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The research presents on the buckling behavior of cold-formed steel built
up column using channel sections with different weld spacings which is subjected
to compression between fixed ends. The built-up sections of test specimens were
prepared by welding two light lip channel sections together creating a closed column
section. More specifically, the welded spacing is varied for each specimen since the
weld spacing effects the buckling behavior in different ways. Although this type of
built-up column is widely used as a main structural member in the present construction,
their behaviors have not been acknowledged by most engineers. This research is
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stress distributions in the local buckling and post-local buckling states including the
failure modes in each column were also studied. However, different weld spacings

in each specimen result in different loading capacity.
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BEHAVIOR OF COLD-FORMED STEEL BUILT-UP COLUMN
USING CHANNEL SECTIONS WITH DIFFERENT
WELD SPACING

INTRODUCTION

General

Economic crisis in Thailand nowadays continually effects deceleration in
construction industry due to the higher construction cost resulted from the higher
prices of construction materials. Accordingly, steel production cost that becomes
higher causes the increasing price of the product as well. Therefore, the production of
cold-formed steel has been introduced into the industry to replace the production of
hot-formed steel which is more expensive. Compared to the latter, the advantages of
cold-formed steel over hot-rolled steel are that cold-formed steel has better strength to
weight ratio and is lighter, for instance, it is lighter and stronger. Its production also

brings about the reduction of labor cost, material cost, and overhead cost.

Cold-formed steel is now extensively used throughout both developed and
developing countries in the construction of factory, ready-made house, and shopping
mall. Its thickness is from 0.3 to 6.3 mm. The certain thickness of the steel frequently
sold in market place is 1.3, 2.0, and 2.8, and especially 1.6, 2.4, and 3.2 mm. The steel
sections that find favor public in Thailand are C-channel, U-shaped, and Z-shaped

sections, including round steel tube and rectangular steel tube.

In Thailand, there are only a few serious studies of the qualities and structural
behaviors of cold-formed steel. Therefore, the steel used as primary structures like
columns and beams is more likely to gain less confidence of its users. On the
contrary, In European countries and some other countries like Australia, Canada, and
the United State of America, or even in Asian countries like China, Japan, and

Malaysia, the studies of cold-formed steel have been carried out more earnestly. That



is because although the steel is beneficial in many ways, in a way it is quite thin and
there are some problems in its production process. Also, some aspects like its bearing

capacity and buckling behaviors need to be further researched.

Nowadays, there are several design and construction standards that have been
set in many countries, namely AISI Code, European Code, AS/NZS Code, and so on.
as for Thailand, the Engineering Institute of Thailand (EIT) is responsible for the
standard setting which is based on Specification for the design of cold-formed steel
structural members of American Iron and Steel Institute (AISI). However, the
standard set by EIT does not correspond to practical operation, The lack of
understanding in structural behaviors and the shortage of practical working

knowledge can possibly cause damage to the steel work in the future.

Recently, closed sections made of two similar steel sections attached by
welding have been introduced to structural work and more widely used as column and
other parts. The weld spacings on the sections can be varied depending on the
welders. However, some welders might be unaware or lack the knowledge of how
long the spacings should be to make an efficient welding. Hence the seam welding
without any spacings can lead to the bending of column members since cold-formed

steel is thinner than hot-formed steel.

Accordingly, this study is aimed at the understanding of the behaviors of built-
up sections made of C-channel closed sections attached by welding with regular
spacings. Included in this study are a number of case studies in different weld
spacings on fix supports of both sections. Compression test in laboratory is also
conducted to make a comparison of column buckling load and stress in different
welding conditions. Buckling behaviors are mainly focused, especially two buckling
patterns: local buckling and post local buckling. As well as compression test, tension

test in laboratory is conducted to find out mechanical quality of the material.

Finite element method, a numerical method, is used here to solve differential

equation. The equation can sometimes be complex, and the numerical answer will be



taken to model or predict the structural behaviors of cold-formed steel. The results are
presented in 3-dimensional pictures and the analytical interpretation in color shades of
stress. Then the interpretation will be used in finding out critical limits, stress, and
failure patterns of the structure. Being compared with the experimental result in
laboratory, the result of finite element method can be verified that it is correct and

suitable for practical use.

By all reasons, the understanding of the general structural behaviors of cold-
formed steel plays an important role in efficient structural design of the steel that is
prone to growing use. However, the study of its behaviors is in adequate. Hence this
study will bring about comprehensive knowledge in this field that will lead to

confidence and safety in the use of cold-formed steel sections.

The cold-rolled steel has several advantages in building construction:

1. Building components made of cold-formed steel can be fabricated with
high accuracy in a plant and then assembled on job sites, which generally increases

erection efficiency and ensures construction quality (Yu ,1924) .

2. Cold-formed steel structural members are economics in transportation and
handing. Light weight cold-formed members or panels are easy to handle and to
transport. In addition, they can be nested and bundled, reducing the required shipping

and storage space.

3. Thin-walled cold-formed steel sections can be used efficiently as structural

members of light—-weight structures when hot-rolled sections or others are not efficient.

4. Comparison with thickness hot-rolled shapes, cold-formed light members

can be manufactured for relatively light loads and short spans.

5. No formwork needed — The use of cold-formed steel decks eliminates the

formwork steel decks eliminates the formwork for pouring concrete floor. In addition,



4

composite action between the steel deck and concrete increase floor strength and

stiffness.

6. All conventional jointing method (i.e. riveting, bolting and welding) can be

employed.

7. Durable material-Cold-formed steel is durable because it is termite-proof
and rot-proof. In addition, galvanized cold-formed steel products can provide long-

term resistance to corrosion.

8. Steel is a non-combustible material and will not contribute fuel to the spread

of a fire. This can result in better fire resistance and lower insurance premiums.

Figure 1 Various shapes of cold-formed sections

Source: Yu (1924)



Panels and Decks

Cold-formed steel sheeting can be used to satisfy both structural and functional
requirements. The structural use is more thoroughly considered. Profiled steel sheeting
is widely used in roof, wall and floor structures. In these structures, the profiled steel
sheeting actually satisfies both the structural and functional requirements. In floor
structures the steel sheeting is often used as part of a composite structure with concrete.
In northern countries the roof and wall structures are almost always built with thermal
insulation. The sound insulation and the fire insulation have also to be considered,

when designing structures.

Figure 2 A Steel-concrete composite floor slab with profiled steel sheeting

Source: Helsinki University (1986)

In wall structures, the structure is comprised of an outer layer, the facade
sheeting that is usually built with relatively small span, and a substructure which
transmits the wind loading to the main building structure. The substructure can be a
system of wall rails or horizontal deep profiles, or cassettes with integrated insulation.
Another solution combines the load-bearing and protecting function in a sandwich
panel built up by metal profiles of various shapes and a core of polyurethane or mineral

wool.



Figure 3 A facade made with profiled steel sheeting

Source: Helsinki University (1986)

Cold-formed steel in building structure.

Although cold-formed steel sections are used in building construction began in
about the 1850s in both the United States and Great Britain. However, such steel
members were not widely used in buildings until around 1940. The early development

of steel buildings has been reviewed by Winter (Yu ,1924).

Since 1946 the use and the development of thin-walled cold-formed steel
construction in the United States have been accelerated by the issuance of various
editions of the*““Specification for the Design of Cold-Formed Steel Structural Members”

of the American Iron and Steel Institute.

Cold-formed steel structure members are used widely in light-weight
construction. In Thailand, the primary use of cold-formed steel sections has extremely
in a roof and purlin (Figure 7). The BlueScope Lysaght, Inc. has recently developed a
cold-formed steel member. The basic problem of develop is to achieve the least

expensive construction.



Figure 4 Cold-formed steel sections used in space frames

Source: Yu (1924)

, I’! ', 4|
i

Figure 5 Building composed entirely of cold-formed steel sections

Source: Yu (1924)

In Thailand, The Engineering Institute of Thailand under H.M The King ‘s

Patronage is preparation a Thailand code of cold-formed steel building design standard



(EIT standard) by reference from Specification for the design of cold-formed steel

structural members of American Iron and Steel Institute (AISI).

AnLounssumsantnlnsoasoingn
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viuwinson @
unsAL 2553

EIT Standard 1024-53
. A

sAonssuamunroUs:naAlng Tuws:ususiuiur
The Engineering Institute of Thailand undar H.M. The King's Patronage

Figure 6 Code of cold-formed steel building design standard (EIT standard)

Source: The Engineering Institute of Thailand (2010)

Statement of problem

Now, box-shaped sections made by connecting two C-sections lip to lip also
often found in use in cold-formed steel structures due to the relatively large torsional
rigidities and their favorable radius of gyration about both principal axes. The foregoing
requirement for maximum spacing of connectors for I shaped members is also
applicable to box-type compression members made by C-sections tip to tip, even
though it is not specified in the AISI Specification in order to function as a single
compression member, the C-sections should be connected at a close enough spacing
to prevent buckling of individual C-sections about their own axes parallel to the web
at a load equal to or smaller than the buckling load of the entire section. For this

reason, built-up members are common compression elements in construction.



The advantages of using cold-formed steel assembled members are well

known by the building construction industry:

1. The closed box sections allow spanning greater distances between supports

and carrying heavier loads than single C-sections.

2. This connection to conform to a box is usually made by seam welds, being
an easy and affordable way to do so. It is especially true in countries where the hourly
wage rate for welders is low compared to others. In these countries the use of seam
welds applied in-situ is widely used as a good means of coupling two single C-
sections in order to make up box sections to be used for structural members as

columns and beams.

3. Strong more than single c-channel and two c-channel contacted for [-member.

4. Save material cost more than rectangular tube section for comparative new

material subject.

In thailand, for the columns in the structure work used modified two c-channel
section contacted by welding for closed-section. But their behaviors have not been
acknowledged. Hence, the behaviors of built-up sections when contacted various of

different weld spacings will be necessary for the future.
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OBJECTIVES

Generally, this study aims to investigate the buckling behavior of cold-formed
steel of built up lip-c channel close section by different weld spacing. The specific

objectives of the study are:

1. The primary objective of this research is to study the buckling behavior and

buckling stress of cold-formed steel built up close-section.

2. The main objective of this research is to investigate the comparative behavior
under compression load of close section composed of two lip c-section members in
contact by seam welds with different weld spacing (ranging from 100 to 500 mm.).

3. Failure loads and buckling modes were investigated in this study.

4. Comparative buckling behavior and buckling stress of cold-formed steel built

up close-section with finite element model.

Scope of Study

This thesis work based on the cold-formed steel built up close section only.

1. This research study the buckling behavior of cold-formed built-up close

section columns subject to concentrically loaded compression member.

2. Boundary condition of test are fixed of both support and length of all

specimen is 100 cm.

3. The specimen for research are 3 section only:

Section 1 Built-up section from C 203x76x15.5x1.5 mm. (G450)
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Section 2 Built-up section from C 152x64x15.5x1.5 mm. (G450)

Section 3 Built-up section from C 102x51x13.5x1.5 mm. (G450)

4. This research was used the finite element analysis program ANSYS for

compared buckling shape behavior and buckling load with compression testing in

laboratory for understand in behavior of built up section also.

5. Mechanical properties of material determined by tensile coupon test.

6. The residual stressed in material is ignore for this research.
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LITERATURE REVIEW

General

In steel construction, there are two main families of structural members. One
is the familiar group of hot-rolled shapes and members built up of plates. The other,
less familiar but of growing importance, is composed of sections cold-formed from
steel sheet, strip, plates, or flat bars in roll-forming machines or by press brake or
bending brake operations. These are cold-formed steel structural members. The
thickness of steel sheets or strip generally used in cold-formed steel structural
members ranges from 0.4 mm to about 6.4 mm. (Yu ,1924) Steel plates and bars as

thick as 25 mm. can be cold-formed successfully into structural shapes.

Because material properties play an important role in the performance of
structural members, it is important to be familiar with the mechanical properties of the
steel sheets, strip, plates, or flat bars generally used in cold-formed steel construction

before designing this type of steel structural member.

From a structural standpoint, the most important properties of steel are:

1. Yield point or yield strength

2. Tensile strength

3. Stress—strain characteristics

4. Modulus of elasticity, tangent modulus, and shear modulus

5. Ductility

6. Weld ability
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7. Fatigue strength

8. Toughness

Influence of cold work on mechanical properties of steel

The mechanical properties of cold-formed sections are sometimes substan-
tially different from those of the steel sheet, strip, plate, or bar before forming. This is
because the cold-forming operation increases the yield point and tensile strength and
at the same time decreases the ductility. The percentage increase in tensile strength is
much smaller than the increase in yield strength, with a consequent marked reduction
in the spread between yield point and tensile strength. Since the material in the
corners of a section is cold-worked to a considerably higher degree than the material
in the flat elements, the mechanical properties are different in various parts of the
cross section. Figure 14 illustrates the variations of mechanical properties from those
of the parent material at the specific locations in a channel section and a joist chord
after forming tested by Karren and Winter. For this reason, buckling or yielding
always begins in the flat portion due to the lower yield point of the material. Any

additional load applied to the section will spread to the corners.
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Figure 7 Effect of cold work on mechanical properties in cold-formed steel section

(a) channel section (b) joist chord

Source: Yu (1924)

Compression Members

Similar to the heavy hot-rolled steel sections, thin-walled cold-formed steel
compression members can be used to carry a compressive load applied through the
centroid of the cross section. The cross section of steel columns can be of any shape
that may be composed entirely of stiffened elements and unstiffened elements or a
combination of stiffened and unstiffened elements. Unusual shapes and cylindrical
tubular sections are also often found in use. Cold-formed sections are made of thin
material, and in many cases the shear center does not coincide with the centroid of the
section. Therefore in the design of such compression members, consideration should
be given to the following limit states depending on the configuration of the section,

thickness of material, and column length used:
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1. Yielding

2. Overall column buckling

2.1 Flexural buckling: bending about a principal axis

2.2 Torsional buckling: twisting about shear center

2.3 Torsional-flexural buckling: bending and twisting simultaneously

3. Local buckling of individual elements

(a] [b)

SCCITIND

Figure 8 Type of compression member

Source: Yu (1924)

Design provisions for the overall flexural buckling and the effect of local
buckling on column strength have long been included in the AISI Specification. The
provisions for torsional-flexural buckling were added to the specification in 1968
following a comprehensive investigation carried out by Winter, Chajes, Fang, and
Pekoz at Cornell University. The current AISI design provision are based on the
unified approach developed in 1986 and discussed by Pekoz (Weng and Pekoz, 1990)
This approach consists of the following steps for the design of axially loaded

compression members:
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1. Calculate the elastic column buckling stress (flexural, torsional, or tor-

sional—flexural) for the full unreduced section.

2. Determine the nominal failure stress (elastic buckling, inelastic buckling,

or yielding).

3. Calculate the nominal column load based on the governing failure stress

and the effective area.

4. Determine the design column load from the nominal column load using the

specified safety factor for ASD or the resistance factor for LRFD.

Flexural column buckling

Elastic Buckling

A slender axially loaded column may fail by overall flexural buckling if the
cross section of the column is a doubly symmetric shape (I-section), closed shape
(square or rectangular tube), cylindrical shape, or point-symmetric shape (Z-shape or
cruciform). For singly symmetric shapes, flexural buckling is one of the possible

failure modes.

Buckling

Displacement

Figure 9 Flexural buckling

Source: Yu (1924)



17

The elastic critical buckling load for a long column can be determined by the

Euler formula:

iEl

_mH (1)
° ~ (KLY

where P_= Euler buckling load

E = modulus of elasticity
I = moment of inertia
L = column length

K = effective length factor

2
Substituting I = Ar in equation (1) the following Euler stress for elastic

column buckling can be obtained:

T2E )

8 (KLIT)

where

KL/r is the effective slenderness ratio and r is the least radius of gyration.



18

Buckled shape of column
is shown by dashed line
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Figure 10 Effective length factor K for Axially loaded columns with various end

conditions

Source: Yu (1924)

Local buckling of individual elements

Cold-formed steel design, individual elements of cold-formed steel structural
members are usually thin and the width-to-thickness ratios are large. These thin
elements may buckle locally at a stress level lower than the yield point of steel when
they are subject to compression in flexural bending, axial compression, shear, or
bearing. Figure 18 illustrates local buckling patterns of certain beams and columns,
where the line junctions between elements remain straight and angles between

elements do not change.

Since local buckling of individual elements of cold-formed steel sections has
often been one of the major design criteria, the design load should be so determined
that adequate safety is provided against failure by local instability with due

consideration given to the postbuckling strength.
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It is well known that a two-dimensional compressed plate under different
edge conditions will not fail like one-dimensional members such as columns when the
theoretical critical local buckling stress is reached. The plate will continue to carry
additional load by means of the redistribution of stress in the compression elements
after local buckling occurs. This is a well-known phenomenon called postbuckling

strength of plates (Yu, 1924).

Compression

Figure 11 Local buckling of compression elements. (a) Beams. (b) Columns

Source: Yu (1924)

Behavior of compression element.

Elastic Local Buckling Stress of Plates considering a simply supported square

plate subjected to a uniform compression stress in one direction, it will buckle in a

single curvature in both directions, as shown in Figure 19.
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Figure 12 Square plate subject to compression stress

Source: Yu (1924)

The critical buckling stress of a plate as shown in Figure.12 can be deter-

mined by solving Bryan’s differential equation based on small deflection theory as

follows:
‘o, , e | e filde _ (3)
ox* ax*ay? gyt D ax?
Where
= #f_m (@)

Where E = modulus of elasticity of steel = 29.5 x 103 ksi (203 GPa)
t = thickness of plate
u = Poisson’s ratio = 0.3 for steel in the elastic range
w = deflection of plate perpendicular to surface

f, = compression stress in X direction
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]

Figure 13 Rectangular plate subjected to compression stress

Source: Yu (1924)

If m and n are the numbers of half sine waves in the X and y directions,
respectively, the deflected shape of the rectangular plate as shown in Figure.13 may

be represented by a double series:

D -  mwx . nmy
w = Z Z A, sin sin —— )
m=1 n=1 a W

From boundary condition at x=0,a and y equal zero.The calculation edge

deflection equal zero. Because g2¢u/ax> = () and Ejlw,.r"a}sf = () at four edges,

Equation (5) can be solving from edge moment equal zero because

M, = -D (—':*2“” o ‘“2‘”") (©)
* ax? av?,
P P w'

= - + 7

M, - [ ayz M axf_.) D

Solving Eq. (3) by using Eq. (5) one can then obtain the following equation:

s ‘m* n?\? tm*w? | mwx . nmwy
> zAr:rn[ﬂ4( N :) i - ]Sm sin —— = 0 (8)

m=1 n=1 .‘ﬂj W=, D a a W
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the quantity in the bracket must be zero. By solving

m*  nt\>  f.tmPm?
) ) =0 ©)

4
Il Ll 3 +
( a  w? D a

]

You can find a solution for critical local buckling stress as follows:

D /) 2 {a\T?
o _ w nra (10)
e fx w2 [m (n) " m (‘Hr]]

the minimum value in square brackets is n =1, that is, only one half sine wave occurs

in the y direction. Therefore

2 kD>
tw?

