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and Catastrophic Events

O Tapered steel members are used in steel structures

O Structural efficiency = optimization of cross section capacity -2
saving of material

O Aesthetical appearance

Construction site in front of the Central Station,
Europaplatz, Graz, Austrial

Module A — Design of non-uniform members
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O Tapered members are commonly used in steel frames:

O industrial halls, warehouses, exhibition centers, etc.

RIDGE PANEL

i : e RIDGE LINE
o CABLE BRACING OR :

ROD BRACING AT ROOF

RIGID FRAME RAFTER .

ROOF PURLIN

~— = l
ROOF PANEL

e, - DOWNSPOUT

) Py CABLE BRACING
S g il OR ROD BRACING
-, AT WALL
A i
£ N - e RIGID FRAME COLUMN

O Adequate verification procedures are then required for these
types of structures!

Module A — Design of non-uniform members
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O However, there are several difficulties in performing the stability
verification of structures composed of non-uniform members;

O Guidelines are inexistent or not clear for the designer

L Due to this reason simplifications that are not mechanically
consistent are adopted

 These may be either too conservative or even
U Unconservative!

Module A — Design of non-uniform members
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and Catastrophic Events n p r

O Prismatic members — Clauses 6.3.1 t0 6.3.3
O Developed for prismatic members X
O,(x) =¢, sin[—}

O Sinusoidal imperfections /

1.2 Column /
1 = &cr
0.8 ——0&'cr
0.6 - —8"cr
0.4 -
0.2 -
0 ‘ | ———y | X
: i .
02 ’ ~ 5 M7 (x) =EId" < sin| —
0.4 - L) L

Constant

O Ayrton-Perry type equation: /{ ANt 7 Sinusoidal
I
Is maximum at mid span: gy = Ny m

OK!

Module A — Design of non-uniform members
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0 Non-uniform members — Clauses 6.3.1 to 6.3.3 apply 777

| Ng

O Cross section utilization due to applied (first order) forces is not

nstant anymore.
constant anymore Not Constant

Module A — Design of non-uniform members
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Sustainable Constructions

e N problems
0 Non-uniform members — Clauses 6.3.1 to 6.3.3 apply 777

1.2 - . TTX
1 COIumn = Gcr 80 (X) - Sm(—}

0.8 - o / L
0.6 - —V
0.4

0.2 -

0

Ei : L) = M"(x)=EI§" < %

O Ayrton-Perry type equation:
Is it maximum at mid span 777

£(x) =%+% KO!

Module A — Design of non-uniform members
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0 Non-uniform members — Clauses 6.3.1 to 6.3.3 apply 777

O Position of the critical cross-section — not at mid span

O Account for 2nd order effects; iterative procedure, not
practical;

O 1st order critical cross section is considered!

Module A — Design of non-uniform members
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e N problems

0 Non-uniform members — Clauses 6.3.1 to 6.3.3 apply 777

J Variation of cross section class

Class 3

/ Class 2 ‘ Class 1
| |

My,Ed U Definition of an equivalent class for
the member

NEd <<< Afy

Module A — Design of non-uniform members
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coee=  Non-uniform members — approaches

Sustainable Constructions

e N problems
A Non-uniform members — 2" order analysis with imperfections

O Definition of local imperfections:

d Same problem: ey/L calibrated for prismatic members with
sinusoidal imperfections

Buckling curve acc. Elastic analysis Plastic analysis
to EC3-1-1, Table 6.1
ey/L ey/L
a, 1/350 1/300
a 1/300 1/250
b 1/250 1/200
c 1/200 1/150
d 1/150 1/100

Module A — Design of non-uniform members
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Sustainable Constructions

e N problems

d Non-uniform members — 2"d order analysis with imperfections

O Definition of local imperfections?

-— i -
./'l .

