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Abstract

In Japan, built-up member composed with light gauge is used for studs of shear wall.
Flexural buckling stress of built-up compression member is evaluated by effective
slenderness ratio. The effective slenderness ratio of light gauge built-up compression
member is proposed for heavy sections; however, it is not verified that it can be adopted
in light gauge. In this paper, full scale testing of light gauge built-up members are
conducted. From the test results, it is shown that current Standard overestimates the
buckling strength. Based on energy equilibrium theory, modified effective slenderness
ratio for light gauge built-up member is derived. The validity of the modified effective
slenderness ratio is shown with test results.
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1. GENERAL RULES

In Japan, Technical Notification? for a Steel Framed Housing (SFH) which is
composed with light gauge member was revised in 2001 because technology for
manufacturing has developed, and the light gauge members which thickness are
from 0.3 mm to 2.3 mm were able to be used as main structures. Also, because
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Technical Notification? was revised, a story limit has been extended up to 4-story
and middle-rise building has become possible to build. SFH model and the detail
of the shear wall are shown in Fig. 1. Framing of the shear wall is light gauges
and built-up members are used for the vertical members (hereinafter studs).
A plaster boards and a structural plywood are screwed to this framing. The built-
up compression members are usually composed with two ripped channels of the
light gauge members, and these ripped channel members are connected by self-
drilling screws.
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screw Self-drilling screw
_____ Plaster Ripped channel]
boad ~_[*-F
______ Built-up | LN
member [ --
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Fig. 1. a) Steel framed house, b) Components of shear wall, ¢) Detail of built-up member

)

When a lateral load subjects to SFH, because the shear wall is designed as
a cantilever column, overturning moment from the upper stories will subject to
the shear wall, and the overturning moment generates a high compressive axial
force to the studs (built-up member) of the shear wall. As a result, there is
a possibility that the flexural buckling in the un-expected direction occurs at the
built-up member after peeling off the panels at ultimate limite state. The
occurrence of the flexural buckling leads to the abrupt fall of the vertical bearing.
And the increment of total story increases the axial force of the built-up
compression member of the shear wall. In a conventional design for a low-rise
building, only the safety for the flexural buckling of the full web was considered.
However, in the case that the middle-rise building, it is necessary to confirm the
safety for the flexural buckling of the open web.

In Japan, the flexural buckling stress of the built-up compression member is
calculated by using the effective slenderness ratio that specified in the Design
Standard for Steel Structure?, and this formula can be expressed as follow;

e = A2+ 27 (1.1)
Ay =Lfiy (1.2)

A =afi (1.3)
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where; Aye is the effective slenderness ratio; 4y is the slenderness ratio of the built-
up member acting on a unit in the buckling direction being considered; 4 is the
slenderness ratio of individual component between connectors; L is the length of
the built-up member; iy is the radius of gyration of the whole section; a is the
length between connectors; i; is the radius of gyration of the individual
components. This formula is based on Bleich’s assumption*. However, Bleich’s
assumption and the effective slenderness ratio were applied for heavy section.
Also, a design formula for built-up members in Eurocode® is based on Bleich’s
assumption®. From this reason, it is questionable that the formula can be directly
applied in the light gauge. Moreover, a bending moment distribution which is
applied to Bleich’s assumption has not confirmed by testing.

In this paper, to clarify the buckling strength of the light gauge built-up
compression member and the bending moment distribution in the components,
full-scale tests in elastic range were conducted. The moment distribution was
investigated by reading strain gauges. Finally, the energy equilibrium theory was
applied, and a modified effective slenderness ratio for the light gauge built-up
compression members is derived. The accuracy of the proposed slenderness ratio
is confirmed by comparing with test results.

2. TEST PROGRAM

To confirm the flexural buckling stress of the batten type built-up compression
member composed with two ripped channel members (chords) in elastic range,
the full-scale testing are conducted. Usually, the batten type light gauge built-up
compression member is not used as the studs of the SFH. However, the batten
type light gauge built-up compression member is adopted in this study because
the moment distribution of the built-up member can be computed by strain gauges
reading. Because the thickness is less than 2.3 mm, the buckling modes in elasto-
plastic range are very complicated. Therefore, to confirm the buckling mode
clearly, the target length of the specimen is within a range of elastic. Parameters
are a separation between connectors a, a distance between the centroids of the
chords h and the length of the member L. Two or three specimens are prepared
per a parameter. Fig. 2 shows the cross section of the test specimen and the whole
specimens.