T (11)

where
ol [m (E) 4 (E)] (12)
'\.n m .\.“I..

Represent the value D in Equation(4). to Equation(11). get a general equation
for critical local buckling stress for a rectangular plate subjected to compression stress

in one direction:

_ km’E (13)
T12(1 — pH(w/i)?

fL"l'

k values used in Equation (13). is shown in Figure 14. for different a/w ratios.
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— m=1
s 2 5.5 58 s.s.ﬂ !w
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Figure 14 Buckling coefficient for flat rectangular plates

Source: Yu (1924)

(il
Where — = m
H.‘

A = the length of the half sine wave

For long plate having a relatively large a/w ratio is of particular interest as
shown in Figure 21 whenever the aspect ratio a/w exceeds about 4, a value of k = 4
can be used for determining the critical buckling stress for a plate simply supported

along four edges and subjected to compression stress in one direction, that is

mE

— (14)
3(1 — w?)(w/t)?

.fl..‘f

The values of k for a long rectangular plate are tabulated in Figure 22.
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Case Boundary condition Tgfr‘:;:: “"&l‘ﬁ ‘;Tﬂ';;ﬂf

tal Compression)| ENal

ib) Compression .97
tel Cormnpression 0925
e Compression 1.277
{e) Compresaion 542
£l Shear 5.34
e} Shear 898
{h} Bending 23q

L Bending 4.8

Figure 15 Values of k for Determining Critical Buckling Stress

Source: Yu (1924)

Postbuckling Strength .

Structural members such as columns, stiffened compression elements will not
collapse when the buckling stress is reached. An additional load can be carried by the
element after buckling by means of a redistribution of stress. This phenomenon is
known as postbuckling strength and is most pronounced for elements with large w/t

ratios (Schafer and Adany, 2006).

In the plate Figure 23 the stress distribution is uniform prior to its buckling, as
shown in Figure 24 (a). After buckling, a portion of the pre-buckling load of the
center strip transfers to the edge portion of the plate. As a result, a nonuniform stress
distribution is developed, as shown in Figure 24 (b). The redistribution of stress
continues until the stress at the edge reaches the yield point of the steel and then the
plate begins to fail Figure 24 (c). The postbuckling behavior of a plate can be analyzed
by using large deflection theory. The following differential equation for large deflection

buckling of a plate was introduced by von Karman in 1910:
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Figure 16 Square plate model for postbuckling action

Source: Yu (1924)

Fy > fo>Ty
i< fer ;EL |
f‘t | i
R “2.°N
fa) k)

Figure 17 Consecutive stages of stress distribution in stiffen compression element

Source: Yu (1924)

A concept of “‘effective width’’ was introduced by von Karman in 1932.In
this approach, instead of considering the nonuniform distribution of stress over the
entire width of the plate w, it is assumed that the total load is carried by a fictitious

effective width b, subject to a uniformly distributed stress equal to the edge stress f

max

as shown in Figure 25.
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Figure 18 Effective width of stiffeness compression element
Source: Yu (1924)

The plate which just buckles when the compressive stress reaches the yield
point of steel. Therefore for a long plate, the theoretical value of b may be determined

as follows:

. T E
Y301 — phHibin?

(15)

Whenever w>Db,

B 7 E
31 — pAiwln?

fer (16)

AISI design formulas for concentrically loaded compression members.

Concentrically Loaded Compression Members (AISI standard, 2007)

This section applies to members in which the resultant of all loads acting on

the member is an axial load passing through the centroid of the effective section cal-

culated at the stress, Fn, defined in this section.
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(a) The nominal axial strength, Pn shall be calculated as follows:

Pn = AeFn (17)

where Ae = Effective area at the stress Fn.

Fn 1is determined as follows:

For A, =15 F,= (0.658%)F, (18)
0.877
For A_= 1.5 F, = [ e ] F, (19)
Where
IF,
A= [x (20)
B VF,
Fe = the least of the elastic flexural, torsional, and torsional-flexural

buckling stress

For doubly symmetric sections, closed cross sections and any other sections
which can be shown not to be subject to torsional or torsional-flexural buckling, the

elastic flexural buckling stress (AISI standard, 2007).

Fe shall be determined as follows:

;. 21)
- mE

© (KLIr)?

Where E = modulus of elasticity
K = effective length factor
L = unbraced length of member

r = radius of gyration of the full, unreduced cross section.
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Built-up compression members

For built-up compression members composed of two sections in contact, the
available axial strength (factored axial resistance) shall be determined in accordance
with Section C4.1(a) of the North American Specification subjected to modification
as necessary. Based on Section D1.2 of the 2007 edition of the North American
specification(AISI standard, 2007), if the buckling mode involves relative
deformations that produce shear forces in the connections between individual shapes,
the effective slenderness ratio KL/r is replaced by the modified effective slenderness

ratio (KL/r )m calculated by Equation (22) (Young, 2004)

fﬂ.iﬂn&u o

a

™8

¥ ;
8

e

a

LY

Figure 19 Built-up section member

Source: Reyes and Guzman (2011)
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(%), - (E) ()

Where

(KL/r)p = overall slenderness ratio of entire section about built-up

member axis.

a = intermediate fastener or spot weld spacings.

ri = minimum radius of gyration of full unreduced cross-

sectional area of an individual shape in built-up member

K = the effective length factor

L = the unbraced member length.

In the above design criteria, equation (22) was added to the North American
Specification since 2001 on the basis of the 1999 AISC Specification and the 1994
CSA Standard. The overall slenderness ratio, (KL/r) 0, is computed about the same
axis as the modified slenderness ratio, (KL/r) m. The (KL/r) m ratio replaces KL/r in
equation (27) for flexural buckling and for both flexural and flexural—torsional
buckling replaces KL/r in equation (28). Section D1.2 of the North American
Specification includes the above three requirements concerning intermediate fastener
spacing a, end connection of the built-up member and the applied force for the design
of intermediate fastener(s). (Kwona et al., 2007) The intermediate fastener spacing
requirement for the [a/ri <0.5(KL/r)] (Whittle and Ramseyer, 2009) is to prevent
flexural buckling of individual shapes between intermediate connectors to account for

any one of the connectors becoming loose or ineffective.
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In accordance with section C4.1 of AISI S100-2007 the nominal axial strength

shall be calculated by the following
(23)

Pn = AeFn

where Ae = Effective area calculated at stress Fn
Fn shall be calculated as follows:

For Ac < 1.5 (Inelastic buckling mode)
(24)

F, = (0.658" ) F,.

For Ac > 1.5 (Elastic buckling mode)
(25)

Where (26)
Fe = The least of the applicable elastic flexural, torsional and flexural—

torsional buckling stress.
For sections not subject to torsional or flexural—torsional buckling as doubly-

symmetric sections or closed cross-sections:

E T2E
e = ——35
(KL/T) (27)
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For torsional buckling (Ghoraba, 1997)

’EC
F. = ;\;GJP + Kipr (28)

2 2
Ao (K,L,)

For torsional buckling stress between fasteners (Ghoraba, 1997)

1 n’EC
.. =—_|Gi+ —WJ
Agrs[ % ©9)
where E = Modulus of Elasticity
K = Effective length factor
L = Unbraced length of member
r = Radius of gyration of full unreduced cross section about axis of

buckling.

Research of cold-formed steel built-up column.

1. Evaluation of the slenderness ratio in built-up cold-formed box sections

(Reyes and Guzman, 2011)

According to section D1.2 of AISI S100-2007 for compression members
composed of two sections in contact whose buckling mode involves shear forces in
the connectors, a reduction must be made, KL/r must be replaced by (KL/r)m. This
new modified slenderness ratio takes into account the connection weld spacing and
the minimum radius of gyration of an individual shape in the built-up member. Under
the provisions of section D1.2 a reduction in load capacity must be made for built-up
welded box members, which are the subject of this study. An experimental
investigation on 48 samples was addressed to determine the comparative behaviour
under compression load of box sections composed of two C-section members in
contact by seam welds with different weld spacings (ranging from 100 to 900 mm).

The studs were tested simulating rigid and flexible end support conditions. The length
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of the samples was 900 mm with a cross-section of 100 mm x 100 mm. The base
material thickness was 1.5 mm (gauge 16) for 24 samples and 2.0 mm (gauge 14) for
the rest. The testing done on the samples did not show a statistical reduction in the
ultimate compression load capacity for these members except for a weld spacing of
900mmand a flexible end support condition. The reduction considered in AISI S100-
2007 is not applicable to determine the ultimate load capacity for the rest of the

members.

Two seli-drilling screws on

a %
‘@“’m' ‘Q’% sach side to fix the track -
T~ 4
M
™~
a

COne seam weld 25 mm long on

' f each side covered by the track

Figure 20 Typical tested sample for rigid end supports (left) and for flexible end
supports (right)

Source: Reyes and Guzman (2011)

Experimental investigation

The study performed by Stone and La Boube provided the basic guidance to
develop all the research on assembled box members. Fig. 27 presents both the typical
stud sample for the first set rigidly supported (left) and the typical sample for the
second set under a flexible end supporting condition (right). For the flexible support
neoprene plates 15 mm thick at each end were used. The experimentation focused on
ultimate axial strength was performed at Universidad del Norte, Barranquilla
(Colombia).
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The purpose of this research is to determine the variation of the ultimate load
capacity for the built-up member evaluating how it is affected by the variability in the
weld spacing (distance‘‘a’ in Fig. 28) taking into consideration different end
supporting conditions and also shedding light on determining whether current AISI
provisions are applicable for cold-formed box section members. The Figure 29 shows

the dimensions of the cross-section.

Figure 21 Typical box section

Source: Reyes and Guzman (2011)

Parameter magnitudes of the cross-section.

Parameter Magnitude (mm)
Stud thickness, t 15,20

Depth, D 100

Flange, by 50

Edge stiffener, d 15

Weld seam spacing, a 100, 300, 00, 900

Figure 22 Parameter magnitudes of the cross-section

Source: Reyes and Guzman (2011)
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Test results

Built-up compression-member test results for rigid supports.

Reference Weld spacing (mm) Py, Failure load (kN)
Isttest  2ndtest  3rd test

1314 1416 1332
1331 1340 129.8
1310 1236 1211
1415 1302 1443
240.1 2654 256.9
264.0 2679 264.1
2638 2462 263.9
2575 269.6 263.9

Box 100 = 100-1.5 mm
Box 100 = 100-1.5 mm
Box 100 = 100-1.5 mm
Box 100 x 100-1.5 mm
Box 100 = 100-2.0 mm
Box 100 x 100-2.0 mm
Box 100 x 100-2.0 mm
Box 100 x 100-2.0 mm

SEEE88883

Figure 23 Built-up compression-member test results for rigid supports

Source: Reyes and Guzman (2011)

Built-up compression-member test results for flexible supports.

Reference Weld spacing (mm)  Piesz, Failure load (kN)
Isttest  2ndtest  3rd test

Box 100 = 100-1.5mm 100 131.2 1258 1297
Box 100 = 100-1.5mm 300 1209 1282 1214
Box 100 x 100-1.5mm  G0OD 1248 1218 1297
Box 100 = 100-1.5mm  S00° 1158 1195 118.2
Box 100 x 100-2.0mm 100 2354 2418 251.8
Box 100 = 100-2.0mm 300 2508 2629 2595
Box 100 = 100-2.0mm  G0O 2436 2533 25485
Box 100 = 100-2.0mm  900° 2383 2358 240.0

# These samples presented a significant statistical reduction in the average of the
maximum load capacity.

Figure 24 Built-up compression-member test results for flexible supports

Source: Reyes and Guzman (2011)

Figure30 and figure31 summarise the failure loads for each specimen. These
results collect all the maximum loads obtained from the tests for rigid and flexible
supports. The results of the first set of samples, under a rigid support condition, are
summarised in figure30 (Ptestl). Figure31 presents the results obtained from the

second set of samples according to a flexible support condition (Ptest2).



Figure 25 Typical failure mode for rigidly supported specimens

Source: Reyes and Guzman (2011)

Figure 26 Local buckling at ends for samples with flexible supports (left) and

buckling close to seam welds along the specimen (right)

Source: Reyes and Guzman (2011)

35
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Figure 27 Typical failure curvature mode on samples with flexible supports and welds
spaced 900 mm (there was a reduction in the maximum load capacity under

this configuration)

Source: Reyes and Guzman (2011)

Conclusion and discussion for this paper

For both end support conditions the statistical values of failure load are about
the same magnitude except for the 900 mm spacing with a flexible end support. This
latter spacing showed a reduced capacity with a flexible support compared to that
with an end rigid support. The reduction considered in section D1.2 of the North
American Specification (AISI S100-2007) due to the weld spacing would not be
applicable to predict the failure load up to a weld spacing of 600 mm no matter the
type of support. In other words, the actual overall slenderness ratio of the entire
section might not be modified due to the weld spacing as it is less than or equal to 600
mm. The analysis of the results obtained from the 48 specimens shows that the
modified slenderness ratio is not always necessary for material 1.5 and 2.0 mm thick
and therefore the actual slenderness ratio could be used to compute the ultimate load
capacity for these structural members if the seam weld spacing is less than or equal to
600 mm since there is not a significant statistical reduction in the failure load in
laboratory tests. The values were slightly affected by the type of support but this

reduction did not represent a significant statistical difference except for the samples
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on flexible supports with a seam weld spacing of 900mm.Disregarding this latter
spacing there is no need to use the modified slenderness ratio to determine the
maximum load capacity of the members under consideration no matter the type of
support. This observation concurs and expands the application of the AISC approach
for built-up members conformed from two C-section members in contact by seam

welds.

2. Buckling capacities of axially loaded, cold-formed, built-up C-channels
Whittle and Ramseyer (2009)

Cold-formed, built-up members are common compression elements in cold-
formed steel joists, and these built-up members are susceptible to unique buckling
behaviors. Built-up member design is addressed in Section C4.5 of the American Iron
and Steel Institute 2001 Specification. Over 150 experimental compression tests on
closed-section, built-up members formed of intermediately welded c-channels were
conducted, and these experimental values were compared to theoretical buckling
capacities based on the Section C4.5 modified slenderness ratio. Use of the modified
slenderness ratio was exceedingly conservative. Capacities based on the unmodified
slenderness ratio and C4.5 fastener and spacing provisions were consistently
conservative. The 2007 AISI Specification Section D1.2 specifies that built- up
members be designed with a modified slenderness ratio if shear forces are induced
between the weld or screw connectors. The section also introduces a minimum
fastener strength requirement and a fastener spacing requirement for built-up
members . Refer to Eqs.(29) and (30) for the modified slenderness ratio and

intermediate fastener spacing provision as stated in AISI Specification D1.2:

() >
Fi

2

(). =V ().
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Condition for AISI D1.2 — modified slenderness ratio

a KL
2 <05 (T) D (30)

AISI C4.5 fastener spacing provision where (KL/r)o is the over all slenderness
ratio of entire section about the built-up member axis ;a is the intermediate fastener or
spot weld spacing ; ri is the minimum radius of gyration of the full unreduced cross-
sectional area of an individual shape in a built- up member ; K is the effective length
factor; and L is the unbraced member length. However, the modified slenderness ratio

is heavily adopted.
Test objective and experimental setting.

An experimental investigation of over 150 cold-formed, built- up c-channels
loaded in compression was conducted at the University of Oklahoma’s Fears Structural
Engineering Laboratory. All specimens were tested in pure axial compression with
pinned end conditions. The primary objective was to find maximum buckling capacities
for a variety of built-up members to determine the accuracy of the AISI2007
Specification’s design methods for built-up members. In addition, the effects of built-
up member characteristics, such as member thickness, member geometry, column
length, and location and number of intermediate weld attachments were explored to
obtain abroad- range of experimental data that could more thoroughly represent built-
up c-channel buckling behaviors. Three repetitions of each member type were tested
to obtain reliable average buckling values, and single c-channel tests served as a baseline
measure for each built-up member type. A total of 153 experimental tests were
conducted and 55 specimen types investigated. Eight of the 55 specimen types had
fewer than three repeated specimens tested. The experimental testing focused on
closed-section built-up members, as this configuration provides exceptional torsional
resistance, and limited research has been performed in this built-up member area. Not
all of the built-up members tested met the fastener spacing provisions present in AISI
Specification Section D1.2. The purpose of experimentally testing built-up members

that did and did not meet the provision was to better relay the accuracy of
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SectionD1.2 for properly designed, built-up compression members. In addition, the
type of built-up members were chosen to provide experimental verifica-tion of
specific built-up section behavior for the research sponsor, who was interested in

constructability limitations and not necessarily interested in the D1.2 limitations.

Figure 28 Single section

Source: Whittle and Ramseyer (2009)

Figure 29 Built-up member

Source: Whittle and Ramseyer (2009)



40

254 mm (1in)
midpoint stitchweld |

50.8 mm (2 in) end
weld

50.8 mm (2 in
end weld

Figure 30 Complete built-up member with midpoint attachment

Source: Whittle and Ramseyer (2009)

The built-up members were created with two, lipped c- channels welded
together at the top and bottom with 50.8 mm (2 in.) long welds and at intermediate
locations along the member with 25.4 mm.(1 in.) long welds to form a closed box-
section. All welds were approximately 4.76 mm (0.1875in.) thick. Figs.35and36
display a single c-channel and a closed, built-up member, respectively. Fig.37
illustrates a complete built-up member with a typical midpoint intermediate weld. All
intermediate welds were equally spaced along the length of the member. The number
and location of intermediate weld attachments and length of the member represented
the diversity of built-up members. Midpoint, third-point, and sixth-point welds were
all tested in addition to welding on a single side of the member or both sides of the
members. The efficient, single-sided welding has recently become more prevalent as
robotic fabrication processes for built-up members have grown in popularity. Member

lengths of 1803 mm (71 in.) and 1397 mm (55 in.) were also researched.



41

Test results

Load ve. Displcement
— DW2 - double sided, two welds located at third points
[_:l 5 1803 mm (T1%) long, 41.275 mm (1.6257) geometry,
254 mm (0.1007) thick members

250

s O B ——

i O e

Load (kM)
A\

100 L e

80 4-——-——— e e N a4 s

Displacement (mm)

Figure 31 Load-displacement of DW2- double sided

Source: Whittle and Ramseyer (2009)

Welded attachment orientation Description
[ | | Single
|__ K} Q Double
|__ = < % ;| W1
[ $ 3 v,
13 & % % o] o
s K o) o) e -
[_]6 £S ra3 a3 ry £ 3 9 N
S e .