‘ ‘ J e

¢ 33 — :
; ' g q !
- -
B A 'H‘y:; B 3t ) L}
-, LY LIRS B 4 b “
y 4]

Italy pavilion, World Expo 2010 — Shanghai

Module A — Design of non-uniform members
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0 Non-uniform members — GENERAL METHOD (clause 6.3.4)

In-plane resistance Out-of-plane
P v elastic critical load
1 In-Plane GMNIA v _
calculations LEA calculations
\ v
Gult,k acr,op
_ 4
lOp = \/alult,k /acr,op

|
2 ( Buckling curve )
v

X X
v V

3 Xop = XOP =
Minimum (x, X.1) Interpolated (X, X,1)

¥ Y

zopault,k /7/Ml 21

Module A — Design of non-uniform members
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e N problems
O Non-uniform members — GENERAL METHOD (clause 6.3.4)

1 O ay, should account for local second order effects?

O If so: again = problem with definition of imperfections
O Prismatic column — 6.3.4 vs. 6.3.1

1o — 0| U Higher in-plane second order effects

100 e e lead to a decrease in the out-of-
“ o % HE 500 A plane reduction factor
© ——HE450B
- o ——HE400B
2 - HE 360 B
R | —ues0s| I Even for the case of beam-columns

Rolled b 3008 this effect is not as restrictive.
20 | | | | | HEZOOA
0 0.5 1 1.5 2 2.5 3
Az

Module A — Design of non-uniform members



European Erasmus Mundus

coee=  Non-uniform members — approaches

Sustainable Constructions
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O Non-uniform members — GENERAL METHOD (clause 6.3.4)

2 0 Definition of a proper buckling curve

Curve a

,,,,,,,,,,,,,,,,

,,,,,,

Curve b E

L)

|
|
|
|
|
|
1
|
|
1
|
|
|

|
1
|
|
|
|
| $
|
[
|
|
|
1
|
|
|
|
|

Curve d

Curve c

L For some cases existing buckling curves may even be

unconservative!

Module A — Design of non-uniform members
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Sustainable Constructions

e N problems
0 Non-uniform members — GENERAL METHOD (clause 6.3.4)

3 O Reduction factor — minimum or interpolation
d Minimum
 May be too conservative
O Does not follow buckling mode correctly

O Interpolation

4 Provides a transition between FB (M,=0) and LTB (N=0)
0 What type of function for a correct mode transition?

Module A — Design of non-uniform members
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e N problems
0 Non-uniform members — FEM numerical analysis

O Problem with definition of imperfections

O Requires a high experience in FEM modeling from the user in
order to achieve reliable results

O Limited guidelines

O For the most simple cases it is preferable to provide simple rules
which include as much as possible the real behavior of the member

Module A — Design of non-uniform members
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e Differential equation

O Equilibrium

S
EON
Na)
C

AN
F—>

L
N@) = Ny + [ 1(E)dE

Module A — Design of non-uniform members
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Sustainable Constructions

e Differential equation

O Equilibrium
L
d
N@) =N, + [n@ag *Neglect2®order o, 40,
terms d
0 Eq. Moments in B
dM dx )
N(x).dy+de—[M+deJ+M— [n(&mag =0 T
=0
dM

%Q—E—N( )—

4 Eq. Horizontal

Q:Q+C;—de S 7w Y%
X

dx

dQ 0 d*M i( dé]

Module A — Design of non-uniform members
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Q Equil

Tapered columns
Differential equation

ibrium

2 M
M(x):—EI(x)d—f + O=d — d (N(x)d—5)
dx dx

E(I(x)-6") +(N(x)-8") =0

Module A — Design of non-u

dx*  dx

d? d’s)\ d doé
E= |1 N(x)ZZ |=0
dx2[ O }L dx( ) dxj

n(x) =, ng, (x)

” V4 N(X) - acrNEd (x)
O(x) = 0 (x)

niform members

dé 4
M+£dx

dN i

d N+—d

Q+Egdx v dx o

NAA

UR

dx



European Erasmus Mundus

Cheee  Tapered columns
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wenaavezae [l gtic critical load