As shown in Fig. 2.a, two chords are interconnected by the batten plate by
pretension bolts. The chords used in this study are C-89x40x22 (called
89LCN22), and its thickness is 2.2 mm. The batten plates are designed to be
remained within the range of elastic when a vertical load reaches the flexural
buckling strength. Fig. 2.b shows samples of the specimens. Material properties
are shown in Table 1. The geometrical dimensions of the built-up compression
members is shown in Table 2. The effective slenderness ratio shown in Table 2 is
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calculated from Eq. 1.1. To guaranty the flexural buckling of the built-up member,
the slenderness ratio for individual component between connectors A; is smaller
than the slenderness ratio Ay.
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Fig. 2. Detail of the test specimen; a) Cross section of the specimen (h = 60 mm series);
b) Whole specimen of; b.1) L3700a720h60; b.2) L4500a400nh60

Test setup is shown in Fig. 3. Both end of the specimen is supported by pin
devices that are allowed to rotate only in the buckling direction. The buckling
length of the specimen is equal to the length L. The buckling direction is equal to
the weak axis of the built-up member. The hydraulic jack is used to apply the axial
force at the centroid of the built-up member.

Table 1. Material properties from coupon tests

Parts E (N/mm?) fy (N/mm?) fu (N/mm?) Y.R. (%)
Chord 201600 306 456 67.1
Batten 213100 309 446 69.3

where: E is Young’s modulus; fy is the yield stress; fy is the ultimate stress; Y.R. is the
yield ratio

Table 2. Geometrical dimensions of the built-up compression member

L A i1 a h |
Name (mm) | (mm?) | (mm) | (mm) | " | (mm) | (cm?) Ay A e
L.3700a400h60 3700 | 792 14.8 | 400 9 60 95.76 | 106 | 27 | 132
L3700a720h50 720 5 50 72.69 | 122 | 49 | 167
L3700a720h60 720 5 60 95.45 | 106 | 49 | 146
L.3700a1200h50 1200 | 3 50 7257 | 122 | 49 | 180
L3700a1200h60 1200 | 3 60 95.38 | 106 | 81 | 160
L.3700a1200h70 1200 | 3 70 129.0 | 94 81 | 148
L4500a400h60 4500 | 792 14.8 | 400 11 | 60 95.67 | 129 | 27 | 157
L4500a880h50 880 5 50 27.98 | 147 | 60 | 203
L.4500a880nh60 880 5 60 95.62 | 129 | 60 | 177
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where: A is the area of the specimens; n is the number of panels (= L/a); iy is the radius of
gyration of individual components; h is the distance between centroids of chords; I is the
moment of inertia of the built-up member acting on a unit in the buckling direction being
considered
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Fig. 3. Test setup

3. TEST RESULTS

Table 3 summarizes the test result. Fig. 4 shows relationships between non-
dimensional buckling stress and vertical deformation. Fig. 5 shows photographs
of the flexural buckling deflection after loading.

Firstly, the maximum load of all the specimens are determined by flexural
buckling, and the flexural buckling deflection occurred at the maximum load.
Torsional buckling or local buckling are not observed before the maximum load.
Also, from reading strain gauges at the batten plates, the batten plates were
retained within a range of elastic. Therefore, in this paper, the maximum strength
is defined as the flexural buckling strength. After the flexural buckling, with the
progress of the flexural deflection, the load decreased gradually. And, with the
increment of distance between connecters (batten plates), the flexural buckling
stress decreased. This effect was caused by reduction of the stiffening of the batten
plates.

The distributions of the bending moment at the flexural buckling strength are
shown in Fig. 6. These distributions are calculated by reading strain gauges and
equilibrium of the bending moment at each connection. The aspect ratio is
changed to confirm the distribution easily, and the bending moment of the batten
plates were smaller than that of chords. Therefore, the bending moment of the
batten plates are illustrated by ten times larger. The distribution of the bending
moment at the chords are mostly single curvature, which is totally different from
Bleich’s assumption shown in Fig. 6.b.
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Table 3. Test results of the batten type light gauge built-up compression member

Name Mark expPmax (KN) expfmax (N/mm?)
L3700a400h60 X 925 | 99.6 106.5 | 117 127 136
L3700a720h50 A 65.8 | 66.3 84 85
L3700a720h60 A 729 | 831 77.2 92 106 99
L3700a1200h50 ° 53.4 | 53.9 68 69
L3700a1200h60 e} 69.1 | 725 72.0 87 93 92
L3700a1200h70 ® 92.1 | 844 118 108
L4500a400h60 ¢ 89.6 | 725 62.4 113 93 80
L4500a880h50 [ ] 53.0 | 475 68 61
L4500a880h60 m] 53.0 | 585 68 75
where: exPmax is the flexural buckling strength; exfmax is the flexural buckling stress.
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Fig. 4. Relationships between non-dimensional buckling stress and vertical deformation;
a) L3700h60 series; b) L3700a1200 series; c) L4500 series
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Fig. 5. Flexural buckling deflection after loading
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b) Bleich’s assumption

4. EVALUATION OF FLEXURAL BUCKLING STRESS

The effective slenderness ratio in the Design Standard for Steel Structures is
derived from Bleich’s assumption shown in Fig. 6.b. As mentioned in Fig. 6, the
bending moment distribution due to the flexural buckling observed in testing was
totally different from Bleich’s assumption. Therefore, it can be assumed that
difference of the moment distribution leads to inadequate evaluation. Fig. 7 shows
the bending moment distribution model due to the flexural buckling.