=2 end welds, x =17 intermediate welds

Figure 32 Intermediate attachment orientations and descriptions

Source: Whittle and Ramseyer (2009)



Length (mm) (in.) Width {mm) (in.) Thickness {mm) (in.) Weld type Axial capacity (kN) (kip) PooolP,

Average Pog (KN) (kip) AlSLP, (kN) (lkip)

1397 (55) 41275 (1625) 2032 (0.080) Single 3398 (7.64) 19.04 (428) 178
1397 (55) 41275 (1625) 2032 (0,080} Double 104.1 (23.40) 6352 (14.28) 164
1397 (55) 41275 (1625) 2032 (0.080) W1 1419 (3189) 1028 (23.1) 138
1397 (55) 41275 (1625) 2032 (0.080) oW 1 1753 (39.41) 9746 (2191) 180
1397 (55) 41275 (1625) 2032 (0080) W2 1368 (30.75) 113 (2542) 121
1397 (55) 41275 (1625) 2032 (0.080) oW 2 1744 (3920) 1073 (24.3) 162
1397 (55) 41275 (1625) 2032 (0.080) SW5 1374 (3088) 1197 (2691) 115
1397 (55) 41275 (1625) 2032 (0080) DW 5 1644 (36.96) 1156 (2598) 142

Figure 33 Axial capacities-maximum buckling loads and AISI nominal loads

(1397 mm length) (55in.)

Source: Whittle and Ramseyer (2009)

Length {mim) (in.) Width (mm) (in) Thickness (mm) (in.) Weld type Axial capacity (kN) (kip) Prex/Pn
Average Prea (KN) (kip) AlSI P (kM) (kip)

1803 (71) 41275 (1625) 1626 (0.064) Single 14.99 (3.37) 956 (2.15) 157
1803 (71) 41275 (1625) 1626 (0.064) Double 5636 (12.67) 3109 (6.99) 181
1803 (71) 41275 (1625) 1626 (0.064) SW 1 76.51 (17.20) 5227 (1.95) 146
1803 (71) 41275 (1625) 1626 (0.064) oW 1 1029 (23.13) 50.18 (11.28) 205
1803 (71) 41275 (1625) 1626 (0.064) SW 2 6628 (14.90) 59.78 (13.44) 111
1803 (71) 41275 (1625) 1626 (0.064) Dw 2 144.0 (32.37) 5098 (11.46) 283
1803 (71) 41275 (1625) 1626 (0.064) SW 5 7798 (17.53) 6548 (14.72) 119
1803 (71) 41275 (1625) 1626 (0.064) DW 5 1312 (29.49) 5992 (13.47) 219
1803 (71) 41275 (1625) 2,032 (0.080) Single 2411 (5.42) 1428 (3.21) 169
1803 (71) 41275 (1625) 2,032 (0.080) SW 1 1193 (26.82) 6299 (14.16) 189
1803 (71) 41275 (1625) 2,032 (0.080) oW 1 1432 (32.20) 6299 (14.16) 227
1803 (71) 41275 (1625) 2,032 (0.080) SW 2 95.73 (21.52) 7211 (16.21) 133
1803 (71) 41275 (1625) 2,032 (0.080) Dw 2 146.4 (32.92) 7211 (16.21) 203
1803 (71) 41275 (1625) 2,032 (0.080) SW 5 1332 (29.95) 79,00 (17.76) 169
1803 (71) 41275 (1625) 2,032 (0.080) DW 5 1426 (32.05) 79,00 (17.76) 181
1803 (71) 41275 (1625) 254 (0.100) Single 4088 (9.19) 21.44 (4.82) 191
1803 (71) 41275 (1625) 254 (0.100) Double 1166 (26.21) 4435 (9.97) 263
1803 (71) 41275 (1625) 254 (0.100) SW 1 1448 (32.54) 74.91 (16.84) 193
1803 (71) 41275 (1625) 254 (0.100) oW 1 2062 (46.36) 74.91 (16.84) 275
1803 (71) 41275 (1625) 254 (0.100) SW 2 1618 (36.38) 8585 (19.30) 189
1803 (71) 41275 (1625) 254 (0.100) Dw 2 2216 (49.81) 85,85 (19.30) 258
1803 (71) 41275 (1625) 2.54 (0.100) SW 5 1822 {40.95) 9408 (2115) 194
1803 (71) 41275 (1625) 2.54 (0.100) DW 5 2237 (5028) 94,08 (2115) 238

Figure 34 Axial capacities- maximum buckling loads and AISI nominal loads

(1803 mm (71in.) length, 41.275 mm (1.625in.) width

Source: Whittle and Ramseyer (2009)
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Length (mm) (in.) Width (mm) (in) Thickness {(mm) {in.} Weld type Axial capacity (kN) (kip) Poeal Pa
Average Prog (KN) (Kip) AISLP, (KN) (Kip)
1803 (71) 66.675 (2.625) L1626 (0.064) Single 43.37 (9.75) 16.86 (3.79) 257
1803 (71) 66,675 (2.625) LE26 (0.064) Double 128.4 (28.87) 8234 (18.51) 1.56
1803 (71) 66,675 (2.625) LE26 (0.064) W1 1439 (32.34) 119.4 (26.84) 1.20
1803 (71) 66,675 (2.625) 1626 (0.064) ow 1 1718 (38.62) 1093 (24.58) 1.57
1803 (71) 66,675 (2.625) 1626 (0.064) w2 152.4 (34.26) 1262 (28.36) 1.21
1803 (71) 66.675 (2.625) 1626 (0.064) Dow 2 177.5 (39.91) 118.7 (26.69) 1.50
1803 (71) 66675 (2.625) 1626 (0.064) W5 1612 (36.23) 1282 (28.83) 1.26
1803 (71) 66675 (2.625) 1626 (0.064) oW 5 176.6 (39.69) 124.7 (28.03) 1.42
1803 (71) 66675 (2.625) 2,032 (0.080) Single 64.90 (14.59) 25.80 (5.80) 251
1803 (71) 66675 (2.625) 2032 (0.080) Double 185.9 (41.80) 1123 (2524) 166
1803 (71) 66675 (2.625) 2032 (0.080) W1 2053 (46.15) 150.8 (33.91) 136
1803 (71) 66675 (2.625) 2,032 (0.080) ow 1 2258 (50.76) 1441 (32.40) 1.57
1803 (71) 66675 (2.625) 2032 (0.080) w2 195.9 (44.05) 165.0 (37.09) 119
1803 (71) 66.675 (2.625) 2,032 (0.080) Dw 2 2291 (5151) 1528 (3434) 1.50
1803 (71) 66.675 (2.625) 2,032 (0.080) WS 2156 (48.46) 1633 (36.72) 1.32
1803 (71) 66,675 (2.625) 2,032 (0.080) ow s 2402 (54.00) 155.7 (35.01) 1.54
1803 (71) 66.675 (2.625) 2.54 (0100) Single 9648 (2169) 38.21 (8.59) 253
1803 (71) 66.675 (2.625) 2.54 (0100} Double 2809 (63.14) 1359 (30.56) 207
1803 (71) 66,675 (2.625) 2.54 (0100} W1 3306 (7431) 208.4 (46.86) 1.59
1803 (71) 66.675 (2.625) 2.54 (0100} ow 1 4092 (92.00) 189.9 (42.70) 215
1803 (71) 66,675 (2.625) 2.54 (0100} w2 3523 (79.19) 2184 (49.10) 161
1803 (71) 66675 (2.625) 2.54 (0100} ow 2 4342 (9760) 2009 (45.16) 216
1803 (71) 66,675 (2.625) 2.54 (0100} WS 3458 (77.74) 230.8 (51.88) 1.50
1803 (71) 66,675 (2.625) 2.54 (0:100) ow s 384.6 (86.45) 2203 (49.52) 1.75

Figure 35 Axial capacities- maximum buckling loads and AISI nominal loads

(1803 mm (71in.) length, 66.675 mm (2.625in.) width

Source: Whittle and Ramseyer (2009)

Data analysis

Analysis of AISI specification D1.2 the modified slenderness ratio.

The primary goal of the test results was to validate the effectiveness of using
the modified slenderness ratio in D1.2 to calculate axial buckling capacities. The ratio
of Ptest/Pn indicate show conservative the AISI2007 Specification is for designing
built-up columns using the modified slenderness ratio in D1.2. There was a trend for
the design of columns using the average modified slenderness ratio to be more
conservative for thicker members than thinner members. This upward trend of
material thickness compared to the ratio of experimental capacity to nominal capacity
followed the pattern first mentioned in Stone and LaBoube’s research of built-up
studs. This trend between material thickness and degree of AISI capacities being
conservative was also dually noted in Brueggen and Ramseyer’s research.
Comparison of the seven various built-up member configurations indicated that built-
up members with shorter widths (more stub by sections) result in more conservative

AISI nominal strength predictions based on the modified slenderness ratio. In
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addition, the axial buckling capacities based on the modified slenderness ratio were
more conservative for longer columns than shorter columns, as seen in the

comparison between the 1803 mm (71in.) and 1397 mm (55in.) specimens.

The relationship between calculating axial capacities based on the modified
slenderness ratio, based on the unmodified slenderness ratio, and the pure
experimental test values is displayed. The average buckling capacities for each
member thickness were compared. The method using the modified slenderness ratio
was consistently conservative. It was 72.5% conservative on average when compared
to the experimental buckling capacities for all built-up members tested, and it was
77% conservative on average for all built-up members meeting the provisions of
Section D1.2. The percentage of being conservative increased as member thickness
increased. This conservative percentage was based on both double-and single-sided
attachments. The average axial capacities based on the modified slendernesss ratio of
section D1.2 were 60% conservative on average for all 1.626mm (0.064in.) thick
members tested, 64% conservative on average for all 2.032mm (0.080in.) thick
members tested, and 107% conservative on average for all 2.54mm (0.100 in.) thick
member tested. There were no Ptest/Pn values below. Similarly, the axial capacities
based on the unmodified slenderness ratio were also very conservative on average.
Use of the unmodified slenderness ratio would represent ignoring Section D1.2 for
built-up members and designing a member solely on the column design specification.
Overall ,the method using the unmodified slenderness ratio was on average 46%
conservative for all built-up members tested, and it was 65% conservative on average
for all built-up members meeting the provisions of Section D1.2. The degree of the
design method based on the unmodified slenderness ratio being conservative also
increased with the increased thickness of the member. The average axial capacities
using the unmodified slenderness ratio were 34% conservative on average for all
1.626 mm (0.064in.) thick members tested, 44% conservative on average for all
2.032 mm (0.080in.) thick members tested, and 72% conservative on average for all

2.54 mm (0.100in.) thick member tested.



Analysis of intermediate weld pattern and buckling modes

Close-up: opposing c-channels

L7
-

Side view: double member CrOss-5eCtion View af mid-span
(separate channel flexural buckling)

Figure 36 Double member buckling

Source: Whittle and Ramseyer (2009)

Angled view: prying of channels

7

Cross-secrion view ar mid-span

Side view: Aexural buckling

Figure 37 Side view: flexural-torsional buckling of SW5, 41.275 mm (1.625 in.)

wide built-up member

Source: Whittle and Ramseyer (2009)
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Back view: prying of c-channels

Side view: flexural-torsional buckling 5 = =
(bulge around midpoint weld) Front view: distortion around

midpoint weld

ST

CrOoNs-SECiion view of
mricd-span ( Back view)

Figure 38 Buckling of SW1, 66.675mm (2.625 in.) wide built-up member

Source: Whittle and Ramseyer (2009)

Front view: lower section crippling Front view: close-up

Figure 39 Front view: crippling and separate channel buckling of DW1 member

Source: Whittle and Ramseyer (2009)
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L&26 mm (0.06427) 2,034 mm (DOB0) 2.54 mm {0, LK)
thick member thick member thick member

Clos-up— 2.54 mm
(00647 thick member (LOB07) thick member (01007 thick member

Close-up — 1625 mm

Figure 40 Isolated deformation of members with double-sided attachments

Source: Whittle and Ramseyer (2009)

Conclusions

1. The average axial capacity based on the modified slenderness ratio of
sectionD1.2 is exceedingly conservative for built-up members, in general, greater
than 70% conservative. The unity check range for all built-up members tested that the
meetD1.2 provisions is 1.11-2.83. The value of 1.0 represents a legal built - up

member according to the AISI Specification.

2. Use of the modified slenderness ratio is more conservative for longer built-
up members and thicker built-up sections. Using the modified slenderness ratio of

Specification D1.2 for built-up members is marginally more conservative than using
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the standard column procedures of C4 with the unmodified slenderness ratio, if the

built-up member fastener and spacing provisions of D1.2 are followed.

2.1 The axial capacities determined using the unmodified slenderness ratio
are on average 12% less conservative than the axial capacities calculated based on the

modified slenderness ratio for all built-up members tested that meet D1.2 provisions.

2.2 The axial capacities calculated using the unmodified slenderness ratio
are unconservative for only one specimen meeting the provisions of D1.2 for built-up

members. The unity check for this specimen is 0.98.

3. The built-up member fastener and spacing provisions of D1.2 are effective.
These provisions in combination with the unmodified slenderness ratio are very
conservative for closed-section, intermediately welded, built-up members. The results
range from a unity of 0.98-2.5, with values greater than 1.0 representing conservatively

designed members.

3. Investigation on slenderness ratios of built-up compression members

Liu, Lue, Lin (2009)

This paper provides a direct experimental verification of the AISC
slenderness ratio formulas for built-up compressive members. The comparison on
various code-specified slenderness ratios or provisions, which used in the AISC-ASD,

AISC-LRFD, AS-4100, and CSA S1601, are presented.

Slenderness ratios of built-up compressive members For clarity and convenience,
various slenderness ratios for built-up compression members summarized as follows

and related parameters used are briefly specified.
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Bleich’s formula

(). -0+ (R (E) G1)

where

(KL/r)m : modified column slenderness ratio of built-up member acting as
a unit

(L/r)o : column slenderness ratio of built-up member acting as a unit

a : distance between connectors

rib : radius of gyration of individual component relative to its centroidal

axis parallel to member axis of buckling.

Section E6 of 2005 AISC specification

For intermediate connectors that are snug-tight bolted:

"

(55).-(55).+ (2) @)

For intermediate connectors that are welded or fully-tensioned bolted:

=
i

(). (), romria () 33

where a : separation ratio = (h/2rib)
h  : distance between centroids of individual components perpendicular
to the member axis of buckling.

a/ri : largest column slenderness of individual components.

Australian code (AS-4100)

The maximum slenderness ratio (le/r)c of a main component, based on its

minimum radius of gyration and the length between consecutive points where battens
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are attached, shall not exceed the lesser of 50 or 0.6 times the slenderness ratio of the
built-up member as a whole. The slenderness ratio (le/r)bn of a laced or battened
compression member about the axis normal to the plane of the battens shall be

calculated as follows:

()~ [+ (O]

slenderness ratio of the whole member about the above

where (le/r)m
axis calculated by assuming that the main components act
as an integral member.

(le/ryc = maximum slenderness ratio of the main component.

The slenderness ratio (le/r)bp of a battened compression member about the

axis parallel to the plane of the battens shall be taken as not less than 1.4(le/r)c.

Canadian code (CSA S16-01)

For built-up members composed of two interconnected shapes, such as back-
to-back angles or channels, in contact or separated only by filler plates, the maximum
slenderness ratio of component parts between fasteners or welds shall be based on an
effective length factor of 1.0 when the fasteners are snug-tight bolts and 0.65 when

welds or pretensioned bolts are used.

For built-up members composed of two interconnected shapes separated by
lacing or batten plates, the maximum slenderness ratio of component parts between
fasteners or welds shall be based on an effective length factor of 1.0 for both snug-
tight and pretensioned bolts and for welds. The equivalent slenderness ratio of built-

up member, pe, is taken as:

j 2 2
Pe =+ P; + P (35)
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where pe = equivalent slenderness ratio of built-up member where
pi = maximum slenderness ratio of component part of a built-up
member between interconnectors
po = slenderness ratio of built-up member acting as an integral

unit

Summary for axial compression strengths

Axial strength based on SSRC: Pcr = Fcr Ag

For inelastic bukling.

(KL/r)? KL
For=11- 2—‘:‘3 Fy when Z =< Ce. (36)
For elastic bukling.
2E L
s — H—,} when > C,
(KL/r)" r (37)
Where Pcr = critical load,
Fer = critical stress,
Ag = gross area unit
(KL/r) = column slenderness ratio
_ [=E
Cc = _:Ll :
Design axial strength based on AISC Section E3
For inelastic buckling.
F KL [E
F.=|0.658% | F, when <471 [ —.
cr |: :| ¥ ro_ ‘i'l F_‘-' (38)
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For elastic buckling.

KL 'E
Fer = 0.877F, when — = 4.?1\/— 39)
r Fy
Where Pu = design compressive strength = ¢ Pn = ¢ Fer Ag, ¢ =10.90
Fcr = critical stress,
P . .- . _ mlE
Fe = elastic critical buckling st F, = KL

Description of testing.

welded section —

i
: Back-to-Back
bolted section |

Face-to-Face |
welded section Cj,_—fFFU
TL o i r. ;-'_ G.L

= B - —————
|
Back-to-Back MTS

Figure 41 Isolated deformation of members with double-sided attachments

Source: Liu et al. (2009)



Sectional properties of the built-up members investigated
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I n:n'|4]

Section size Shape Ara (cm®) ry (cm) Iy iem*) ry {em) Dimension specification
C75 = 6.98 [ 8.82 7330 292 12.00 L17 Y
C100 x 9.4b 11.92 188.00 397 26.00 148 = Il'
o
(- : i
Single Channel
2075 x 69 ’ 17.64 150.60 292 6844 1.97 .
20100 9.4 23.84 376.00 197 13271 236 X d
Double l’:hanﬁem
Back-to-Back
275 x 69 i 17.64 150.60 292 154.91 29 :
20100 9.4 | 23.84 376.00 197 33740 376 b by
Double Channels
Face-tn-Face
Figure 42 Isolated deformation of members with double-sided attachments
Source: Liu et al. (2009)
Test resulted
Grouping and test results for the specimens
Groupno.  Axial compression loads (kN)
Specimen Pest Fy (MPa) Fy (MPa) E; (MPa)
No. 1 No.2 No.3 No.4  Avg
1 2C75 x 6.9/B-B, balled, 4 @52.5 cm 9 425 405 12! 196 M3 456.2 200436
2 2C75 % 6.9/B-B, bolted, 2 @105.0 cm 341 362 332 M9 U M3 456.2 200436
3 2C75 x 6.9/B-B, welded, 4 @325 cm 304 378 369 418 300 M3 436.2 200436
4 2C75 « 6.9/B-B, welded, 2 @103.0 em 32 349 301 364 3 M3 436.2 200436
5 2C100 x 9.4/B-B, boled, 4 @52.5 cm 626 601 587 NAP 603 M3 456.2 200436
6 2C100 x 9.4/B-B, bolted, 2 @105.0cm 558 511 503 NA M M13 456.2 200436
7 2CT5 x 6.9/F-F, welded, 4 @525 cm 500 518 506 NA 508 13 456.2 200436
] 2CT5 x 6.9F-F welded, 3 @70.0 cm 478 515 511 542 512 4087 5115 199539
9 2C75 » 6.9/F-F, welded, 2 @105.0 cm 391 30 396 NA 6 M3 436.2 200436
10 2C100 x 9.4/F-F welded, 4 @525 cm 683 Té() 686 NA 710 M13 456.2 200436
11 2C100 x 9.4/F-F, welded, 3 @70.0 cm 766 i 716 769 756 4087 5115 199539
12 2C100 x 9.4/F-F welded, 2 @105.0cm 684 612 5719 NA 623 13 456.2 200436

2 B-B = Back-to-Back; F-F = Face-to-Face.
b NA = Not Available.

Figure 43 Isolated deformation of members with double-sided attachments

Source: Liu et al. (2009)
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This figure shown the built-up buckling strengths obtained from the tests are
shown the difference of the strengths between the bolted and welded built-up
members appears to be small (2.3%). Strength comparisons for sections having same
component shapes, but with different arrangements (e.g., back-to-back, face-to-face,

interval, bolted, and welded), can be very different as shown in table .