O Differential equation

144

E(I(x)-8") +(N(x)-8") =0

O Proposal for determination of major axis critical load of tapered |
columns (Marques et al, 2014)

N

cr,lap

7/1 — ]y.max /]y.min

=A-N,

cr,min

> A=y,""(1-0.04 -tan™ (v, - 1))

Module A — Design of non-uniform members
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Sustainable Constructions

mewaeee Ayrton-Perry formulation

O Equilibrium B ; N(x)=a, N (x)

E(I(x)-8") +(N(x)-8") =0{n(x)=0
o(x) =0, (x)

N(x) =0, N, (x)
(EI(x)6") +(N(x)S"+N(x)3) =01 50,)= % 8y (x)

cr b

a,

cr b

M (x)=—EI(x)08"(x) =—EI (x){ o, (x)}

O First yield criterion
&,

El (X){ (=S, (x))}
abNEa' (x) + M('x) — abNEd (x) + acr _ab
Ny@)  My(x) N M ()

e(x) =

Module A — Design of non-uniform members
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mewaeee Ayrton-Perry formulation

O Assumption for imperfection § (x)=6_ (x)e,

X
EI(x)L @ (D (x)e )]
. abNEd(x>+ M(x) . abNEd(x)_l_ “
CONR(X) Mp(x)  Ng(x) M o (x)

£(x)

O Introducing slenderness and reduction factor definitions

a,
Nyp(x)/ N, (x)

o) = JNR (x) ;NEd ® =

_ i 1 Ny (x,) El(x)(_ 5; (x)) Np(x) My(x,)
EZHTHD Ty {e(’ M (s, )}[ Ny (e, }[N (x) M, (x) }

ac‘i’
O At the critical location g(x)=1

1
1= Z(xc{l) n _27((xc )
1-A4 (x)x(x)

}{Enxc”).(—é; (xc”))}

I
acr‘NEd (xc )

Module A — Design of non-uniform members
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under Natural Hazards

sz colUMNS and beams

O Boundary conditions:
O Material: Fork supports
°/I\ Perfect elastic-plastic End cross sections remain straight
fy i
‘ 0 Member imperfections:
E-21000 With amplitude e,=L/1000
| Same shape as the buckling mode
?,
L/1000 -
O Material imperfections: ==
kL 0.5 fy . .
] - 0258y N U Calculations:
—0 — — M’ LBA
l <E5fy - M GMNIA
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e cOlUMNS and beams

O Columns

_ [ N TE®ESL @) Mo M)
R G| K { MAx»}{ N, }{NR(m MR(xJ

/ T M"  —EI
N

Ny

J Beams

+ Ncr,z,Tap h(X)

(x) =y, 1 ()l —2ax (0 FO A(xi‘lg} Mir(x)) |, 88 ma COEL )| My 2 X{ A() wz<xuz')} Mr(0) e(x))
1= (x . L W) ] A xh Ne 1 Met Mo | [W,(0 AKX || Ao(x) Aor(x™)
Ncr,z,Tap 2
M, T~ M'  —ELY
My,Rk Mz,Rk MZ,Rk
Ml —EL¢
MGS,Rk Mm,Rk

Module A — Design of non-uniform members
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e Design resistance of tapered

Sustainable Constructions

e cOlUMNS and beams

O Columns ey (Mx1) —0.2)

£() =20l 7(x): EI(0)(- 4 00)}{ No@) M, (xc)}

N (0, | Np(x,) Mp(x)

1
nuniform ('xc )

1 1
nnon —uniform ('xc )

J Beams

hr(x) Ao (x")

N
+ cr,z,Taj
e (g A(x“ T(x & e OEL ()| Myp, 2 Ax) W,(x")
E(X) =Xt (X 11 X > IIC
1 }\.«LT(X)XLT(X) W (X 7\, ( ) N cr,z, Tap 1+ Mcr,Tap hmin WZ(X) A(Xc)
NCI'

}l

Ao (x) Air(x™)

|

o, x (x"-0.2)

