:3mm h2/8:118 mm/8 = 14.75 mm
(see Fig. 3)




where:
s, — the spacing of fasteners in the narrow flanges (see Fig. 2),
I - the second moment of area of the wide flange b , about its own centroid (a-a),
calculated with use of AutoCAD [14]

I =1,932 mm*(see Fig. ).
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Fig. 5. The geometry of the wide flange of the liner tray

S. Design procedures for liner trays restrained by sheeting

S.1. Determination of moment resistance of a liner tray section with its wide
flange under compression

The moment resistance M_,, of liner trays restrained by sheeting may be obtained as
follows, after applying formula (10.19) in [12]:

0.8 Wi fyp  0.8-19101-320

M = = =4,890kNm, (4)
' ¥ mo L0
where:
T — the basic yield strength 320 N/mm?,
Y., — the partialsafety factor equal to 1.0,
w fomin the minimum effective section modulus calculated as follows:
Iy 1177987
W pmn=—2L 177987 1o 101mm?, (5)
’ z, 61.67
and
I,s 1177987
W i =19.101 mm’ <ot 7787 13 mm?, (6)
’ z, 5687
where:

I,z - the effective second moment of area (see Fig. 7 and 5.1.1) about the y-y axis,
Iyeﬁ: 1,177,987 mm?,
z — the distance from the effective centroidal axis to the system line of the

c
compression wide flange (see Fig. 7), z = max(z , z ) = 61.67 mm,
z, - thedistance from the effective centroidal axis to the system line of the narrow

flange in tension (see Fig. 7), z,= max(z,, z,,) = 56.87 mm.

1’



§.1.1. Determination of the effective width b _ of the wide flange under compression

The relative slenderness A , according to (4.2) in [13] is:

b 596.6
- % _ 1.46
P 28,48 0k, 28,4-0.857\/4

=8.395, (7)

where, according to Fig. 6: b= bpu = 596.6 mm, t = 1.46 mm, local buckling factor k, =4.0

2 2
for \|I=—G2 =1 (uniform compression in the flange b ), €= 235 _ 235 =0.857.
p ge o,
o, I 320

The reduction factor p of effective width according to (4.2) in [13] is:

oe A, —0.055-(3+y) _ 8.395-0.055-(3+1)

_ =0.116<1.0 8
, 8.395° ’ ®)
for:
3 , =8395> 0.5+/0.085—0.055y =0.5+~/0.085—0.055-1.0 =0.673. 9)

The effective width bu, & of the wide flange bp” can be calculated according to Table 4.1 in
[13] as follows:

b, =P-b =0.116-596.6=69.20 mm, (10)

where, according to Fig. 6: p = bpu =596.6 mm and formula (8) p = 0.116.
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Fig. 6. Effective cross section of the wide flange under compression and the entire cross sections
of the webs of a 600/120 wall cassette

The initial values of the effective widths b and b, shown in Fig. 6 should be determined
according to Table 4.1 in [13] for a doubly supported wide flange bpu as follows:




b, =b,, =0.5'b, ; =0.5-69.2=34.6 mm. (11)

§.1.2. Determination of effective width h  of the web under bending

The relative slenderness Xp according to (4.2) in [13] is:

For web hlz

B 17/ 1162
! 28,4e\Jk, 28,4:0.857-/21.93

' ' _ 235 235
where, according to Fig.6: b =b , =116.2mm,t=146mm, €= |— =,/ — =0.857, the
r f),b 320

value of k, may be calculated according to Table 4.1 [13] is as follows:

k,=7.81-6.29y +9.78y* =7.81-6.29-(—0.92) +9.78-(-0.92)* =21.93, (13)
for:
0>y=-092>-1, (14)
with:
56.87
=2=——:—0.92, (15)
o, 61.67

where, according to Fig. 6: 6, =z,;, =56.87mm and o, =z, =61.67 mm.
The reduction factor p of the effective width according to (4.2) in [13] is as follows:
p=1.0, (16)
for:

%, =0.7<0.5+1/0.085-0.055y =0.5+1/0.085-0.055-(~0.92) =0.87. (17)

The web is fully effective because the reduction factor of the effective width is p = 1.0. The
effective width heﬁ of the web can be calculated according to Table 4.1 in [13] is as follows:

hg =p-b =1.0-61.67=61.67 mm, (18)

where, according to Fig. 6: b=z = 61.67 mm and formula (16) p = 1.0.
The initial values of the effective widths h | and h , shown in Fig. 7 should be determined
according to Table 4.1 in [13] for a doubly supported web as follows:

h, =0.4-h,; =04-61.67 =24.67 mm, (19)

h,, =0.6-h,; =0.6-61.67 =37 mm. (20)



For the web hzz

The analytical calculations for the web h, were performed in the same manner as for web

h,. The initial values of the effective widths h | = 24.67 mm and h , = 37 mm are the same as
the values calculated before (see Fig. 7).
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Fig. 7. Effective cross section of the liner tray of a 600/120 wall cassette
The effective moment of inertia for a liner tray (see Fig. 7) with its wide flange under

compression about the y-y axis is I ,=1,177,987 mm’.