The Ptest values for sections with 2C75 % 6.9 range from 346 to 508 kN, a
potential 47% difference. Similarly, the Ptest values for sections with 2C100x9.4 vary
from 524 to 710 kN, reaching a difference of 35%. The Ptest values for Groups 8 and

11 are not included in the comparison as different Fy values were used.

Various slendemess ratios for the built-up and component members

Group no. Skendemess ratio Range classification
(KL/T)m 0.75 x (KLfr) {a/r) (KLjr)g 075 x (KL/r)

1 106.6 80.0 449 1157 868 ay and by
2 106.6 80.0 89.7 1394 1046 ay and by
3 106.6 80.0 449 1115 1.6 ay and by
4 106.6 80.0 89.7 1250 938 ay and by
5 §9.0 66.8 355 958 7.9 ay and b,
& §9.0 66.8 710 1138 854 ay and by
7 71.0 533 449 80.2 60.2 ay and by
8 71.0 533 598 86.7 65.00 ay and by
9 71.0 533 80.7 103.0 713 az and b,
10 559 41.9 355 632 474 ay and b,
11 559 419 413 683 512 ay and by
12 559 419 710 813 610 az and by

Figure 44 Isolated deformation of members with double-sided attachments

Source: Liu et al. (2009)

This figure shown summarized of slenderness ratio value for all group,

a/r<0.75(KL/r)o or a/r<0.75(KL/r)m,
0.75(KL/r)(0) < a/r < (KL/r)(0) or
0.75(KL/r)(m) < a/r < (KL/r)(m)
a/r>(KL/r)o or a/r>(KL/r)m
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Compression of code-specified strengthes with the st msulls

Cinomp ma. Specimen Load mtin  Load ratios for various n values
r=10 n= | n=1 n=73 =4 a=5
Un-modified Bleich LEF} LRI AS-41H CEA S16401 (2001)
(1952) (1565) (2003) (199E)
1 TS = AWH-B, Pt Paimy 247 1E3 9] 191 291 291
Boltzd, 4 @515 cm P [Py LES LET 1.92 Lo2 192 192
Pest [ Foppny  L29 148 1.52 L52 152 152
F 275 = 6.WH-B, Pt Py 116 i4l 169 1el 150 349
Bolted, 2 @ 1080 cm Pog /P 145 126 14 144 2144 244
Pest/ Prriny 113 L78 193 Lo3 193 193
3 275 = 69/B-B, Pest [Py 143 179 143 L 157 142
Welded, 4 @525 cm Peat [P L&D 1.E4 a3 LTt 159 174
Pest /Py LT L4& 137 L3 150 137
] 275 = 69/B-B, Pt Py 1121 50 152 RAL 1T7H 157
Welded, 2 @065 cm Pag /Py L4 231 166 1ol 250 150
Pest/Poriny 115 LEZ 131 L5 197 150
5 20100 « 9.4/B-B, Pest (Fainy 214 130 134 14 134 k)
Bolted, 4 @525 cm Pt [P 145 L57 1.59 L35 159 159
Pesi Py 112 120 1.2 L7 122 1.2
& 2CI00 « 9.4/B-B, Pt Py LBS 157 274 176 L TH 174
Bolted, 2 @ 1060 cm Poag /P L6 L71 LE2 LB2 152 1582
Pest/ Prriny 09T 134 1.44 Ld4 144 144
7 XAT75 x 69/1-F, Pest Py 200 123 1 PAL) 128 LIE
Welded, 4 @525 cm Pt (P L33 151 1.33 L48 155 155
Pesi /Py LOG L17 106 Li& 120 120
B XTS5 = 69/ILF, Pesi /Py LB2 2137 LE3 177 246 Tdn
Welded, 3 @T00cm Pest /Py LR .58 1.3 L52 L7 147
Pesi/ Prriny 196 121 a7 Ll 128 125
9 XTS5 = 69/ILF, Pgi [ Pafny L4 141 164 1m 270 110
Welded, 2 @ 0G0 cm Pt [Py 05 L&l L11 Ld% 179 179
Pest [Py LT 126 [LB6 L15 141 141
10 2100 « 9.4/1-F, Psi [Py LED 196 LE3 Lo 198 198
Welded, 4 @515 cm Pt [Py L2D 1.2% 1.20 L8 131 131
Post/Prriny 099 05 R L0d 106 105
11 X100 « 9.4/1-F, Pesi [ Painy  LT2 La7 1.72 Lo3 204 ]
Welded, 3 @T00cm Pt Py LL3 1.33 113 L2 137 137
Pesi [Py 053 104 a3 LoZ a7 L7
12 2100 « 9.4/F-F, Pt [Py L6 111 L6sts i 1. 1 |
Welded, Z @060 cm Pt [Py LOS 1.43 1.9 L3& 153 153
Pest /Py LET L1l L&Y LD LI LI

Figure 45 Isolated deformation of members with double-sided attachments

Source: Liu et al. (2009)

This figure shown the calculated axial compressive capacities by using the
slenderness ratio formulas of AS-4100 are more conservative as compared with those
using the AISC equations. For back-to-back sung-tight bolted sections, the axial
compressive capacities computed from the slenderness ratio formulas of CSA S16-01
are virtually same as those determined by the AISC formulas. The CSA S16-01
design strengths appear to be less conservative for back-to-back welded sections, and
more conservative for face-to-face welded sections as compared with those evaluated

by the AISC.
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Conclusion for this paper.

1. It can be seen from the tests as shown in resulted table that a lower strength
is obtained if a larger component slenderness ratio (a/r) is applied. In other words, a
larger longitudinal spacing of connectors connecting components of built-up members

will results in a lower buckling strength. This is within our expectation.

2. Although the AISC-ASD Specification requires that Ka/r should not exceed
0.75(KL/r)(0), the Ptest/Pu ratios seem justifiable when 0.75(KL/r)(0)< Ka/r <
(KL/r)(0).

3. Since (KL/r)(3) is the AISC modified slenderness ratio and is larger than
(KL/r)(0), the above concluding point is also applicable when (KL/r)(0) is replaced by
(KL/r)(3). As such, higher Ptest/Pu ratios can be achieved. The rule which states that
the component slenderness ratio (Ka/r) not exceeding three-fourths times the
governing slenderness ratio of built-up member, seems rationale according to the tests
conducted in this study. The governing slenderness ratio ofbuilt-up member could be

the modified or unmodified one as explained in the AISC specification.



57

MATERIALS AND METHODS

Compression test
Compression test is study on the buckling behavior of cold-formed steel
columns with the fixed-end support condition under compressive loading. The built-
up sections of test specimens were prepared by welding the cross sections of two C-
steel together for closed section. The compression test by Instron machine which have
capacity for maximum compressive load 200 KN and used velocity 0.5 mm/minute.
for testing. This machine can recorded loading and displacements at the test time
until maximum loading.
Instruments of compression testing.
1. Instron machine. (Compression tool)
2. Specimens.
3. Strain gauges.
4. Data loggers.

5. Adhesive for strain gauges.

6. Computer.



Test Specimens.

Single section
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Figure 46 Shown the all dimensions of the single specimens

Source: Bluescope Lysaght Co.Ltd. (1987)

Table 1 Shown the all dimensions of the single specimens
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BUILT-UP  sinGLESECTION  § 4 ¢ !
SPECIMEN oo
No. DxBxLxt mm mm mm mm
BC200 C-203x76x15.5x1.5 76 203 15 15.5
BC150 C-152x64x15.5x1.5 64 152 1.5 15.5
BC100 C-102x51x13.5x1.5 51 102 1.5 13.5
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Built-up section
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Figure 47 Built-up section

Source: Reyes and Guzman (2011)

This figure show built-up section from 2 section of light lip channel ¢ by
used welding method. Welding length used 20 mm. for all point and equal spacing in
section. The other specimens have differented weld spacing for study affected to

buckling load of different weld spacing .

Welding methodology

General requirement

Methodology for welding method using AWS D1.3 standard for structural
welding code sheet steel. This code contains the requirements for arc welding of
structural sheet/strip steel including cold formed member hereafter collectively referred
to as sheet steel, which are equal to or less than 4.88 mm. in norminal thickness. The
provisions of this code are intended for used sheet steel having a minimum yield point

equal or less than 550 Mpa. (American Welding Society, 2008)
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Table 1.1
Code Application Matrix of D1.3 and D1.1 Codes
Based on Material Thickness Being Joined (see 1.1)

liin<n<Wldin
Material Thickness 4 < 18 in [} mm] [} mm £ 4 £ 5 mm] s = ¥16in. [5 mm]
g < U8 in[3 mm] D13 D13 or Annex A Apnex A
Viin <4 =¥16in[I mm < ¢ =3 mm] D13 or Anex A D13or Aonex Aor D11 Annex A cr D11
# = ¥16 0[5 mm] Angex A Anpex Aor D11 Dll

Hota: Amnex A, Nots 1 applications may ba wsed without removal of coating or galvanizeng, provided the application mesi ts requirsmants of Mote 1.

Figure 48 AWS D1.3 specification

Source: American Welding Society D1.3 (2008)

Gas Metal Arc Welding

Gas metal arc welding uses an arc between a continuous filler metal
(consumable) electrode and the weld pool. Shielding is provided by an externally
supplied shielding gas. This process is also known as MIG welding or MAG
welding. MIG (Metal Inert Gas) welding means the use of an inert (i.e. non active)
gas. MAG (Metal Active Gas) welding requires the use of an active gas (i.e. carbon

dioxide and oxygen). CO; is a more commonly used shortening of MAG welding gas.
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Mig / Mag Welding
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Figure 49 Mig/ Mag Welding method

Source: American Welding Society D1.3 (2008)

The process consists of a DC arc burning between a thin bare metal wire
electrode and the workpiece. The arc and weld area are enveloped in a protective gas
shield. The wire electrode is fed from a spool, through a welding torch which is
connected to the positive terminal into the weld zone. MIG/MAG welding is the most
widely used process in the world today. It is a versatile method which offers a lot of
advantages. The technique is easy to use and there is no need for slag-cleaning.
Another advantage is the extremely high productivity that MIG/MAG welding makes
possible.
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Figure 50 Mig/Mag Welding machine

MIG/MAG welding is used on all thicknesses of steels, aluminium, nickel,
stainless steels etc. The MAG process is suitable both for steel and unalloyed, low-
alloy and high-alloy based materials. The MIG process, on the other hand, is used for

welding aluminium and copper materials.

Welding Types

Flare-Groove Welds. For matching filler-metal, base-metal combinations, the
allowable load capacity of flare-groove welds made in any welding position is
considered to be governed by the thickness of the sheet steel adjacent to the welds,
provided that a weld size at least equal to the thickness of the sheet steel as was

obtained with the WPS qualification.

Single-Flare-V-Groove Welds.

Single-flare-V-groove weld positions shall be followed in figure xx. The minimum

length shall be 3/4 in [19 mm] (American Welding Society, 2008)
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Figure 51 Single-Flare-V-Groove Welds

Source: Reyes and Guzman (2011)

Figure 52 Built-up section
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Figure 53 Welded point of built-up section

Specimens Quantity.

Table 2 Specimens Quantity

Built-up Length (L) Weld spacing (a) Length of seam

section (cm.) (cm.) welds (cm)
BC100@125 100 12.5 2
BC100@250 100 25 2
BC100@500 100 50 2
BC150@125 100 12.5 2
BC150@250 100 25 2
BC150@500 100 50 2
BC200@125 100 12.5 2
BC200@250 100 25 2
BC200@500 100 50 2
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Preparation of specimens
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SIDE VIEW Strain gauges level 1. Strain gauges level 2.

Figure 54 Position of strain gauges

This figure show the position of strain gauges on specimens were installed.
All strain gauges measurement for the distribution of stress on section and study

affected to buckling load of different weld spacing.

All strain gauges were installed divided 2 level, first level for 1-5 positions
were installed 5 point followed this figure at mid length of specimen or same level
with welding point by choose symmetry of section only. Remain 5 position of strain
gauges were installed level between weld spacings or a spacing and same position of

section for study buckling stress distribution on section at 2 level different.

Tension test

The tension test related to the mechanical testing of steel products subjects a
machined or full-section specimen of the material under examination to a measured
load sufficient to cause rupture. In general, the testing equipment and standard for
usein this research is ASTM370 (American Society of Testing and Materials) for

result in mechanical properties of steel.
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Standard dimension of tension test are show in Figure 12 and used automatic

extensometer for strain measurement.
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Figure 55 Standard dimension of tension test
Source: ASTM370 (1890)

Instruments of tension testing.

1. Instron machine.

2. Coupon specimens

3. Extensometer and micrometer or vernier caliper

4. Computer

The tension test results showed relationship between stress and strain curve of
steel from flat part and corner part. From tensile result can indicated mechanical

properties , example tensile strength, yield point, yield strength, Modulus of elasticity

(E) ,percentage elongation and reduction of area from material.
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Figure 56 Stress and strain curve of steel
Source: Timoshenko and Gere (1961)
Finite element Program.

This research was used the finite element analysis program ANSYS only for
study behaviors of built-up specimens for expected buckling load and failure mode
shape of all specimens before testing and compared behavior with testing in laboratory.
Since main objectives of this research focus on testing in laboratory more than the

finite element analysis

Finite element method, a numerical method, is used here to solve differential
equation. (Cook et al., 2003) The equation can sometimes be complex, and the numerical
answer will be taken to model or predict the structural behaviors of cold-formed steel.
The results are presented in 3-dimensional pictures and the analytical interpretation in
color shades of stress (Logan, 1976). Then the interpretation will be used in finding
out critical limits, stress, and failure patterns of the structure. Being compared with
the experimental result in laboratory, the result of finite element method can be

verified that it is correct and suitable for practical use.

By all reasons, the understanding of the general structural behaviors of cold-
formed steel plays an important role in efficient structural design of the steel that is
prone to growing use. However, the study of its behaviors is in adequate. Hence this
study will bring about comprehensive knowledge in this field that will lead to

confidence and safety in the use of cold-formed steel sections.
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RESULTS AND DISCUSSION

Tensile tested

This tensile strength test is an examination of material properties of the
specimens. It is objectived at finding fundamental data, namely proof stress at 0.2%,
ultimate tensile strength, and elastic young modulus which are needed to calculated of

ultimate compressive strength and buckling stress of the sections.

In this test, Electromechanical Universal Testing Machine SCHENCK RSA
250 was used at the speed of 0.5 mm./minute with the specimens taken from BC100,
BC150, and BC200, two pieces for each type as shown in picture 57. The test was
conducted under ASTM A370 (AISI standard, 2007) Standard and elastic young

modulus was calculated by a tool called Extensometer, As shown in picture 57.

Figure 57 Tensiles specimens

Figure Tensile coupon sample shows six specimens taken from three groups of
steel: BC100, BC150, and BC200. Each specimen was prepared in accordant with
ASTM A370 Standard as shown in figure. All specimens cut off from web element of
Light lip channel in each group.
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Figure 58 ASTM A370 standard

Figure 59 Gauge length measurement

This figure shows gauge length measurement of BC200-2 specimen by digital
vernier caliper and used gauge length at 50 mm. which is equal value of all
specimens. This measurement was recorded to show the comparison between gauge
lengths before and after test in order to calculate elongation of the specimens in

percentage extension of each specimen.
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Figure 60 Extensometer machine

Figure shows the tensile testing behaviored by using Electromechanical
Universal Testing Machine SCHENCK RSA 250 at the speed of 0.5 mm./minute

with Extensometer installed to find out Young's modulus of specimen.

Cracking

Figure 61 Elongation measurement

Figure Elongation measurement shown gauge lengths measurement of the
specimens after test for compared between before test to calculate elongation of
specimen. It suggests that mostly the cracking of specimen occurred at half length of

each specimen.
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Resulted

Mechanical properties of steel for BC100

The results of tensile test of BC100-1 and BC100-2 are shown in figures 62 and
63 Figure shows relationship between strength (Mpa) on y-axis and extention (%) on
x-axis at testing speed of 0.5 mm./minute. From this graph it can find yield strength of
material at 0.2 % proof stress and young‘s modulus of this material and conclusion in
x table for used all values for calculated norminal buckling load of built-up section

continuously.

Mechanical properties of steel for BC100 -1
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Figure 62 Tensile resulted of BC100-1

The figure as shown the resulted of tensile test of BC100-1 specimen, the
ultimate strength was approximately 570 Mpa. from graph and data from the graph
could also be taken to calculate compressive strength, Young's modulus, as well as

yield strength, all are displayed in table .



Mechanical properties of steel for BC100 - 2
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Figure 63 Tensile resulted of BC100-2

72

The figure as shown the resulted of tensile test of BC100-2 specimen, the

ultimate strength was approximately 567 Mpa. From graph and data from the graph

could also be taken to calculate compressive strength, Young's modulus, as well as

yield strength, all are displayed in table.

Table 3 Conclusion mechanical properties of steel for BC100-1 , BC100-2

Specimen BC100-1 BC100-2

Thickness (mm.) 1.554 1.553

Width  (mm.) 12.64 12.63

Cross section area (mm?) 19.64 19.61

Load at 0.2 % offset yield Strength (N) 10,643 10,581
Maximum tensile load (kN) 11.205 11.130
0.2% offset yield Strength (N/mm?) 541.91 539.58
Tensile strength (N/mm? ) 570.52 567.57
Young’s Modulus ( MPa) 220,600 218,360

Elongation (%) 13.08 13.14




Mechanical properties of steel for BC150

The results of tensile test of BC150-1 and BC150-2 are shown in figures 64
and 65 Figure shows relationship between strength (Mpa) on y-axis and extention
(%) on x-axis at testing speed of 0.5 mm./minute. From this graph it can find yield
strength of material at 0.2 % proof stress and young‘s modulus of this material and

conclusion in x table for used all values for calculated norminal buckling load of

built-up section continuously.

Mechanical properties of steel for BC150-1
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Figure 64 Tensile result of BC150-1

The figure as shown the resulted of tensile test of BC150-1 specimen, the
ultimate strength was approximately 560 Mpa. From graph and data from the graph

could also be taken to calculate compressive strength, Young's modulus, as well as

yield strength, all are displayed in table.