This model is based on the test observation. The purpose of this study is to propose
modified effective slenderness ratio prodye for light gauge based on the test
observation. In this paper, energy equilibrium theory was used to derive the
effective slenderness ratio prolye. Modified effective slenderness ratio for batten
type light gauge built-up compression member is derived as follow.

where: V is the strain energy due to the deflection; V, is the strain energy caused
by the axial force Fy in the individual chord; V- is the strain energy caused by the
local bending at the individual chord; Vs is the strain energy caused by the local
accumulated at the batten plates; V. is the strain energy due to the shear force
which occurs at bending in the chords; Vs is the strain energy due to the shear
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force which occurs at bending in the batten plates. Considering a pin-ended
column, the deflected axis of the column is assumed as a half sin wave. And, the
work done by the external force is expressed by Eq. 4.3.

u=f-sin£x 4.2
L (4.2)
2 2 2
woFe Hﬂj dxo TRt (4.3)
2 Jo { dx 4L

where: W is the work done by the external force. P. is the flexural buckling
strength; f is the amplitude of the flexural deflection. Based on the energy
condition, the work done by the external force W is equal to the strain enegy V.

V=W (4.4)

The bending moment Ma at the point x =(2k —1)L/2n, which is corresponding
to the middle point of a panel k-1, is expressed as follow;

The shear force acting on the chord for the same reference point is expressed by
Eqg. 4.6. Also, the shear force acting on the batten plate of joint k is expressed by
Eq. 4.7. where; {is the coefficient which decides the amount of the shear force
acting on the batten plates.

~ 1 dMy
Ok = > T dx (4.6)
o = P- fg“coskT_lzr (4.7)

The bending moment at any joint of the chord member k is expressed as follow;

k-1 h &
My = aij' _Equj
i=1 =1

=_P°—f a—ﬂSinEﬂ—h§Sin 2k_lﬂ—hgsini;r (4.8)
4sinz/2n\ | n 2n 2n

Considering the equilibrium of the bending moments acting on joint from 1 to k,
the bending moment at any point of the chord member is expressed as follow;
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My =077+ My (4.9)

As the change of the axial force Fy in the between panels points k-1 and k caused
by the flexural deflection in the state of the buckling is expressed by Fx = Mi/h,
the strain energy V1 is expressed as follow;

2¢2
=_Zr Ay, LT (4.10)
~ 4EAh

By similar procedures, the strain energy are given by Egs. 4.11-14.

__ZJ'aMk

LPZfZ 2,2 2
- es {— 7;:"2 - {ga(ZLZ 2a2)§2—27th§+7r2aH (4.11)
1

r-a
:_ZJ-/ Mbk Pczf2h3LC2 (4.12)
hy El, 48El,a '
aKqQ 7r21c p2f2
Zj 4 T (4.13)
ZJ‘/ Kbqbk ’Cbpczfzhl- (4.14)
hy GAb AGAa

where: I is the moment of inertia of the batten plates; Ay is the area of the batten
plates; 1 is the shear coefficient of individual components; xy is the shear
coefficient of the batten plates; G is the shear modulus. Using Egs. 4.1 - 4.14, the
energy conditions is expressed by Eq. 4.15, and the buckling strength can be
expressed as follow by solving for Pg;

_LP2f?
T (4.15)
7%El 1
P, = (4.16)
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2,2 2
a:[ 2l I { 7 a +i{2—(2L2+7r2a2);’2—27z|_h§+7r2a}:|
a

+_ —_—
Ah? 21| 6L r’a

3 2
+ lh 2 + T EIKl + EIKbh 2 (417)
121,a 2L°GA, GAja

The buckling stress oc can be expressed by o. = Pc/2A1; the effective slenderness
ratio can be expressed as follow;

oroyeo = Va - 2, (4.18)

Because the terms of fraction in Eq. 4.17 from third to the last are small compared
with the first terms and the second terms of fraction in Eq. 4.17, and these terms can
be negligible. The coefficient { can be obtained by solving Eqg. 4.19.