Module A — Design of non-uniform members
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e Design resistance of tapered

e cOlUMNS and beams

1 Columns

_ [ N TE@ESO) M) M)
N G| 1_%{% M;;(xg}[ N, }{Nﬂm MR(X)}

o

cr

Otpes (KM = 0.2 B(x)

1= X(Xg) + X(X::I) A2, 1 11
I-h (xn(xe)

J Beams

. 14 Nerzra h(x) L,
Xur (%) F‘) A(x?)} Mr(x!) || B8 OEL ()| My, 2 X[ A(x) wz<xff>} Aur(x) A (x)
1—}_\.ET (X)XLT (X) Wz (XE) 7_\j (Xg) Ncr,z,Tap Wz (X) A(Xcl:l) 7_\,§ (X) XiT (XE)

&(x) X r(X)

1+ Mcr,Tap hmin
Noomp 2

cx)=1 = 1=+ —ar) x(ocm(iz(xb—0.2){"”("3)}6@?)

I_XiT(Xg)XLT(XiI) _i (Xf)

Module A — Design of non-uniform members
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Design resistance of tapered

columns and beams

O Interpretation of x.'and B — example (column)

05 7 000000 O 0000000 & G 0O 60 0 o
045 , ms 8 ® ® = ® =@ N N
B x x X
04 I x XX X xX X ©1.00
X Xx
0.35 - x* ml1.17
s x X 1 moo;ox ¢ x ® oy &
x /L X * 2 * o0 o 0.9 - X - - = o o =
€025 - x REREE A A o o & ° °
3 08 - * ¢ . = ®
i ¢ @ ’ (] A A A A
0.2 $ A A A A . " oA A
* o A ,A A" A A 0.7 A
0.15 - x A, AA % - _
e® Ao A 0.6 Tho
A 0 X ©1.00
0.1 a
*...’f‘ A B(XcH)OS A
% A 5 - . %1.50
0.05 - 8
X 28 0.4 - 2 ® 2.00
0 m T T T T T
0 0.5 1 15 2 2.5 03] < =2:30
) - ©3.00
)“y 0.2 - -L A
° "4.00
0.1
Am A5.00
0 A-I T T T T T T
0 0.5 1 1.5 2 2.5 3 3.5
A(x.M
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sz colUMNS and beams

1 0O Simplification of the analytical models

/s .
ﬂ, X, Sta‘o'\\\t\l ﬂlim; xglim i
.c;\\.\\ = ~ |
o RS
\
|
\ / y)
— - 1 A
B=0;x, \\5_ _—’/ ’
d Columns

1
1= X(Xc hm) + X(Xc hm)

_7\‘ (Xchm)X( chm)
1 Beams

alh(x",.)—0.2)x K
B

—2
a 7L 1I .
1 _XLT(Xcllrn)+ XLT(XCIHH) X((XLT(X ( Chm) O 2){ LT(XC’IM):IX 1

1= Air(x " (xM) o (x")

c,lim

%/_/

Brim

Module A — Design of non-uniform members
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under Natural Hazards

sz colUMNS and beams

1 1O Simplification of the analytical models

Z x,fl Stab\\‘t\l Biim: xc{,llim x
5\.,\(;\&\\ - —>
\o N
"Lt
| 4\
B=0;x! \\ - _ /, A 3
4 Columns 1
X«(Xc llm)_l_X(Xc 11m) (X(Xc llm) ()2)>(H%_J
QB O X ) B
eams

I=Air(x)xpr (Xe) Kﬁ(Xfm)
7 QA Transformation of variables

{cp— ““k()((““;)} {7» (Xetim) = \/$><7_»(Xi)} [x(xchm) x(xi)/cp}

Module A — Design of non-uniform members

—2
(Xe 1im) ~ ALt (X jim )
L=y (X1, )+ —— KT e (ot (b, (x1, ) —0.2)] 20 Retim g

—
Brim
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e cOlUMNS and beams

COLUMNS - DESIGN METHODOLOGY

1. Required data

ﬁalculate utilization e=Ng /Ny, based on \
Semi-Comp approach

I =>

c T

X

__ U

v
NRk(Xi)
NEd(Xi)

Oy (Xi )=

Module A — Design of non-uniform members

|

Calculate ¢

(...