£ £ 10

Extension (3) [%]

Skip Values




74

Mechanical properties of steel for BC150-2
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Figure 65 Tensile result of BC150-2

The figure 65 as shown the resulted of tensile test of BC150-2 specimen, the
ultimate strength was approximately 563 Mpa. From graph and data from the graph
could also be taken to calculate compressive strength, Young's modulus, as well as

yield strength, all are displayed in table.

Table 4 Conclusion Mechanical properties of steel for BC150-1, BC150-2

Specimen BC150-1 BC150-2
Thickness (mm.) 1.547 1.545
Width  (mm.) 12.63 12.66
Cross section area (mm?) 19.54 19.56
Load at 0.2 % offset yield Strength (N) 10,279 10,352
Maximum tensile load (kN) 10.965 11.015
0.2% offset yield Strength (N/mm?) 526.05 529.23
Tensile strength (N/mm? ) 561.16 563.14
Young’s Modulus ( MPa) 217,250 221,330

Elongation (%) 11.06 12.66
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Mechanical properties of steel for BC200

The results of tensile test of BC200-1 and BC200-2 are shown in figures 66
and 67 Figure shows relationship between strength (Mpa) on y-axis and extention (%)
on x-axis at testing speed of 0.5 mm./minute. From this graph it can find yield
strength of material at 0.2 % proof stress and young‘s modulus of this material and
conclusion in x table for used all values for calculated norminal buckling load of

built-up section continuously.

Mechanical properties of steel for BC200-1
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Figure 66 Tensile result of BC200-1

The figure 66 as shown the resulted of tensile test of BC200-1 specimen, the
ultimate strength was approximately 581 Mpa. From graph and data from the graph
could also be taken to calculate compressive strength, Young's modulus, as well as

yield strength, all are displayed in table.
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Mechanical properties of steel for BC200-2
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Figure 67 Tensile result of BC200-2

The figure 67 as shown the resulted of tensile test of BC200-2 specimen, the
ultimate strength was approximately 581 Mpa. from graph and data from the graph
could also be taken to calculate compressive strength, Young's modulus, as well as

yield strength, all are displayed in table .

Table 5 Conclusion mechanical properties of steel for BC200-1, BC200-2

Specimen BC200-1 BC200-2
Thickness (mm.) 1.537 1.538
Width  (mm.) 12.63 12.62
Cross section area (mm?®) 19.41 19.41
Load at 0.2 % offset yield Strength (N) 10,582 10,559
Maximum tensile load (kN) 11.290 11.290
0.2% offset yield Strength (N/mm?) 545.20 544.01
Tensile strength (N/mm? ) 581.66 581.66
Young’s Modulus ( MPa) 220,110 203,440

Elongation (%) 12.56 13.18
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Conclusion of tensile test resulted

Tensile test resulted suggest that material properties of each specimen are
almost equal in term of 0.2% offset yield strength, ultimate tensile strength, Young's
modulus which are important in the calculation of buckling loads of each section and

data for mechanical properties of specimen.

Table 6 Conclusion mechanical properties of steel all specimens

Specimen BC100-1 BC100-2 BC150-1 BC150-2 BC200-1 BC200-2
Thickness (mm.) 1.554 1.553 1.547 1.545 1.537 1.538
Width (mm.) 12.64 12.63 12.63 12.66 12.63 12.62
Cross section area (mm?®) 19.64 19.61 19.54 19.56 19.41 19.41

Load at 0.2 % offset yield

Strength (N) 10,643 10,581 10,279 10,352 10,582 10,559
Maximum tensile load (KN) 11.205 11.130 10.965 11.015 11.290 11.290
0.2% offset yield Strength

(N/mm?) 541.91 539.58 526.05 529.23 545.20 544.01
Tensile strength (N/mm?) 570.52 567.57 561.16 563.14 581.66 581.66
Young’s Modulus ( MPa) 220,600 218,360 217,250 221,330 220,110 203,440

Elongation (%) 13.08 13.14 11.06 12.66 12.56 13.18

Compression tested
Results and discussion
1. Load - displacement relationships
The load-displacement relationships obtained through the test are shown in

figs. 6-8. All figures show the maximum buckling capacity loads of specimens. The

load-displacement relationships used speed 0.5 mm./minute for tested by UTS machine.



1.1 Load - displacement relationships of BC100 - 1
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Figure 68 Load-displacement relationships of BC100-1
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Figure 68 shows that at the very beginning BC100@250 had the

highest ultimate buckling load and developed axial load quite less than the others.

Then load displacement continued in linear direction. And then @125, @500, and
@250 began to generate local buckling at 10,000 kg., 11,000 kg., and 14,000 kg.

respectively. It is noticeable that the buckling was in wave shape at web element with

larger w/t ratio than other parts, and it led to earlier buckling behavior as seen in

figure x. After that the column was still able to hold the load until ultimate buckling

behavior was generated in each specimen. The subsidence of all four sides of the

column was called Roof mechanism behavior. The area between welding points

began to part while the points themselves remained complete. The ultimate buckling

loads of @250, @125, and @500 were 20,260 kg., 18,500 kg., and 18,000 kg.

respectively.
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1.2 Load - displacement relationships of BC100 - 2
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Figure 69 Load - displacement relationships of BC100-2

Figure shows that at the very beginning BC100@250 had the highest
ultimate buckling load. Then load- displacement continued in linear direction. And
then @125, @250, and @500 began to generate local buckling at 14,000 kg., 15,000
kg., and 11,200 kg. respectively. It is noticeable that the buckling was in wave shape
at web element with larger w/t ratio than other parts, and it led to earlier buckling
behavior as seen in figure x. After that the column was still able to hold the load until
ultimate buckling behavior was generated in each specimen. The big wave of all four
sides of the column was called Roof mechanism behavior. The area between welding
points began to part while the points themselves remained complete. The ultimate
buckling loads of @125, @250, and @500 were 21,000 kg., 24,000 kg., and 20,000
kg. respectively. All resulted in second time tested, it have ultimate buckling load

more than first time tested about 2000 Kg.
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Conclusion of Load-displacement relationships of BC100-1 and BC100-2

Load - displacement
Load (Kgf.)
25000.0
20000.0 | —BC100@125-1
——BC100@250-1
15000.9 ~——BC100@500-1
10000.0 —BC100@125-2
—BC100@250-2
5000.0 - BC100@500-2
00 F—r +— ; e
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
Axial displacement {cm.)

Figure 70 Load-displacement relationships of BC100 all specimen

From this figure as shown in relationships load-displacement all
specimen of BC100 in first time tested group (BC100@125-1, BC100@250-1,
BC100@500-1) and the second time tested group (BC100@125-2, BC100@250-2,
BC100@500-2). In each group have 3 weld spacings, @125, @250, @500

respectively.

For the first time tested group, BC100@250—1 had highest ultimate
buckling load About 20,200 Kg. and followed to BC100@125-1 had ultimate
buckling load about 18,500 Kg. and then BC100@500-1 had buckling load about
18,000 Kg. respectively.

For the second time tested group, BC100@250-2 had highest ultimate
buckling load about 23,500 Kg. and followed to BC100@125-2 had ultimate
buckling load about 21,300 Kg. and then BC100@500-2 had buckling load about
20,000 Kg. respectively.
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All specimen observed resulted that in each test group could
arranged the ultimated buckling load from highest buckling load as @250 and then
@125 and @500 were same direction in two tested group. The specimen in each
group, first time test group and second time test group were prepared welding
procedure in each group per each time tested, it affected to different resulted in each
group but resulted in two tested group same direction in buckling load. The second
time tested group have buckling load more than first time tested group about 3,000
Kg. when compared in each weld spacing, it causing from preparation of specimen
such as baseplate for specimen or vertical line of specimen should be perpendicular

with baseplate, it need for specimen preparation procedure of tested.

Figure 71 Local buckling behavior

As shown from this figure called “Local buckling behavior” was
occurred this behavior when loading at 40%-60% of ultimate buckling load by
displayed in shape of sine wave at the web element of light lip ¢ channel steel on

both sides.
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Local buckling behavior is first mode of failure for thin plate structure
or cold-formed steel. Because of web element had large w/t ratio which caused to

local buckling more easily when compared with flanged element .

Figure 72 Ultimate buckling behavior

Ultimate buckling behavior of the specimens was local buckling first
generated in the depth of the sections. The column could continually restrain the
compressive strength until inelastic local buckling called “Roof mechanism” was

generated on all four sides of the sections by in-out of four surface around specimen.

Roof mechanism behavior is generally alike in all sections at inelastic

behavior of specimen followed in this figure.
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1.3 Load - displacement relationships of BC150 - 1
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Figure 73 Load-displacement relationships of BC150—1

At the beginning, the load displacement relationship of all specimens
continued almost in the same direction. After that @500, @125, and @250 began to
generate local buckling behavior at 6,000 kg., 7,000 kg., and 8,000 kg. respectively.

Local buckling behavior was in shape of wave at web element of C-
shaped steel on both sides, as shown in figure 73. Roof mechanism behavior also
occurred during buckling behavior. The ultimate buckling loads occurred were 15,500

kg., 17,000 kg., and 23,000 kg. of @125, @500 and @250 respectively.
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1.4 Load - displacement relationships of BC150 - 2
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Figure 74 Load-displacement relationships of BC150-2

At the beginning, the load displacement relationship of all specimens
continued almost in the same direction. After that @500, @125, and @250 began to
generate local buckling behavior at 10,000 kg., 11,000 kg., and 9,000 kg.

respectively.

Local buckling behavior was in shape of wave at web element of C-
shaped steel on both sides, as shown in figure. And like BC100, Roof mechanism
behavior also occurred during buckling behavior. The ultimate buckling loads of

@125, @500 and @250 were 21,000 kg., 22,000 kg., and 25,000 kg. respectively.
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Conclusion of Load - displacement relationships of BC150 —1 and BCI150 -2
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Figure 75 Load-displacement relationships of BC150 all specimen

From this figure as shown in relationships load-displacement all
specimen of BC150 in first time tested group (BC150@125-1, BC150@250-1,
BC150@500-1) and the second time tested group (BC150@125-2, BC150@250-2,
BC150@500-2). In each group have 3 weld spacings, @125, @250, @500 respectively.

For the first time tested group, BC150@250— 1 had highest ultimate
buckling load About 23,000 Kg. and followed to BC150@500—-1 had ultimate
buckling load about 17,000 Kg. and then BC150@125—1 had buckling load about
15,000 Kg. respectively.

For the second time tested group, BC150@250-2 had highest ultimate
buckling load about 25,000 Kg. and followed to BC150@500-2 had ultimate
buckling load about 22,400 Kg. and then BC150@125-2 had buckling load about
21,500 Kg. respectively.
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All specimen observed resulted that in each test group could
arranged the ultimated buckling load from highest buckling load as @250 and then
@500 and @125 were same direction in two tested group. The specimen in each
group, first time test group and second time test group were prepared welding
procedure in each group per each time tested, it affected to different resulted in each
group but resulted in two tested group same direction in buckling load. The second
time tested group have buckling load more than first time tested group when
compared in each weld spacing, it causing from preparation of specimen such as
baseplate for specimen or vertical line of specimen should be perpendicular with

baseplate, it need for specimen preparation procedure of tested.

1.5 Load-displacement relationships of BC200-1
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20000.0 &
/ \\ BC200@500-1
15000.0
/ % —— BC200@250-1
—— BC200@125-1

Load (Kgf.)

25000.0

10000.0

5000.0

0-0 T T T T T T T T T 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Axial displacement (cm.)

Figure 75 Load-displacement relationships of BC200-1

For BC200, load displacement continued almost in the same direction on
every section. @500 first began to generate local buckling behavior at 7,000 kg.,
followed by @125 at 9,500 kg. and @250 at 13,000 kg. Roof mechanism, like
BC100, BC150 and BC200 occurred during buckling behavior at the middle length of

all four sides of the column.
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The ultimate buckling loads of @125, @500 and @250 were 22,500
kg., 23,000 kg., and 24,463 kg. respectively.

1.6 Load-displacement relationships of BC200-2

Load - Displacement
Load (Kgf.)

25000.0

——BC200@250- 2
200009 \ BC200@500- 2
15000.0 —BC200@125- 2
10000.0 // \
5000.0 —

0.0 T T T T T T T T T 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Axial displacement (cm.)

Figure 76 Load-displacement relationships of BC200-2

For BC200, load displacement continued almost in the same direction
on every section. @500 first began to generate local buckling behavior at 5,000 kg.,
followed by @250 at 7,500 kg. and @125 at 8,000 kg. Roof mechanism, like BC100,
BC150 and BC200 occurred during buckling behavior at the middle length of all four

sides of the column.

The ultimate buckling loads of @125, @500 and @250 were 21,500
kg., 23,000 kg., and 23,500 kg. respectively.
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Conclusion of Load-displacement relationships of BC200—-1 and

BC200-2
Load - Displacement
Load (Kgf.)

25000.0
—BC200@125-2

20000.0
—BC200@250-2
15000.0 - BC200@500-2
10000.0 —BC200@125- 1
BC200@250-1

5000.0 —
——BC200@500-1
00 ¥+ T .

00 01 02 03 04 05 06 07 08 09 1.0

Axial displacement(cm.)

Figure 77 Load—displacement of BC200 all specimen

From this figure as shown in relationships load-displacement all
specimen of BC200 in first time tested group (BC200@125-1, BC200@250-1,
BC200@500-1) and the second time tested group (BC200@125-2, BC200@250-2,
BC200@500-2). In each group have 3 weld spacings such as @125, @250, @500

respectively.

For the first time tested group, BC200@250-1 had highest ultimate
buckling load About 24,463 Kg. and followed to BC200@500-1 had ultimate
buckling load about 23,000 Kg. and then BC200@125-1 had buckling load about
22,500 Kg. respectively.

For the second time tested group, BC200@?250-2 had highest ultimate
buckling load about 22,700 Kg. and followed to BC200@500-2 had ultimate
buckling load about 22,200 Kg. and then BC200@125-2 had buckling load about
21,400 Kg. respectively.
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All specimen observed resulted that in each test group could
arranged the ultimated buckling load from highest buckling load as @250 and then
@500 and @125 were same direction in two tested group. The specimen in each
group, first time test group and second time test group were prepared welding
procedure in each group per each time tested, it affected to different resulted in each
group but resulted in two tested group same direction in buckling load. The second
time tested group have buckling load more than first time tested group when
compared in each weld spacing, it affected from preparation procedure of specimen
such as baseplate for specimen or vertical line of specimen should be perpendicular

with baseplate, its need for specimen preparation procedure of tested.

Result of compression test.

Figure 78 showns the conclusion result of compression test compared with
AISI code calculation of all specimens. The local buckling load and ultimate buckling
load from test as shown in table and properties of the specimen as well as weld
spacing, failure mode and name of specimen are shown in this table. The AISI code

calculation of specimens took all design parameters in following section.
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Figure 78 Result of compression test.
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Table 7 Comparison of the compression test results

No. Specimen w/t Local Ultimate (Strength / weight) / m.
ratio bucking load bucking load

(kg.) (kg.)

(Mean of (Mean of

@125, @125,

@250, @250,

@500) @500)
1 BC100 68 12,730 Kg. 21,600 Kg. 4.12
2 BC150 101.3 10,670 Kg. 22,960 Kg. 3.19
3 BC200 1353 9,830 Kg. 23,320 Kg. 2.59

From table 7, as for the local buckling load capacity, BC100 gave the highest
capacity load followed by BC150 and BC200 respectively. This is a direct result of
the w/t ratio of the specimen. According to thin plate theory, BC200 that has the
highest w/t ratio is more likely to have local buckling occurring for the first mode at
the web element of the section compared with BC100 that has the lowest w/t ratio. In
terms of length of the specimen, which is currently assigned to 100 cm, results show
that the difference between load capacities of the specimens is around 1,000-2,000
kg. If the length of the specimen is increased to 150 cm or 200 cm, obvious flexural
buckling mode on BC100 is expected, with similar roof mechanism at the midpoint of
the length of the specimen; however, the difference between the load capacities of the
larger section will be larger than 1,000-2,000 kg. since longer specimen is prone to
flexural buckling. In the case of BC150 and BC200, similar failure behavior is
flexural — torsional buckling, as well as roof mechanism behavior at the midpoint of
the length of the specimen; however, the ultimate buckling load capacity of BC200
will be higher than that of BC150 because of the larger section area.

For the strength to weight ratio based on the length of 1 m, BC100 has the
largest strength to weight ratio, followed by BC150 and BC200 respectively. BC200
and BC150 that has the highest w/t ratio is more likely to have local buckling
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occurring for the first mode at the web element of the section compared with BC100
that has the lowest w/t ratio. Therefore, BC100 which is the lightest section, holds the
largest strength to weight ratio. However, if the length is increased to over 1 m, the
strength to weight ratio of BC100 might be reduced or less than other sections. This is
because BC100 has the smallest area section compared with BC150 and BC200, and

it is more likely to suffer from flexural buckling.

Behavior of stress distribution

Behavior of stress distribution focused here are the behavior of stress on
section at the same level of welding and the midway welding level around section
and the behavior of two level to show that welding has influence on difference

between compressive strength of section at the two levels.

The stress—distribution showns in figurel2. is of the specimen BC150@125.
This figure shows the stress distribution of pre-buckling load (3500 kg.) with the

condition: 50 percent of local buckling load = pre — buckling load.

Stress distribution of Pre-Local buckling load (3,500Kg.)
Stress (Kg/em?)
500 1 == Stress at weld level
- levell
0 3 A\\‘R l: ]
\ =4="Stress in-between weld
7 8 10
level (level2)
500 .
/ et s
-1000 f |
1500 ' ’
[
2000 L, L
Position of strain gauges Strain gauges  Strain gauges
level 1. level 2.

Figure 79 Stress-distribution of BC150@125 at Pre—local buckling load (3500 Kgf.)
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Figure 12 shows the stress distribution in two comparative levels, which were
weld level and in-between level. At weld levell was at 50 cm. which was half of the
full height (stgl-stg5). And level2 was in between the weld (stg6-stg10). The stress of
both levels were nearly value. However, the stress at stg.1 was less than the one at
stg.6 which was in the same position. Since there was no seam welds at stg.6 to
attached the specimens, they could be more elastic. This behavior similar to, stgl0
which had more stress than stg.5 had a tendency to occur more obvious behavior

when the compression load to increased.

After that ,this behavior continually until go to local buckling mode as shown
in figure14 shows that the stress of both levels had a tendency to develop more due
to the compression at local buckling load (7000 Kgf.) shown in figurel3, especially
for Stg.6 and Stg.10 which were at the edge.

These two positions had more stress than the others at the same level. As for
the stress at weld level (level 1), Figurel4 stress all positions also had a tendency to
developed more stress. But for stg.1 and stg. 5, these two positions were joined by
seam welds so the behavior could not be moved. It affected to a result, the stress there

developed less than stg. 6 and stg. 10 which were not attached by seam welds.