5.1.3. The effects of shear lag

According to (10.2.2.2 (2)) in [12], the effects of shear lag may be neglected here because:

L
_ 8000 _g67132s, (21)
b,y 6920

where, according to Fig. 4: L = 6000 mm and according to formula (10), b, o b e 69.20 mm.

5.2. Determination of moment resistance of a liner tray section with its narrow flange
under compression

The buckling moment resistance M, ., of linear trays restrained by sheeting may be
obtained as follows, according to formula 10.21 in [12]:

0.8-By Wi fr  0.8:1.0-22725.4-320

bRd= =5.82 kNm, (22)
¥ mo LO
and
0.8 Wy, - 0.8-47537.1-320
DS i S _ S37.1:320 _ 15 17kNm, (23)
g A 1.0
where: Mo

fy ) — the basic yield strength 320 N/mm?,




Yo  — the partial safety factor equal to 1.0,

B, — the correlation factor that depends on the longitudinal spacing of fasteners
supplying lateral restraint to the narrow flanges s, (see Fig. 2) for s =210 mm
<300 mm [, = 1.0 and for 300 mm < s, < 1000 mm: [3, = 1.15-s, /2000,

— the effective section modulus for the maximum compressive stress in a cross

eff,com
section is as follows:
I 1822575.8
W geom=—2L =" 22,7254 mm’, (24)
om 2. 80.20
I/\/eﬁt — the effective section modulus for the maximum tensile stress in a cross
section is as follows:
Iy 18225758
W =L = =47,537.1mm°, (25)
Tz, 3834
where:
I - the effective second moment of area (see Fig. 12 and 5.2.1) about the y-y
axis, Iyeﬁ= 1,822,575.8 mm?,
z, — the distance from the effective centroidal axis to the system line of the wide
flange under compression (see Fig. 12), z = max(z,_, z,,) = 80.20 mm,
z, - the distance from the effective centroidal axis to the system line of the

narrow flange in tension (see Fig. 12), z,= max(z zﬂ) =38.34 mm.

1

§.2.1. Determination of the effective width b, _of the wide flange under tension

The effective width b__of the wide flange under tension (see Fig. 8) allowing for
possible flange curling according to (10.20) in [12] is given by:

§3.3-10" -¢) -t 1, 533:10"-90.38>-1.46°-3.38

= =294.55 mm, 26
welf h-L-b> 120-6000-600° (26)

where, according to Fig. 4: L = 6000 mm and according to Fig. 3: ¢, =90.38 mm, b_= 600 mm,
t=1.46 mm (see formula (1)). The value of t, may be calculated according to (10.2.2.2 (1))

in [12] as follows:
1 1
12-1 )3 12-1932 )3
e =( o3 )3 =338, (27)
b 6000

u

where, according to Fig. 3: b = 600 mm, and the second moment of area of the wide flange
about its own centroid a-a , calculated with the use of AutoCAD [14], is equal to 1,932 mm*
(see Fig. S).
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Fig. 8. Effective width bu' gﬁof the wide flange of a 600/120 wall cassette under tension

§.2.2. Determination of effective width b  of the narrow flange under compression

The relative slenderness Xp according to (4.2) in [13] is:
For the narrow flange b »

A = E/ 716 1.46

P os4ek,  28,4-0.8574

0.523, (28)

where, according to Fig. 8: b= bpbﬂ =37.16 mm, t = 1.46 mm, local buckling factor k, =4.0

235 235
for y =—2=1 (uniform compression in the ﬂange ), €= / 35 f 35 =0.857.
G, yb

The reduction factor p of the effective width according to (4.2) in [13] is:

p=1.0, (29)
for:
Xp =0.523<0.5+./0.085—-0.055y =0.5++/0.085-0.055-1.0 =0.673. (30)

The narrow flange b, is fully effective because the reduction factor of the effective width

p = 1.0. The effective width beﬁ, of the narrow flange b ), can be calculated according to Table
4.1in [13] as follows:

by =p-b=1.0-37.16=37.16 mm, (31)

where, according to Fig. 8: b= bpbﬂ =37.16 mm and formula (29) p = 1.0.
The initial values of the effective widths b and b, shown in Fig. 9 should be determined
with accordance to Table 4.1 in [13] for a doubly supported wide flange bph 51 S follows:

by =by ., =0.5-b; =0.5-37.16=18.58 mm. (32)