0P, /og =0 (4.19)

Using Eq. 4.17, Eg. 4.18 and Eq. 4.19, the modified effective slenderness ratio is
expressed as follow;

| 2 7p 2
pro’lye = \/Eﬂy +7 (420)
2
p=1+ 3% (4.21)
2+(ma/L)
2
,02,_2|1=A1; (4.22)

where: ¢ is the modified factor; lo is the moment of inertia of the built-up member
which is computed based on the geometrical shape. Comparison between
buckling stress curve and test results are shown in Fig. 8. The horizontal axis of
Fig. 8.a is based on the effective slenderness ratio Eq. 1.1, and the horizontal axis
of Fig. 8.b is based on the modified effective slenderness ratio Eqg. 4.20. Each
marks are shown Table 3.
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Fig. 8. Comparison between column curve and test results; a) Evaluated by the effective
slenderness ratio; b) Evaluated by the modified effective slenderness ratio

The results evaluated by the effective slenderness ratio based on the Design
Standard for Steel Structure are un-conservative results as shown Fig. 8.a; the
buckling stress of the built-up member are overestimated. On the other hand, the
results evaluated by the modified effective slenderness ratio get close to the
buckling stress curve, and good agreements or improved results were observed.
The modified effective slenderness ratio is adequately evaluating the flexural
buckling stress of the batten type light gauge built-up member. The modified
effective slenderness ratio can apply to the built-up members, which have more
than 3 equal interval (the distance between batten plates), composed with light
gauge. To guaranty the flexural buckling of the built-up member, the slenderness
ratio for individual component between connectors A1 should be smaller than the
slenderness ratio Jy. Also, to remain within an elastic range, the modified effective
slenderness ratio should be more than 100.

5. CONCLUSION

In this paper, full-scale testing was conducted to clarify the flexural buckling
stress of batten type light gauge built-up member, and the modified effective
slenderness ratio based on test observation was proposed.

Following results were found.

1. Bending moment distribution at the chords were computed from strain gauges
reading, and the distribution was totally different from Bleich’s assumption.
Although Bleich’s assumption was double curvature bending at the chords,
single curvature bending was observed from the testing.

2. Un-conservative results were observed from all test results when the flexural
buckling stress were evaluated by the Design Standard for Steel Structure.

3. Good agreements or improved results were observed when the flexural
buckling stress were evaluated by the modified effective slenderness ratio.
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SPREZYSTE NAPREZENIA KRYTYCZNE ZGIECIOWEJ FORMY WYBOCZENIA
WBUDOWANYCH, DWUGALEZIOWYCH SLUPOW PRZEWIAZKOWYCH
WYKONANYCH Z LEKKICH ELEMENTOW CIENKOSCIENNYCH

Streszczenie

W systemowych rozwigzaniach budynkéw szkieletowych jako stupki wbudowane
w Sciang stosuje si¢ lekkie elementy cienkoscienne. Typowy stupek sktada si¢ z dwoch
galezi wykonanych z lekkich elementéw cienko$ciennych zespolonych za pomoca
przewiazek taczonych za pomocg srub samowiercacych. W badanym rozwigzaniu,
no$no$¢ na wyboczenie gietne jest okre§lana na podstawie efektywnej smuklosci
definiowanej w Normie Projektowania Konstrukcji Stalowych opartej na koncepcji
naprezen dopuszczalnych. Smukto$¢ efektywna w tym podej$ciu normowym
koresponduje z zatozeniem Bleicha stosowanym zazwyczaj do elementow
grubosciennych. Powstaje zatem watpliwos$¢ czy podana w normie koncepcja smuktosci
efektywnej moze by¢ takze stosowana dla lekkich elementow cienko$ciennych.

W pierwszym etapie badan wykonano pelnoskalowe badania eksperymentalne, ktorych
celem bylo wyjasnienie wspomnianej kwestii. Elementami badanymi byly stupy
dwugaleziowe wykonane z lekkich elementéw cienkosciennych taczonych migdzy sobg
przewigzkami. Wyniki badan pokazaty, ze obowigzujaca Norma przeszacowuje nosnosé
wyboczeniowa takich elementéw. Korzystajac z metod energetycznych wyprowadzono
zmodyfikowany wzor na smuklos¢ efektywna. Poprawno$¢ wyprowadzonego wzoru na
smuktos¢ efektywna pokazano poréwnujac otrzymane nosnosci wyboczeniowe
z wynikami eksperymentéw. Poréwnania te potwierdzity poprawno$¢ szacowania
no$nosci wyboczeniowej dwugaleziowych, lekkich elementow cienko$ciennych pod
warunkiem zastosowania wyprowadzonego wyrazenia na smuklos¢ efektywna.

Stowa kluczowe:  lekki przekrdj cienkoscienny, element wbudowany, naprezenia
krytyczne, smukto$¢ efektywna
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