Serwin dinirbution of Local Buckling bad | 7.0000g.)

birenn [Kgfom]
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—— ey il wrkd brwe | [l
[
[
== W n e wrld breel Jeveld]
27N
A »
s '\'-.\b" | (] 1 (]
~100 L i -
."':I i i
1558 F
B
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Qtar gam LT .
Paaitinn ol Strain gaupes vl 1 o

Figure 80 Stress-distribution of BC150@ 125 at Local buckling load (7000 Kgf.)
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Local buckling behavior was in shape of sine wave which occurred at the web
element of C-shaped steel on both sides. That was because the web element had large
w/t ratio which led to local buckling more easily. As shown in figure.this behavior

occurred linearly along the column on both sides.

Figure 81 Local buckling behavior

After local buckling behavior occurred its continued behavior will go to ultimate
buckling as Figurel5. shown stress-distribution of BC150@ 125 for the ultimate buckling
load (15,000 kgf.) at the positions 6 and 10 (level 2) was the edge portion that generated
redistribution of stress, causing the highest at the positions. Then, the stress of stiffened
element (stg.8) decreased, accordant with the method of post buckling behavior, with
the pattern of failure behavior that was in form of Roof mechanism as shown in figurel6.
For the stress at weld level (level 1), that the seam weld was on lip part it similar to
level 2 in stress distribution. The stress at was quite low, contrasting with the stress at

stg. 1 and stg. 5 which were attached by seam welds.
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Figure 83 Inelastic buckling behavior (Shown at ultimate load)

Figure as shown ultimate Buckling behavior of the specimens was local
buckling first generated in the depth of the sections. The column could continually
restrain the compressive strength until occurred inelastic local buckling called Roof
mechanism (Iwamoto et al., 1978) was generated on all four sides of the sections.

Roof mechanism behavior is generally alike in all sections followed figure.
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Conclusion of stress distribution behavior

Stress distribution of levell Stress distribution of level2
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Figure 84 Compare stress distribution behavior of BC150@125 between levell
and level2 for all load

According to figure. the graph shows the relationship between stress
distributions of level 1 and level 2 which are influenced by different seam welds.
It is noticeable that stress distributions at pre-local buckling load and at local buckling
load of both levels develop in the same direction. However, stress distributions of
both levels begin to differ from each other in ultimate load behavior: the stress at
positions 1 and 5 which are attached by seam welds is quite little, in contrast to the
stress at positions 6 and 10 which are not attached by seam welds. That is because
most of the stress here is transferred to nearby position, position 2. And the stress
distribution at this position is in accordance with the experiment on the specimens
attached by too many seam welds: the load capacity here is not high and failure
behavior usually occurs at the corner first. For level 2 which is not attached by seam
welds, the behavior of stress distribution at ultimate buckling load is post-buckling
behavior, which is a normal behavior. Positions 6 and 10 which are at the corners
contain rather high stress. And the stress begins to decrease at position 8 which is in
the middle of element. This is quite different from stress distribution of level 1 due

to the influence of seam welds.
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Failure behavior

Failure behavior of all specimens was local buckling first generated in the
depth of the sections. The column could continually restrain the compressive strength
until inelastic local buckling called Roof mechanism was generated on all four sides

of the sections. Buckling behavior is generally alike in all sections.

Figure 85 Local buckling behavior

Figure 86 Weld spacing behavior



Figure 88 Inelastic buckling behavior (Roof mechanism)
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Finite element Program.

This research was used the finite element analysis program ANSYS only for
study behaviors of built-up specimens for expected buckling load and failure mode
shape of all specimens before testing and compared behavior with testing in laboratory.
Since main objectives of this research focus on testing in laboratory more than the

finite element analysis.

Finite element method, a numerical method, is used here to solve differential
equation. The equation can sometimes be complex, and the numerical answer will be
taken to model or predict the structural behaviors of cold-formed steel. The results are
presented in 3-dimensional pictures and the analytical interpretation in color shades of
stress. Then the interpretation will be used in finding out critical limits, stress, and
failure patterns of the structure. Being compared with the experimental result in
laboratory, the result of finite element method can be verified that it is correct and

suitable for practical use.

( 12.1 Release )

Ans EngineeringData. G Addin loaded

Figure 89 ANSYS version 12.1 Finite element program
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Resulted of Finite element program

1. BC100@125

4 0.0032177 Min

200.00 400.00 {rrny 7.
100,00 300,00

Figure 90 Mode 1 Local buckling load 11,340 Kg.

0.0025144 Min

200,00 400,00 {rnrn) Z
100.00 300,00

Figure 91 Mode 2 Local buckling load 12,240 Kg.
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2. BC100@250

pac ki
91302
— 68477
| 45,652
22836
00011197 Min

40000 e}

100.00 300,00

Figure 92 Mode 1 Local buckling load 7,722 Kg.

1 59,434
30624
19.814
0.0048683 Min

0.00 200,00 400,00 (i) *e
100,00 300,00 X

Figure 93 Mode 2 Local buckling load 9,876 Kg.
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3. BC100@500

0.57362
04505
I 034537
| 033025
0.11512
0Min

400,00 (rmm) I
100.00 300.00

Figure 94 Mode 1 Local buckling 5,842 Kg.

47,553
| 65667
43781
71,804
0.0079909 Min

400,00 (rn) %
300,00

Figure 95 Mode 2 Local buckling 7,240 Kg.
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4. BC150@125

o
864
884
14422
0.0010642 Min

1.00 25000 500,00 {rmm) 2/\
[ aaaas e
135,00 375,00 <

Figure 96 Mode 1 Local buckling 7,664 Kg.

= 0.00089313 Min

0.00 250,00 500,00 (rnrn) 7
I . ]
125.00 375.00

Figure 97 Mode 2 Local buckling 7,675 Kg.
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5. BC150@250

56667
155556
044844

01111t
0 Min

500,00 {rre) &g
125,00 375,00 v

Figure 98 Mode 1 Local buckling 7,270 Kg.

™= 0.00082513 Min

500,00 {mrm) i
315,00 ¥

Figure 99 Mode 2 Local buckling 7,524 Kg.



105

6. BC150@500

= 0.00074961 Min

400.00 (rarn) E
]

300,00

Figure 100 Mode 1 Local buckling 5,250 Kg.

0.00097658 Min

250,00 500,00 (i) z
125.00 37500

Figure 101 Mode 2 Local buckling 7,420 Kg.
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7. BC200@125

= 0.00022419 Min

0.00 250,00 300,00 frrm}
B B
125,00 375,00

Figure 102 Mode 1 Local buckling 5,400 Kg.

U

= 0.00019895 Min

500,00 {raim) 2/‘
I 2 O
125.00 77500 ¢

Figure 103 Mode 2 Local buckling 5,410 Kg.
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8. BC200@250

0.00010163 Min

Z
0.00 250,00 S00.00 (rmm
e L ‘/.X
125.00 375,00

Figure 104 Mode 1 Local buckling 5,267 Kg.

= 0.00028463 Min

0.00 250,00 500.00 {rmy
I T
125,00 375.00

Figure 105 Mode 2 Local buckling 5,287 Kg.



108

9. BC200@500

42,956
34,365
25,774
17182
2.5016
0.00050186 Min

0.00 230,00 00,00 (nrn)
125.00 375.00

Figure 106 Mode 1 Local buckling 4,430 Kg.
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e
0.00023992 Min
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125.00 37500

Figure 107 Mode 2 Local buckling 5,215 Kg.
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Conclusion resulted of Finite element method.

Finite element method, a numerical method, is used here to solve differential
equation. The equation can sometimes be complex, and the numerical answer will be
taken to model or predict the structural behaviors of cold-formed steel. The results are
presented in 3-dimensional pictures and the analytical interpretation in color shades of
stress. Then the interpretation will be used in finding out critical limits, stress, and
failure patterns of the structure. Being compared with the experimental result in
laboratory, the result of finite element method can be verified that it is correct and

suitable for practical use.

Table 8 Conclusion resulted of Finite element method.

No.  Specimens Weld spacings Local bucking load Local bucking load

(cm.) (Kg.) (Kg.)

Model 1 Model 2

1 BC100@125 12.5 11,340 12,240
2 BC100@250 25 7,722 9,876
3 BC100@500 50 5,842 7,240
4 BCI50@125 12.5 7,664 7,675
5 BC150@250 25 7,270 7,524
6 BCI150@500 50 5,250 7,420
7 BC200@125 12.5 5,400 5,410
8  BC200@250 25 5,267 5,287
9 BC200@500 50 4,430 5,215

From this figure as shown Local buckling loaded of specimen from FEM
method by ANSYS program between model and mode2 .For BC100 all weld
spacings have highest local buckling loaded more than BC150 and BC200 because
BC100 have w/t ratio less than BC150 and BC200.
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For BC200 all weld spacings have lowest local buckling loaded because
BC200 have w/t ratio more than BC150 and BC100 . For w/t ratio identify to local
buckling mode, if highest w/t ratio it easy for occurred local buckling mode more than

low w/t ratio which followed to theory of local buckling mode.

The conclusion for strength design criteria of specimens following AISI section

D1.2 specification.

Figure 108 as shown the strength of specimens for BC100 all weld spacing ,
BC150 all weld spacing and BC200 all weld spacing can expected strength of
specimen from AISI2007 Section D1.2 by using modified slenderness ratio in

formular and shown calculation of compression load at appendix c.
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Figure 108 The conclusion result for strength design criteria following AISI section
D1.2 specification.
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Figure 108 as shows the conclusion result for strength design criteria following

AISI section D1.2 specification.

All specimens do not satisfy condition of AISI section D1.2, because to satisfy
condition is a/ri < 0.5(KL/r)o, but all specimens are short (100 cm.) when comparing
weld spacing (a). This length of specimens should be used to weld spacing at 8-10

cm. to satisfy AISI condition.

The modified slenderness ratio (KL/r)m have highest value at big weld
spacing @500 of all groups. The (KL/r)m increased differently with (KL/r)o when

weld spacing is increased and has effect to reduce stress (Fn) of specimens.

Ac is identified value to inelastic buckling (Ac < 1.5 ) and elastic buckling (Ac
> 1.5) . All specimens are inelastic buckling and weld spacing @500 has Ac highest

following value in Figure 108 .

Ace is effective area at stress Fn of built-up section and (a) is weld spacings. Ae
and (a) have relationship if a is wider and effects to Ae at stress Fn, which is bigger as

in calculation formula of Ae at stress Fn as seen in calculation sheet at appendix c.
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CONCLUSION

Conclusions of research

From the resulted of research, it can be seen that the load capacity of the
specimens is directly affected by weld spacing. Results from the laboratory, Code
AISI calculation, and finite element analysis all lead to the same conclusion, as

followings:

1. The experimental results for built-up section depends on weld spacings.
According to the experimental result, the longer the weld spacings are the lower the
load capacity is. However, after more specimens are added into the test, if the weld
spacings are shorter than L/4 (L: Length of specimen = 100 cm.), the load capacity
becomes lower too. It can be concluded by this experiment that weld spacing of 25
cm (@250) result in the highest loading capacity of all sizes of sections. It is
reasonably believed that longer weld spacings result in lower loading capacity.
However, relatively too short weld spacings also result in the same way as the weld
spacing which are longer than 25 cm. That is because when the specimens made of
the thin cold-formed steel plate were joined with too many seam welds, more the
residual stress was generated . Consequently, the loading capacity was quite low. On
the other hand, when the specimens which were joined with longer weld spacings
were compressed, the weld spacings became widened, resulting in lower loading
capacity compared to shorter welds spacings. As for stress distribution, the focus was
at the locations joined by seam welds. The plate near the seam weld only moved
slightly since, the stress at that position was transferred to seam weld. Consequently,

the stress there was quite lower than other positions.

2. In term of cost, since the cost of built-up section concludes welding
expense, it becomes higher than box-shaped section with similar size and thickness.
However, the costs of built-up section members depend on weld spacing, size and

thickness of steel, as well as overall work.
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3. As for AISI 2007 section D1.2, (similarly for The Engineering Institute of
Thailand (EIT), 2010) the use of modified slenderness ratio (KL/r)m also depends on
the condition of AISI 2007 section D1.2. The experimental resulted indicates that the
equation of AISI 2007 section D1.2 can applied to all kinds of built-up section.
Because of the resulted from compression tested with AISI 2007 section D1.2 are

similarly. Thus, there should be further research to reach the better conclusion.

4. For the finite element analysis, the behavior and the load capacities
obtained from the finite analysis results can be comparable to the experimental test

results. The local buckling loads could be predicted from the finite element analysis.

Recommendations for research

This study covers almost all of the topics regarding the built up column,
provided that it gives extensive details and experiments; however, there is still room

for improvement as listed below.

1. To improve the accuracy of the experiment, the specimens must be
carefully welded to the base plates, i.e. perpendicular to both the top plate and the
bottom plate. In addition, the base plates should have the thickness of no less than 25

mm, since thin plate will give rise to inaccurate results.

2. Prior to the test, each strain gauge installed for measuring the stress of the
specimen should be examined whether it has the correct gauge number and the proper

capacity, and that it is placed in the correct position.

3. For further study of this work, the specimens used in the experiment should

be longer than 100 cm for comparison purpose.

4. Residual stress should also be considered in future research concerning
cold formed steel built up column, since the residual stress from welding and

manufacturing process is the major factor affecting buckling load of the specimens.
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Appendix A
Step of using ANSY'S program
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Step 1. Geometry model

File  View Tools Units Help
new [Z5open... | save (&l save as

B Analysis Systems |
@ Electric (ANSYS) |

| g ]mport... | «pReconnect & Refresh Project # Update Project | (59 Project GCompact Made

Explicit Dynamics (ANSYS) ~
Fluid Flow- BlowMalding {(POL 1 Static Structural (ANSYS) *T Linear Budking (ANSYS)
Fluid Flow: - Bxtrusion (POLYFLI 2 & Engineering Data v ,———M2 & Engneering Data v .
Fluid Flow {CFX

ul ow (CFX) 3 @ Geometry v a3 @ Geometry v 4
Fluid Flow (FLUENT)
Fluid Flow (POLYFLOW) 4| @ Model v ¥ B4 @ Model v 4
Harmenic Response (ANSYS) 5 ﬁ. Setup i ‘—/_' 5 ﬁ Setup 4
Hydrodynamic Diffraction (AQY ] Solution v . 6 Solution ¥ 4
Linear Buckling (ANSYS) 7 @ Results & o 7 9 Resulte v .
Magnetostatic [ANSYS)

Static Structural {ANSYS) Linear Buckling (ANSYS)

Modal (ANSYS)

Modal (Samcef)

Random Vibration{(ANSYS)

Response Spectrum{ANSYS)

Shape Optimization (ANSYS)

Static Structural (ANSYS)

Static Structural (Samcef)

Steady-State Thermal (ANZYS)
@ Thermal-Electric (ANSYS)
% Transient Structural {ANSYS)
% Transient Structural (MBD)
¥ Transient Thermal {ANSYS)

CHOUNEEEEEENERRRRRE

- From open ANSYS program, click choose Static Structural (Ansys) from
the left tab menu.

- Click choose Geometry for built up model.
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0.00 45.00 90,00 {mm)
I a0
2250 £7.50

- Choose sketching tab for built up column geometry model.

| File Create Concept Tools View Help

[QHB| @] DU Grb [[seen b A ERB ¢S *QARAEQQE [+/8]n
| omane v o skt < M H <) Generate @Share Topology | [Edude gliRevobe Qg Sweep @ Skn/Loft @Thin/Surface QuBlend = & Chamfer b Point (] Parameters
™~ )

a

Draw

*\ Line

& Tangent Line

# Line by 2 Tangents
A\ Polyline

@ Polygon
[Rectangle
{Rectangle by 3 Points
Govd

@ Cirde

£ACircle by 3 Tangents
“Arcby Tangent

e Arc by 3 Points

Modify

Dimensions

Constraints

Settings

Sketching | Modeling

=/ Details of Sketchl
Sketch Sketchl

Sketeh Visibility | Show Sketch
Show Constraints? | No

[ HI3 1mm 000 20000 400.00 {mm) z)\ X
I .

L 51 mm
HIS 1mm

H2 51 mm Lo.00 300.00

V0 135 mm

Vit 13.5mm « | Model View | Print Preview

- Choose extrude menu (length 1000 mm.) to shell element of specimen.
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File Create Concept Tools View Help

AHE @] Drd Grein [[see[ b BRR@ - (S QAAAEKQE |46/

xiane  w| | sketens v #9|| o Generste @@Share Topology | @Exrude glaRevolve @ Sweep 4§ Sin/loft @Thin/Surace QuBlend = & Charfer @ Point [T Parameters
Outline

[ A: Static Structural (ANSYS)
3 X(Plzne

ok Planell

B bcrudeld

Sketching Wodeling

View 3
= Details of Body
Body Solid
Volume  |875.11 mm* A
Surface Area | 1095.5 mm*
Faces 8
Edges 18
Vettices |12 200,00 400,00 (mm) 7 %
Fluid/Solid | Solid I 1
100.00 300,00

Model View | Print Preview

- Choose sketching tab for drawing baseplate and then extrude its (length 30

mm.) for thickness in both supports.

File Create Concept Tools View Help

AHE[B] 90w Grn sl RRD@/ 0| 5¢QAREG 0T e @

[xwpane  v| sk | scetant | H +/ Generate  @@Share Topology | W Edrude gaRevolve Qg Sweep g Skin/Loft @Thin/Suface @ Blend v & Chamfer @ Point [F]Parzmeters

Outline 1
-,/ A Static Structural (ANSYS) a

By K¥Plane
Lok DiPlane
ey b YZPlane
IR Extrudel
o Planes
[ Etrudes

oh Planel3

R Ewnren

sketching Madeling ®

View 1
=/ Details of Body
Body Solid ¥
Volume  |5.787e+005 mm*
Surface Area | 57015 mm*
Faces 2 Ve &
Edges S ilg 13
Vettices |36 0m 90,00 {mm)
Fluid/Solid | Salid | ]
2280 67.50

Maode| View | Print Preview

- Choose sketching tab for drawing welding section and then extrude its

(length 20 mm.) for welding lengths.
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File Creste Concept Tools View Help

AdE @ | D G sty b BRRE V-S4 QRQEQ QT 460

XVPlane v 3| Sketent - 1 |J / Generate @ Share Topology | [@Bxude glaRevolve @ Sweep  § Skinloft @ Thin/Suface @ Blend ~ & Chamfer §)Point [E5]Parameters
Tree Outline LY craphics

[E]--, 8] A: Static Structural (ANSYS) -
-, 3 XYPlane

b ZPlane
ey 3 YZPlane
-, [ Extrudel
-3 Planes
- [ Extrude5
-y 5 Planed
[}~ x 3 Planes
[y 5 Planed
-, I Extrudels
[t
B
[t
£
B
£
G

-, 5 Planeld
t- e Planell
i, [ Erudeld
f e Planel2
i, [ Extrude20
i, [ Bdrude2l
- s Planel3

i B cond=d

Sketching Madeling

Details View T

0.00 200.00 400.00 (mm) z .
| "V | ]

100.00 300.00 ¥

Model View | Print Preview

- Extrude welding point until complete all position and generate its.