X

For the narrow flange b :

B E/t 3316/
A, = = : =0.467, (33)
" 28,48k, 28,4-0.857-/4

where, according to Fig. 8: b = b,, = 33.16 mm, t = 1.46 mm, local buckling factor k, =4.0

2 2
for \V:—GZ =1 (uniform compression in the flange b ), €= 235 = 235 =0.857.
p ge o,
o, fi 320

The reduction factor p of the effective width according to (4.2) in [13] is:
p=10, (34)

for:
Py , =0.467<0.5+ /0.085—0.055y =0.5++/0.085—0.055-1.0 =0.673. (35)

The narrow flange b, is fully effective because the reduction factor of effective width
p = 1.0. The effective width b of the narrow flange b, can be calculated according to Table 4.1
in [13] as follows:

by =p-b =1.0-33.16=33.16 mm, (36)
where, according to Fig. 8: b= bpbf2 =33.16 mm and formula (34) p = 1.0.

The initial values of the effective widths be1 and be2 shown in Fig. 10 should be determined
according to Table 4.1 in [13] for a doubly supported wide flange b, as follows:

b, =b,,, =0.5-b; =0.5-33.16=16.58 mm. (37)

5.2.3. Determination of effective area of the edge stiffener of the narrow flange under
compression

Initial values of the effective width ¢ _ shown in Fig. 9 and Fig. 10 should be obtained for a
single edge fold stiffener according to (5.13a) in [12] as follows:

¢y=pb, =1.0-11=11mm, (38)

where, according to Fig. 9 for the narrow flange b, and Fig. 10 for the narrow flange,

bﬁ: bpc =11 mm and according to formula (42), p = 1.0.

The relative slenderness 7_‘}’ according to (4.2) in [13] is:

For the narrow flange b and b :

T l% s
A = = : =0.438, 39)
" 28,4e\k,  28,4:0.857:1/0.5 (




235 _ 235

where, accordingto Fig. 9and Fig. 10: b=b =11mm,t=1.46mm, €= =0.857,
local buckling factor (according 5.13b in le]) k,=0.5 f yb 320
for:
b, 11
b - =0.3<0.35, (40)
, 37.16

where, according to Fig. 9: bp = bphﬂ =37.16 mm
and for:

b,. 11
e _033<0.35, (41)

bp 33.16

where, according to Fig. 10: bp = bpbfz =33.16 mm.
The reduction factor p of the effective width for an outstanding compression element
according to (4.2) in [13], is
p=1.0, (42)
for:
A, =0438<0.748. (43)

The geometric properties of the stiffener determined in the AutoCAD program [14]:

For the narrow flange b n (see Fig. 9):
A =42.83 mm’
I =342.89 mm*

bpbﬂ=37 16

Fig. 9. The edge stiffener in the compressed narrow flange b A of a 600/120 wall cassette

The relative slenderness A, according to (5.12d) in [12] is:

20

= S - /3_ =0.888, (44)
G, 406

where:

f,, - thebasicyield strength 320 N/mm?,
G — the critical stress in the edge stiffener according to (5.15) in [12] is as follows:




_2-JK-E-I, 2:4/1.05-210000-342.89

o, =406 MPa,, (43)
’ A, 42.83
where:
A, - the effective cross-sectional area of the edge stiffener, A = A |
I — the effective second moment of area of the stiffener, taken as that of its effective
area A about the centroidal axis a-a of its effective cross section, I =I (see Fig.9),
K - the spring stiffness of the edge stiffener per unit length according to (5.10b) in
[12] as follows:
Et’ 1 210-10°-1.46°
= ' > = - - -=1.05MPa, (46)
4-(1-v*) b -h, +b° 4-(1-0.3%)-33.77°-116.2+33.77
where:

b, - the distance according to Fig. 9, b, = 33.77 mm,
h, - theweb depth,h = bpm:l 16.2 mm (see Fig. 6),
v — the Poisson's ratio, v = 0.3.

For profiles with one flange under tension (when the element is bending about y-y axis)
k=0in (5.10b) in [12].

D,1,,=33.16

= b=
o b, =33.16 ~
M~
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Fig. 11. Effective cross section of the narrow flange under compression and the entire cross sections of the webs
of a 600/120 wall cassette




The reduction factor , for the distortional buckling resistance (flexural buckling of a
stiffener) according to (5.12b) in [12] is:

X =147-0.723-L,=1.47-0.723-0.888=0.828 <1.0, (47)
for:

0.65< ), =0.888<1.38. (48)

The reduced thickness ¢, of the edge stiffener in the compressed flange b, is:

troan =Xgq t=0.828-1.46=1.21mm. (49)

The analytical calculations for narrow flange b A (see Fig. 10) were performed in the same
manner as for narrow flange b . The reduction factor y for the distortional buckling resistance
of a stiffener according to (5.12b) in [12] is %, = 0.88.