File Edit View Units Tools Help Ho sohe * T W [~ (JWorkshest H RAY LERAR @ QW@ R&EAQCHMNE| O
Mesh -/ Update | @iMesh + B Mesh Control v | | Vetrc Granh |
Jutling 1
] Project A
£~ ] Model (a4, B4)
ﬂ Geometry
-,;!‘\ Coordinate Systems
{% Connections
- A Mesh
g % static Structural (A5)
J‘q Analysis Settings
: J%RemoteFovce
4@, Displacement 3
Jﬁn Displacement 4
b ﬁl}\sﬁamment
d@, Displacement 5
E-,/] Solution (A6)
‘,D] Solution Information
/) Total Deformation -
ﬂ Equivalent Stress
&[] Linear Buckiing (65)
7% pre-Stress (Statc Structural)
JQ Analysis Settings E

Jetails of "Mesh" 1
=/ Defaults

Physics Preference | Mechanical

Relevance |U

# Sizing

 Inflation 10000 0.0 *
# Advanced

00 2000 40000 fro) 40

- Open the model menu and then assign mesh sizing about 10 mm. and

generate its.
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| File Edit View Units Tools H=|p“a\-.}smvt]@-.wmsheet H’Fﬁ‘ KR h-@@.|%-\3@@a|@qq:§2m & -

‘Elwilul\ment B, Inetal v B, Loads + 3, Supports ¥ | B

Outline

@ Project
- ] Model (Ad, B4)
- Geometry
./)!i Coordinate Systems
-8 Connections
<o K Mesh
/=] Static Structural (AS)
JQI Analysis Settings
ﬁ..’ Remote Force
B, Displacement 3
B, Displacement 4
M, Displacement
,,ﬁ, Displacement 5
(-4 Solution (A6)
‘,E!] Solution Information
- A Total Deformation
i /B Equivalent Stress
B [J] Linear Buckling (85)
,E,‘w PreStress (Static Structural)
,/Q Analysis Settings

25000

12500

375.00

500,00 (rmrm)
]

Geometry £ Print Preview ) Report Preview,/

Graph

0.

Details of "Remote Force” r
[=I| Scope -
Scoping Method | Geometry Selection
Geometry 1 Face
Coordinate System | Global Coordinate System
" XCoordinate | -7.1182¢.003 mm
Y Coordinate  |-0.52893 mm i
| |ZCoordinate |1030. mm T
Location Click to Change
[-/| Definition
Type Remote Force
Define By Companents
| XComponent (0N (ramped)
Y Component |0.N [ramped]
| ZComponent |1, N [ramped)

- Mssag% Graph

sl [V XM
0.
0.

- Assign remote force 1 N. at one side of baseplate for concentric loaded

1n static structural menu.

| File Edit View Units Tools Help || @ | fSobe ~ tH W [0 M @~ Mo [RAY - RRRE &5+ QQ QBFQ @R M6 O

|Environment @, Inertial v & Loads + @, Supports ~ | B

Outline
P

- (g Model (A4, B4)
/Bl Geometry
/2 Coordinate Systems
/81 Connections
/% Mesh
/=] Static Structural (A5)
/7 Analysis Settings
- [Ty Remote Force
/8, Displacement 3
M, Displacement 4
o i, Displacement
/8, Displacement 5
/8] Solution (A6)
/4] Solution Information
A& Total Deformation
A Equivalent Stress
E1-{F] Linear Buckling (B5)
o T30 Pre-Stress (Static Structural)

v/ Analysis Settings
Ive

Details of "Displacement” 7 ¥

= Scope
Scoping Method | Geometry Selection
i) [1Face 100 150,00 300.00 frrm)

| Definition 1
Type 75.00 235,00 X
Define By Components
Coordinate System | Global Coordinate System Geometry f Print Preview Report Preview,” I
[/ X Component |0.mm {ramped) Graph 4+ Tabular Data h
"V Component |0.mm framped) L [ Isteps [Time[s)[¥ (mm) FM_
7 Component Free 05 1)1 0. 0. 0.
Suppressed No R FIF 0. 0.

- Assign boundary condition at top baseplate with remote force to x , y

direction are constant and z is free respectively.
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| Environment @, Inertial > &, Loads v %, Supports ~ | [
Qutline
" Project
- @) Model (a4, 84)
- Ml Geometry
sk Coordinate Systems
Connections
A8 Mesh
- /=] Static Structural (AS)
P Analysis Settings
M Remote Force
8, Displacement 3
,ﬁ, Displacement 4
M8, Displacement
- J, Displacement 5
El-/d Solution (A6)
£uer (1] Solution Information
i+, Total Deformation
-/ Equivalent Stress
/1] Linear Buckling (B5)
jje Pre-Stress (tatic Structural)
g\ Anlyss Settgs

Details of "Displacement 5" n
I/ Scope

Scoping Method ‘Geometry Selection v z
Geometry 1 Face
| efinfion —
Type 7500 225,00

Define By Components X

Coordinate System | Global Coordinate System Geometry £ Print Preview, Report Preview/

[ % Component |0, mm (ramped) Graph 2 Tabular Data 7
[ ¥ Component |0.mm [ramped) T [ ]St [ Tme B[V Kimm)

PO !
Suppressed No R e

0.00 150,00 300.00 {ren) &
T 1

| ZComponent |0, mm (ramped) 05

=

BB
=
E}
EX
BENS
~N
i
EX

- Assign boundary condition at bottom baseplate with remote force to

X,y .,z areconstant all.

| File Edit View Units Tools Halp“a".}tha't.@'.Wnrksheat H’-? FE LC-REDR & SCaAlagan xe s O

| Connections ¥, Contact v ', SpotWeld ©=160cy Interaction | %¥Body-Ground = %,Body-Body » [ Body Views (@ SyncViews | { Configure Bl 2ssernile | 0= 0 | Bser RdRever | B

Outline L)
(8l Project o
- (@] Model (a4, B4) M

A& Geometry
2k Coordinate Systems
5,4 Connections
-, 8, Bonded - Mutipie To Solid
¥, Bonded - Multiple To Solid
-4 i, Bonded - Multiple To Multiple
- A Mesh
B =] Static Structural (AS)
g/ Analysis Settings
ﬁ,. Remate Force
- J3, Displacement 3
- 8, Displacement 4
,ﬁ, Displacement
3, Displacement 5
E-,/83 Solution (A6)
£-~.[3] solution Information
i+ /M Total Deformation

..., B Equivalent Stress i
e YT
Details of "Bonded - Multiple To Selid” n
=/ Scope g
Scaping Method | Geometry Selection s
Contact 18 Edges
Target 1 Face 0.00 100.00 200,00 {rmm)
[ Eaa— "
Contact Bodies sL00 15000 *
Target Bodies
=) Definition - | |\ Geometry { Print Preview} Report Preview/
Type Bonded Messages — 1x
Scope Mode Manual
suppressed | No
=) Advanced
Formulation | Pure Penalty
Normal Stiffness | Program Controlled m
Update Stiffness | Never iR

- From menu bar, choose contacted bonded for connected between the
solid element (baseplate) with shell element (specimen ) at top and bottom bastplate

for transferred stress between shell with solid.
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| Fie Edit View Units Toos Help || @ | fsove v T W [ W @+ o R AW CRRBB( & S5(caR QAL NE O

JConneclions W, Contact ~ 8 SpotWeld K21 Bady Interaction | % Body-Ground %Body-Budyv BudyViews 3 Syne Views | ﬂConﬁgure i tssemble ‘ 4= 0

Outline

18] Project
- (@ Model (A4, B4)
/B8 Geometry
A Coordinate Systems
(-, Comnections

- B, Bonded - Multiple To Solid
-, Bonded - Multiole To Multle
A% Mesh
£1-,[2] Static Structural (AS)
7 Analysis Settings
/2 Remote Force
/8, Displacement 3
,B,, Displacement 4
,8,, Displacement
,,Ei,, Displacement 5
-8 Solution (A6)
3] solution Information
8 Total Deformation
B Equivalent Stress
F S A Ay

Details of "Bonded - Multiple To Multiple”

()| Scope

Scoping Method | Geometry Selection

Contact 3 Bodies

Target 4 Faces
Contact Bodies
Target Bodies

Target Shell Face  Program Controlled

‘BSet B Revert ‘ ER

.00 150,00 300.00 {prrm)

7500 22500 X

Geometry APrint Preview}\, Repert Preview,

[l| Definition

-

Al

Type Bonded
Scope Mode Manual
Behavior Symmetric
Suppressed No
=I| Advanced
Formulation ‘FLIIE Penalty i

- From menu bar , choose contacted bonded for connected between the solid

element ( seam welding ) with shell element (specimen) at all seam welding for

transferred stress between shell with solid.

e Edit View Units Tools Help || @ | #sobe ~ i f6f [0 (&) @i~ QWoishest | R AV T RERB| @S¢ QA QEQAEME| DO

Solution % Deformation = 4 Strain v @ Stress = | @ Linearized Stress v | @ Probe ~

/i Geometry
2 Coordinate Systems
-8 Connections
-+, Bonded - Multple To Solid
. Bonded - Multiple To Solid
-, Bonded - Multiple To Multiple
o B Mesh
/=] Static Structural (A5)
-+ 74 Analysis Settngs
/s Remote Force
/B, Displacement 3
/8, Displacement 4
M9, Displacement

S,
s

Details of "Solution (A6)"

Stress Tool
Deformation
Strain

Stress

=i Adaptive Mesh Refinement

Linearized Stress

Max Refinement Loops |1,

Fatigue

Refinement Depth 2.

Contact Teol

Probe

ools v | i, User Defined Result |, Coordinate Systems v | [

0.00 200.00 400.00 (mm)
100.00 300.00 ¥

Coordinate Systems

&Regurt Preview/

83, User Defined Result

& Tabular Data 2

B: Commands

o

" Messages. Graph |

From solution menu in the left tab, choose insert menu and then

choose total deformation .
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| File Edit View Uitz Tools Help H 0‘ :}'Solva

CHRBE G- foe TR EEERBSSHARGRQAENE|D:

[Resut 39¢-006 nseate) ~ @ [+ G-

Outline

& Project
£ (&) Model (a4, 84)

B

-
¥
-

g

ﬁ Geometry

,/,!\ Coordinate Systems

/@ Comnections

- J8 Mesh

-2 Static Structural (A5)

f J{,‘_{ Analysis Settings

ﬁ‘. Remote Force

d@, Displacement 3

‘,fi, Displacement 4

d@, Displacement

‘,fi, Displacement 5

-,/ Solution (A6)
/m Solution Information
/) Total Deformation
‘M Equivalent Stress

- Linear Buckiing (B5)

/7% Pre-Siress (Stafic Structural)
/7 Analysis Settings
B

Details of "Total Deformation”

m

[=| Scope

Scoping Method

| Geometry Selection

Geometry

| A11Bodies

Definition

Type

Total Deformation

By

Time:

Display Time

Last

n

File

'dNew [50pen... | 5ave ﬂSaveAs ﬁ]lmportm

8] Hedric (ansrs)

View Took LUnits Help

‘ )y ‘ [ Probe

46605e-6
10306
31071e-6
23303¢e-6
L3535e-6
LI6TTe-T
0 Min

0.00

200.00

40000 ()
]

100.00 300.00

Geometry { Print Preview ), Report Preview/ |

Run static structural mode for total deformation resulted.

+oRecomect 3 Refresh Project -/ Update Project ‘ GPmJect @Compact Mode

Explicit Dynamics (ANSYS) )’ 8

@ Fluid Flow- BlowMolding (POL il

@ Fluid Flov - Extrusion (POLYFL! 2 0 Engieering Data o a Enginezring Data |
Flad Fgn() 3 W Geometry v —3 w Geometry v,
& Fluid Flow (FLUENT)

& FlidFlon (POLYFLOW) 49 ot v 119 hode 4
Harmoni A 5 @ setp v ‘—/05 8 setp v,
[ Hydrodynamic Diffraction QY § {8 solution v §| {8 Soluton v
Linear Buckling (ANSYS) 7 9 Resuls v, 7 O Resuls Z

(il] Magnetostatic (ANSYS)
[ Modal (ANsYs)

ﬁ Modal (Sameef)

m Random Vibration ANSYS)
m Response Spectrum(ANSYS)
@ Shape Optimization (ANSYS)
g seatic Sructural (ANSYS)
ﬁ Static Structural {Samcef)
ﬂ Steady-State Thermal (ANSYS)
Thermal-Electric (ANSYS)
ﬁ Transient Structural {ANSYS)
ﬁ Transient Structural (MBD)
ﬂ Transient Thermal (ANSYS)

Static Structural (ANSYS)

Linear Buckling (ANSYS)

- From static structural (Ansys) mode, right click for open Linear buckling

(Ansys) mode .
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Fie Edt View Unts Toos Hep || @ | +oke v T fif 0 [ B~ Gvorsiet | R 7% S"RERE(@ S ¢QQ AEQOAEME|Or

Solution od Deformation ~ oESImin v oUSII v ‘ ’U Linearized Stress ‘ ﬁpmbe v Tuuls v | EHUSEI Defined Result ‘ oeCucmiinal:ﬁyslcn\s v | EX

,@ Mesh
[-,[2] Static Structural (A5)
,_Q-j Analysis Settings
B R. Remote Force
- ﬁ, Displacement 3
= ﬂ, Displacement 4
- ,ﬁ, Displacement
- ﬁ, Displacement 5
-,/ Solution (A6)
m Solution Infarmation
ﬁ Total Deformation
- M Equivalent Shress
1+ (1] Linear Bucking (85)
T2 PreStess (State Srucrs)
A
B8

Deformation

ﬁj Clean Strain 4
o [
4‘ Equivi b Rename ’ Eqm
Linearized Stress 4 ’ﬁ Maximum Principal
Details of "Solution (B6)" CoaninateSsems ; 8L, Middle Principal ¥
=) Adaptive Mesh Refinement 8L Minimum Princigal
Hax Refinement Loops 1. 12, User Deined Result 8, Masimum Sher
Refinement Depth 2 N
| By Exmmenis B, Intensity [l 20000 40000 {rrm) 2
B Normal I .
10000 040 X
'U Shear
Geometry A Print Prevl 1 Vector Prinipal |

-From Linear buckling , choose solution tab for insert Equivalent stress model

and mode 2 and then choose total deformation for linear buckling mode.

IElwimnmenl 5, Inetial » @ Loads v @ Supports + ‘ I

4% Mesh -
{2 Static Structural (AS)
J.q Analysis Settings
M Remote Force
d@,D\spJacemantS
d@,D\spJacemenH
,@,D\sﬁac&ment I
v@,l}\spiacementﬁ
El-/§] Solution (A6)

JD] Solution Information
JQ Total Deformation
T Equivalent Siress
EIE Linear Bucklize[22)

i 0 PreStes  Insert D

Ii] j‘% :‘;IZ:; '.} Solve

/D] Sol
oy ] Clean

- B E
- M Equivaent Stress 2 =

db Renzme

Details of *Linear Buckling (B5)" 4
= Definition
Physics Type Structural

Analysis Type Linear Buckling

Solver Target ANSYS Mechanical
| Options 10000 0000 X
Generate Input Only |No

0.0 0.0 40000 (e z

Geometry 4 Print Pleview)\ Report Pleview/ \

Graph R Tabular Data q

- Right click on Linear buckling mode and choose solve demand for run it.
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| Fle Edt View Units Tools Help || @ | W Mo || ® A CERRE( &S AR 8 al
|Result 27 (0.5 Auto) +@B-H-@-F | @ @ | ok
Qutline
/80 Mesh

El,{=] Static Structural (A5)
e 73 Analysis Settings
£, Remotz Force
-8, Displacement 3
-, Displacement 4
/8, Displacement
- 8L, Displacement §
£,/ Solution (A6)
/L] Solution Information
A Total Deformation
: A Equivalent Stress
E,[F] Linear Buckding (85)
/T30 Pre-Siress (Static Structural)
v\ Analysis Settings
-] Solution (86)
3] Solution Information
A& Total Deformation
A Equivalent Stress
A& Equivalent Stress 2

Details of "Total Deformation”

| Scope
Scoping Method | Geometry Selection
Geometry | All Bodies &
) Definition 0.00 200,00 400,00 {mm)
Type Total Deformation a0 300,00 X
Mode 1,
Tdentifier Geometry 4 Print Preview , Report Preview,/” ]
£ e Graph # Tabular Dats
Load Multiplier 77220 -
- o m = = Mode [[ Load Muttiplier
e — | tnimation - W |00 11| 10 Frames 25ecuto] (B I_HJ;M
Maximum 1,024 mm 212, a7
Minimum Occurs On |Solid 303, 122926005
Maximum Occurs On | Surface Body [4]d,  12713e+005
. Messages. Graph | 55 12348e+005

- After run Linear buckling mode, choose total deformation bar for resulted in

buckling deformation shape .

| File Edt View Units Tooks Help || @ | +/sobe v 18 Bt B [RAY C-ORRRA(S- S @aEASRMNE (DO
|Resutt 27 0.5 Auto) - @ H-@- | @ | @Pobe
Outline i
; Mesh -
El,{=] Static Structural (AS)
/7 Analysis Settings
/P Remote Force
M, Displacement 3 L
/8, Displacement 4
/8, Displacement
/8, Displacement §
E,/8] Solution (A6)
/4] solution Information
A Total Deformation
A Equivalent Stress
B} {J] Linear Buckling (B5)
/720 PreStress (Static Structural)
2 Analysis Settings
B Solution (B6)
/4] Solution Information
/B Total Deformation
A Equivalent Stress
A Equivalent Stress 2

m

11413
91302
66,477
45,652
21826
0.0011197 Min

4

Details of “Equivalent Stress 2 v
= scope A
Scoping Method | Geometry Selection
Geometry All Bodies @
Shell Top/Bottom 20D 4"”“”" () z
| Definition 10000 300.00 X
Type Equivalent von-Mises) Stress
Mode 1 = h\Geometry {Print Preview j Report Preview/ |
Identifier Graph 1 Tabular Data
] Integration Point Results - Mode |[v Load Muktipl
- - iplier
Dy Opiitn e | Animation EHE | @ 10Frames 2 5ec [Auto) |18 o ‘;m
=] Results Z 7. 98768
Load Multiplier | 77220 ) 303 12292e-005
Minimum 111576003 MPa 4]4. 123134005
Masimum 205.43 MPa - Messages Graph 505 12348e-005

- From solution tab of Linear buckling, choose equivalent stress model for
resulted of stress mode 1 and local buckling loaded resulted as shown in table at

corner of screen.
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File Edit View Urits Tooks Help | @ | Sobe ~ (i i @ M @~ Wi [T /0 7 - HH W &S¢0 Q QEQARMAE| O

Result 27 (0.5x Auto)
0

B Mesh

/=] Static Structural (AS)
7 Analysis Settings
a Remote Force
M, Displacement 3
<o M, Displacement 4
-1, Displacement
-8, Displacement 5
B Solution (AG)
- /3] Sclution Information
A Total Deformation
M Equivalent Stress
1] Linear Buckling (B5)
o720 Pre-Stress (Static Structural)
g Analysis Settings
B Solution (B6)
- /3] Sclution Information
A Total Deformation
- M Equivalent Stress

-8 | B E
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30624
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Details of "Equivalent Stress 2* 2 ¥
| Scope ~

Scoping Method | Geometry Selection

Geometry All Bodies [

Shell Top/Bottom ‘ 20000 40000 (rmm) z
= | Definition 100,00 300.00 X

Type Equivalent (von-Mises) Stress

Mode 2 =| |\ Geometry £ Print Preview ) Report Preview/ |

Identifier Graph 2 Tabular Data
=/ Integration Point Results

m = = Mode |[¥ Load Muttiplier

iy Gl i | Animation }EHE ] Q10 Frames 2 Sec [Auto) (] o

= |Results | 202 s
Load Multiplier |98768 L 3(3. 12292¢+005
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- From solution tab of Linear buckling, choose equivalent stress mode 2 for

resulted of stress mode 2 and local buckling loaded resulted as shown in table at

corner of screen.
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Appendix B

Failure behaviors of specimens
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1. BC100@125
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2. BC100@250




135

3. BC100@500
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4. BC150@125
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5. BC150@250
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6. BC150@500
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7. BC200@125
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8. BC200@250
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9. BC200@500
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Appendix C

Compression load calculation.
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Example of

Compression load calculation.

1. C100 ( Single section )

2. BC100@500 (Built up section )
3. BC150@250 (Built up section )
4. BC200@125 (Built up section )



Compression load calculation.

1. C 100 (Single section)
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Properties
Dimension | Length(mm) | Section I 4 I 4 r r
(DxWxt) area (mmz) X (mm’) 3 (mm?) y (mm) x (mm)
102x51x13. 1000 323 0.537x10° | 0.112x10° 18.7 40.8
5
2
Fe; (Flexural buckling); = ”—Ez
(KL/r)
22x2.1x10°

Fe, (Torsional buckling)

F62

To

Cw

Ag

(0.5x100/1.87)2

28987.65  ksc.

%)
1 [GJ+” EC;V]

AgTe (KtLt)

2 2 2
= r +r +X

X y 0
= Shear modulus
= Torsion constant

= Warping Constant

= Gross section area




! T x2.1x10" x241x10°
Fe2 = ————| 7946.93x 242+ -
323x47.68 1000
Fe2 = 7064.28 ksc.

Fe; (flexural - torsional buckling )

1
Fes = —[(Gex+6t)— \/(Gex+0t)z —4B('Sex(5t]
2B
. 7r2E
S1nce (019):€ = —2
(KXLx/rx)
72 x2.1x10°
ocX = 3
(0.5x100/4.08)
Gex = 138008.85  ksc

Substituted value into equation ; by ot = 7064.28 (Fey)
Fes = 6813.73 ksc ( Fe3is controlled)
Fy
Ao < el
Fe
Ae _ 5400
6813.73
Ac = 0.89<1.5 (Inelastic buckling)
_ 2
Fn = (0.6584¢)Fy

Fn = 3,875.56 ksc
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Effective Area Ae at stress Fn

I. Lip = 13.5 mm

W; = 13.5-(5+1.5) = 7 mm
2. Flange = 51 mm.

W, = 51-2(5+1.5) = 38 mm.
3. Web = 102 mm.

W3 = 102-2(6.5) = 89 mm.

1. Effective Width of Compression flange

w 38

= =2 = 9533

t 1.5

S = 1.28~/E/f

S = 1.2842.1x10% /38.75

S

S = 2980, > =993
w

S > —
t

la = 399{[(W/t)/8]—m}3t4
- 399{[%}—@}3(1.54)

~ 399{0.85-0327P(1.5)*

= 28896 mm*
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3 73x1.5 3 4
Is = d't/12 = = W;t/12 - 42.87 mm
12
C, = Is/Ia
_ 42.87
288.96
= 0.148 < 1.0
C = 2-C, = 2-0.148 = 1.852
13.5
D/W, = — = 0.355
38

Since D/W, < 0.80
ka = 5.25-5(0.355) = 3.475< 4.0
k = C,"(ka-ku) + ku

> (0.148)"°(3.475-0.43)+0.43

= 1.60
USE k = 1.60 to compute the effective width of compression flange
» o~ Los2(Wh )t
Je Lt VE
. 1.052 [ﬁ} 38.75
J1.60 \ 1.5 )\ 2.1x10%
= 0.91>0.673
0.22
p = (1 ——j/?u
A
p = (1 —%j/o 91
91

b = pwy = 0.833x38 = 31.66 mm.



2. Effective Width of Edge stiffener

W 7
— = — = 467<14 OK
t 1.5

1.052(w1) f
by = il Bt U I U

Jr Ut E

_ 1052 (4 67) 38.754
0.43 2.1x10
= 0.322 < 0.673
ds = Cd's = 0.148x7 = 1.036<d'y OK
3. Effective Width of Web element

w 89
— = — = 5933
t 1.5

1.052(w1) £
A X ~t7d| Aarg | )

\/f t E
A = 1.341 > 0.673

0.22
p = (1——)/% = 0.62
A

b = pw3 = 0.62x8 = 5548 mm.
Ae of C100 =

= 23581 mm®* = 236 cm?

Since ; Pn = Ae x Fn
Pn = 2.36 x 3,875

151

323-[2(38 —31.66) + 2(7 = 1.036) + (89 — 55.48)|x1.5
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Pn 9,145 Kg.

Pn

9.14 Ton. (flexural — torsional)

Compute of Pn based on Distortional buckling

0.6 0.6
P"={1_ﬂ.25(‘n"") ](P“d) P,
Py Py

Pcrd = AgFd

Py AgFy

Fd = kgfe + kgwe + kg

kgfg + kgwg
ks = (N ELotxor — 1% + EC I’E’frx h)2 +(H)EG.-’
#c—(L) < Xor — Ay wf Ii of — fy) I I
> B Et?
Ve T Sho(l — 2

_ ! I.6\> Iy 5 4
kptg = (%) |Af |:[Ililf — hy)? (Ii;) — 2yor(xor — hx) x (.ri:) +h + yaf} + L+ f}.fl
¥

LA rhﬁ
fove = (7) (m)
kg = 0 (Unrestrained)

since

2 1/4
6mtho(l — p? Lo 2
Lo = |#[Iﬂum _ ;rxf + Cop— E{xﬂf —hy)



Substitute value into equation ; Lecr = 400.9 mm.

; Since (Lm=Ly=1000 mm.) > Lecr, use L =400.9 mm.

Substitute value into equation ; get

kgfe = 127.09
kgwe = 12726
kfig = 6.874
kgwg = 1.618

Fd = kgfe + kgwe + k¢

kgfg + kgwg
Fd = 393476 ksc
Therefore;
Pcrd = AgFd
Perd = 3.23x3934.76 = 12709.28 kg.
Py = AgFy
Py = 3.23x5400 =17442 kg.

Py A Py 0.6
Substitute Pcrd and Py into equation ; F; = {1 —'[]'.25( - ) } ( ; ) P
y

¥

Pn = [1—0.25(12709.28/ 17442)0'6}(12709.28/17442)0'617442

Distortional buckling load Pn = 11438.65 Kg. = 11.43 Ton

¥
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Since

Pn = 9.14 Ton ( flexural - torsional ) < 11.43 Ton ( Distortional )

Therefore the governing Pn = 9.14 Ton. ( flexural - torsional ) controlled

2. BC 100 @ 500 ( Built-up)

Properties of BC100@500

Length(cm) Weld Section Ix (cm”) Iy (cm®) ry (cm) 1y (cm)
spacing | area

() (cm) | (cm?)

100 500 6.46 115.24 103.83 4 4.22

Modified slenderness ratio

(=) - &

(&j = Overall slenderness of built-up mumber
0

1 = Minimum radius of gyration on
individual member of built-up

KL ) ;
(—) = Modified slenderness ratio

[
Il

Weld spacing

KLY 0.5x1000j2+(500}2
) 40 187
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T'E

Fe: (Flexural buckling); —
(KL/1),,

2x2.1x100
(29.51)2

23800.20  ksc.

Fe, (Torsional buckling stress between fasteners)

1 T ECw
Fe, = ~—— GJ] + 3
Agr0 (a)

Use properties of single section; (Unit; mm.)

To = r2 —i—r2 + X 1
X y 0
G = Shear modulus
J = Torsion constant
Cw = Warping Constant
a = Weld spacing
Ag = Gross section area
2 4 6
Fe - 1 . 046,93 x 240+ % X21x10 >;241x10
323x60.2 500
Fe = 17068.7  ksc.
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Fes ( flexural-torsional buckling stress between fasterers )

Fes = %[(oex+ot)—\/(oex+at)2 —4,309X0t}
. 7r2E
S1nce ocX = —2
(KXLx/rx)
m’ x2.1x10°
ocX =3 . & 5 &2

(100/1.87)°

oex 3 7247.73  ksc
Substituted value into equation ; by ot = 17068.7 (Fe)
Fes = 5087.48 ksc.

. Minimum of Fe is Fe; (flexural-torsional buckling stress between fastener)

Fe; = 5087.48  ksc..
F
Ac - =
Fe
e b 5400
5087.48
Ac = 1.03 < 1.5 (Inelastic buckling)
_ 2
Fn = (0.6581¢) Fy

Fn = 3463 ksc



Effective Area Ae at stress Fn

1. Lip = 13.5 mm

W; = 13.5-(5+1.5) = 7 mm
2.Flange = 51 mm.

W, = 51-2(5+1.5) = 38 mm.
3. Web = 102 mm.

W3 = 102-2(6.5) = 89 mm.

1. Effective Width of Compression flange

w 38
> s
t 1.5
S = 1.28~E/f
S = 1.2842.1x10% /34.63
S
S = 3152, > = 1050
3
W
S > -
t

la = 399{[(w/t)/s]—~/Kura}*

- 399{[ﬁ}—m}3(1.54)

31.52

= 399{0.80-0.33}3(1.5)* = 214.60 mm*

12

7 x1.5
s = dv12 = ( z j - W12 _ 287 mm’
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G = Is/la
_ 42.87
214.60
= 02<1.0
C = 2-C, = 2-02 = 1.8
13.5
D/W, = — = 0.355
38
Since D/W, < 0.80
ka = 5.25-5(0.355) = 3.475< 4.0
k = C,"(ka-ku) + ku

= (0.20)*°(3.475-0.43)+0.43

= 1.79
USE k = 1.79 to compute the effective width of compression flange
Y - 1.052 {W_z j i
Je Ut VE
_ 1.052 (ﬁj 34.63
VL7915 )\ 2 1x10%
= 0.80 > 0.673
0.22
p = (1 ——j/?u
A
p = 1—% /0.80
0.80

b = pwy = 0.90x 38 = 34.43 mm.



. Effective Width of Edge stiffener

,-f|g

dy =

— = 4.67< 14 OK

1.052(w1) f
Vet E

1.052 (4.67) 34.63

0.43 2.1x10%

0.30< 0.673

Cydly = 02x7 = 14<d'y OK

. Effective Width of Web element

W
t

Ae of BC100

89
e = 59.33

1.5

1.052(w1j 7
Je Lt JVE
1.27 > 0.673

[I—EJ/A = L0
A

pw3 = 0.65x89 = 57.85 mm.

497.53 mm?

497 cm’

646-[4(7 —1.4)+ 4(38 — 34.43) + 2(89 — 57.85)[x1.5
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Since ; Pn = Ae x Fn
Pn = 4.97 x 3,463
Pn = 17.21 Ton.
3. BC150 @ 250 ( Built-up)
Properties of BC150@250
Length(cm) Weld Section Ix (cm”) Iy (cm®) ry (cm) 1y (cm)
spacing | area
(2) (cm) | (em®)
100 25 8.86 338.55 235.35 5.15 6.18

Modified slenderness ratio

T

3 Overall slenderness of built-up mumber

= Minimum radius of gyration on
individual member of built-up

= Modified slenderness ratio

Weld spacing

0.5x1000 2+ 2502
515 23.1

14.54
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T'E

Fe: (Flexural buckling); —
(KL/1),,

72x2.1x100
(14.54)2

98037.05 ksc.

Fe, (Torsional buckling stress between fasteners)

1 T ECw
Fe, = ~—— GJ] + 3
Agr0 (a)

Use properties of single section; (Unit; mm.)

To = r2 —i—r2 +X 2

X y 0
G = Shear modulus
J = Torsion constant
Cw = Warping Constant
a = Weld spacing
Ag = Gross section area

2 4 6
Fe - 1 . 2046.93x330.4 % X21x10 x21070x10
443x79.73 250

Fe 126095.14  ksc.
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Fes ( flexural-torsional buckling stress between fasterers )

Fes = %{(oex+o’c)—\/(oex+ot)2 —4,BO'EXO't}
. 722 E
since oex = E———
(KxLx/rx)
72 x2.1x10°
oex = -
(100/6.02)>
Gex > 75111.14  ksc
Substituted value into equation ; by ot = 126095.14 (Fey)
Fes = 47071.84 ksc.

.. Minimum of Fe is Fe; (flexural-torsional buckling stress between fastener)

Fe; = 47071.84 ksc..
F
Ac ek
Fe
e _ [ 5400
47071.84
Ac = 034<1.5 (Inelastic buckling)
_ 2
Fn = (0.658 A¢) Fy

Fn = 5145 ksc



Effective Area Ae at stress Fn

1. Lip = 15.5 mm

W; = 155-(5+1.5) = 9 mm
2. Flange = 64 mm.

W, = 64-2(5+1.5) = 51 mm.
3. Web = 152 mm.

W3 = 152-2(6.5) = 138.5 mm.

1. Effective Width of Compression flange

w
— = 51/15 = 34
t

S = 1.28~E/f

S = 1.28+2.1x10% /51.45
S

S = 258, > =862

w

_>S

t

)

la = H5x34 | 5l 54
2586
la =  790.75

D = 15.5
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d = D-(f-t) = 15.5-(5+1.5) = 9 mm.

[oN
O

- = — = 6 <14 (Maximum d/t)

Is = d’t/12
= 9° x 1.5/12
= 91.125
C, = Is/Ia
_ 25 = 0115 < 1.0
790.75
D/W, = o 2Pk 0.304 < 0.8
51
" ka = 5.25 — 5(D/W,)
ka = 5.25 —5(0.304)
ka = 3.73
k = C,"(ka-ku) + ku
k = 0.115%%3(3.73-043)+0.43

k = 2.03



(1.052/42.03 )(34{ 51.45 J

2.1x10%
124 > 0.673
pW
129221104 k51
124
2 min,

2. Effective Width of Edge stiffener

1.052 6 51.45

V043 "\ 2.1x104

0.47 <0.673
d = 9mm.

Cyd's = 0.115x9 = 1.03

3. Effective Width of Web Element

,-f|g

— = 92.33 < 500 OK
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. Ae of BCI50@250

1.052

= —2(92.33)

7

= 2.40 >0.673

= 038

51.45

2.1x10

0.38 x 138.5

= 52.63 mm.

166

886-[4(9-1.03)+4(51-33.83)+2(138.5-52.63)]x 1.5

= 47755 mm’ = 478 cm’
Since ; Pn = Ae x Fn
Pn = 4.78 x 5145
Pn = 24.58 Ton
4. BC200 @ 125 ( Built-up)
Section properties
Length(cm) Weld Section Ix (cm®) | Iy (cm®) ry (cm) 1x (cm)
spacing | area
(2) (cm) | (em®)
100 12.5 11.10 734.79 426.96 6.20 8.13
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Modified slenderness ratio

[—j = Overall slenderness of built-up mumber
0

i = Minimum radius of gyration on
individual member of built-up

KL p .
(—j = Modified slenderness ratio

a = Weld spacing

KLY (0.5x1000j2+(125J2
) 62 26.7

9.33

Zn
~ | B
~—
I

A - TczE
Fe: (Flexural buckling); 4 m

22x2.1x10°
(9.33)2

238098  ksc.

Fe, (Torsional buckling stress between fasteners)

1 T ECw
Fe, = —| a1+

Use properties of single section; (Unit; mm.)
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2 2 2
To = r +r +X

X y 0
G = Shear modulus
J = Torsion constant
Cw = Warping Constant
a = Weld spacing
Ag = Gross section area

2 4 6
re  d 1 . 046,93 x 416 4+ 7 X21X10 x23060x10
555x98.63 125

751873.47 ksc.

Fe

Fes ( flexural-torsional buckling stress between fasterers )

Fes = %{(oex+o{)—\/(oex+ot)2 —4,[)’08X0't}
. =
sSImce ocX = —2
(KxLx/rx)
72 x2.1x10%
ocX = —_———

(100/7.97)>

131653.24  ksc

cex =
Substituted value into equation ; by ot = 751873.47 ksc (Fep)
Fe; = 112035.75 ksc.

. Minimum of Fe is Fe; (flexural-torsional buckling stress between fastener)
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Fe; = 112035.75 ksc.
F
e - |2
Fe
Ae _ 5400
112035.75
Ac = 022<1.5 (Inelastic buckling)

Fn  =(0.658"%)Fy

Fn =5291.71 Kksc
Effective area Ae at stress Fn

1. Lip element = 15.5 mm

W, = 155-(5+1.5) = 9 mm

2. Flange element = 76 mm.

W, = 76-2(5+1.5) = 63 mm.

3. Webelement = 203 mm.
W3 = 203-2(6.5) = 190 mm.

1. Effective Width of Compression flange

W 63

o2 o

t 1.5

S = 128 JEJf = 1.2842.1x10% /52.91
S = 2550 S

, = 8.50
3



Ia

Ia

Ia

o

Is

G,

D/W,

. ka

15.5

D-(f-t) = 15.5-(5+1.5) = 9 mm.

6 <14 (Maximum d/t)

d*t/12

9’ x 1.5/12

91.125

Is/1a

91.125
984.21

= 0.092 < 1.0

15.5
— = 0.246 <0.8

63

5.25 — 5(D/W>)
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ka = 5.25 — 5(0.246)
ka = 4.02>4.0
. ka = 4.0
k = C,"(ka-ku) + ku
k = 0.1°°%(4-043)+0.43
k . 2.09
L= (1.052/@)(42){ 222 J
2.1x10
) = 1.53 > 0.673
b = pwW
b = [(1—%}1.53}63
1.53
b = 3526 mm.

2. Effective Width of Edge stiffener

L 1052 0 [[5291
V0.43 " "\ 2.1x104



0.483 < 0.673

d = 9mm.

Cd's = 0.092x9 = 0.828

3. Effective Width of Web Element

,-f|g

Ae

Since ;

— — 126.67 < 500 OK

1.052 (126.67) } 52.914
J4 2.1x10

3.34>0.673

pw3 = 0.28x 190 = 53.2 mm.

1110-[4(9-0.828)+4(63-35.26)+2(190-53.2]x 1.5

48413 mm’> = 4.84 cm?
Pn = Ae x Fn
Pn = 4.84 x 5291.71

Pn 25611.87 Kg. 25.61

Ton.
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