The reduced thickness ¢, of the edge stiffener in the compressed flange b, is:

tredz:Xd't:0.88’1.46:1.28mm. (50)

A,=39.91 mm’,
I,=332.66 mm".

5.2.4. Determination of effective depth of the webs h and h, under bending

The relative slenderness Xp according to (4.2) in [13] is:

For web hl:

b 116.2
/t 146 _g99, (51)

7\‘ = = =
7 28,4e\fk, 28,4-0.857-/1323

- 2 2
where, according to Fig. 6: b = bphl =116.2mm,t=1.46mm, €= f% = /3%3 =0.857, the
yb

value of k_may be calculated according to Table 4.1 [13] as follows:

k,=7.81-629y +9.78y”> =7.81-6.29-(—0.49)+9.78-(-0.49)* =13.23,  (52)

for:
0>y=-049>-1, (53)
with:
8.
"% 3893 440 (54)
o, 79.61

where, according to Fig. 11: 6, =z,; =38.93mm and 6, =z, =79.61 mm.
The reduction factor p of effective width according to (4.2) in [13] is as follows:




h, ~0.055-(3+V)  0.899-0.055-(3-049)

= — = 094, 55
P A 0.899” (5)

for:

X, =0.899>0.5+./0.085-0.055y =0.5+1/0.085—-0.055-(—0.49) =0.835.  (56)

The effective width ” of the web can be calculated according to Table 4.1 in [ 13] as follows:
hyy =p-b,=0.94-79.61=7493 mm, (57)

where, according to Fig. 11: b_= z_=79.61 mm and according to formula (55) p = 0.94.
Theinitial values of the effective widths h  and h,  shownin Fig. 12 should be determined
according to Table 4.1 in [13] for a doubly supported web as follows:

hy oy =04-h,; =0.4-74.93=29.97 mm, (58)

Iy =0.6-hy =0.6-74.93=44.96 mm. (59)
For web h_:

The analytical calculations for the web h, were performed in the same manner as for web

hr The initial values of the effective widths hm =29.85 mm and h“2 = 44.77 mm are shown
in Fig. 12.

The effective moment of inertia about y-y axis I of a liner tray with its narrow flange
under compression (see Fig. 12) is equal to 1,822,575.8 mm®.
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Fig. 12. Effective cross section of the narrow flange under compression of a 600/120 wall cassette
5.2.5. The effects of shear lag
According to (10.2.2.2 (2)) in [12], the effects of shear lag have to be included if:
L 6000
—= =20.37<12S, (60)
bu, of 294.55

where, according to Fig. 4: L = 6000 mm and according to formula (26), b, = 294.55 mm.



The effective width b p for shear lag should be determined according to Section 3 in [13]
with use of the relation:
by =PB-b, =0.984-300=295.2 mm, (61)
where:
b, — ishalfthe width of an internal element, b, = 300 mm,
B - is the effective factor obtained for sagging bending, according to Table 3.1 in

[13] as follows:
1 1

= = =0.984 62
P reaw 1+6.4-(0.05)* ’ ()
for:
0.02<Kk=0.05<0.7, (63)
with:
b, 1-300
“%ott 13004 (64)
L, 6000
where:

o, — for the case without longitudinal stiffeners within the width b, o, = 1.0,
L, - isthe length between points of the zero bending moment (see 3.2.1(2) in [13],
L, =L =6000 mm (see Fig. 4).
The effective width b_ = 295.20 mm as a consequence of shear lag according to formula
(61) is greater than the effective width b __ = 294.55 mm resulting from plate buckling
according to formula (26), thus the effects of shear lag can be neglected.

6. Conclusion

This paper is a continuation of an analysis of some difficult cases of resistance calculations
of sheeting for thin-wall constructions according to the rules given in the standard PN-EN
1993-1-3 (see [17,18]).

This article presents an example of the determination of the resistance moment M, ., of
a 600/120 liner tray with a narrow flange under compression resulting from wind pressure
and the resistance moment M_,, of this liner tray with a wide flange under compression
resulting from wind suction. The resistance in the case of the wind pressure on the wall of the
liner trays M, ,,is 5.82 kNm. This is higher than the resistance of the linear tray M_,, equal
to 4.89 kNm in the case of wind suction.

The presented example proves that the analytical calculations according to PN-EN 1993-1-3
rules require good knowledge of linear tray performance.

The contributions of E. Pigciorak, H. Ciurej and M. Betlej in the work were carried out as part of statutory research No.
11.11.100.197 AGH, WGiG, AGH University of Science and Technology in Cracow.
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