)

} [ Calculate a,, }
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Design resistance of tapered

COLUMNS - DESIGN METHODOLOGY

2. Application of the method

3. Verification

s
N

o

g’@ Mx')-0.2)

o

O

7_” (Xi) - \/ault,k (Xi

~ V

o =o.5><(1+(pxnxiz(x§)+<pxiz(x§))

v

¢

(x')=
P 0

—oxA(xY)

<1

/

Module A — Design of non-uniform members

-

XXX 0L (X)) =0, 21
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Sustainable Constructions

e cOlUMNS and beams

COLUMNS - DESIGN METHODOLOGY

d Necessary parameters

d Critical load multiplier — a,
d  May be numerical
O From the literature

O Forin-plane loading, a formula
was developed considering
Rayleigh-Ritz Method :

N

cr,lap

7/1 - Iy.max /]y.min

=A-N

cr ,min

Module A — Design of non-uniform members

— A=y"°(1-0.04-tan"' (3, —1))

Diff (%) | = = = 100x10 H&C
— — = HEB300 H&C
20 | |= == IPE200 H&C
— 100x10 EQU
{5 HEB300 EQU ="
IPE200EQU | - -~ _ -~
10 L[ 100x10 L&al. = ==7 " _ _
eeneees HEB300 L&al.|- = = 7
5 1 | IPE200 L&al.
P (d
0 - / 4
poe———_ |
54 T
-10 - e
15 e 0 e T
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COLUMNS - DESIGN METHODOLOGY

L Necessary parameters

4 Imperfection factor a, or a,

FB out-of-plane
Hot-rolled:
a 0.49

FB in-plane
Hot-rolled:
0.34

Module A — Design of non-uniform members

Design resistance of tapered
columns and beams

0=0.34 (EC3)
----- 0=0.45 (Best fit)
0=0.45 +n<0.27
- --- Euler

0.0

0.5 1.0
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e cOlUMNS and beams

COLUMNS - DESIGN METHODOLOGY

O Necessary parameters

4 Overstrength factor ¢, or ¢,

FB out-of-plane FB in-plane
Ly [(l+4n)(n _1)} | 4 Pt Vi —1
Amin 107h Am]-n 7/}1 + 1

Module A — Design of non-uniform members
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COLUMNS - DESIGN METHODOLOGY

d Results

d  Out-of-plane

(yh=h__/h_ =1.8)

In-plane

(yh=h

max’ ' 'min™

/h_ =6)

1.0 A

0.8 -

0.6 A

04 -

0.2 A

EC3-c
= = = Euler

©  GMNIA
= <% = Proposal

0.0

0.5

1

M(xh

1.5 2

04 -

0.2 A

0.0

= = = Euler
- O = GMNIA
= <% = Proposal

05 1
M(x1)

1.5 2 2.5

Module A — Design of non-uniform members
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Sustainable Constructions

e cOlUMNS and beams

COLUMNS - DESIGN METHODOLOGY

O Possible problems
L Web buckling — critical location varies

|I I?" u" ““ frp"
i ] i rr,r il

|I Il 'H. i
L

i
iy iy
"'I"Inl'llj'

O ¢ was calibrated considering critical location without local
buckling effects!

1 May lead to unsafe results!

Module A — Design of non-uniform members
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Design resistance of tapered
columns and beams

COLUMNS - EXAMPLE

) L=5m >
= )
N
a=2.519° Ed
- A<
<38e> | <42
g c,/t,<33e>Class1 s Class?2 J>Class4
x=3.65m  |x=4.55m

Flange class: c¢/t=(206/2-15/2)/25=3.82 <9¢ - Class1

O Flange thickness in vertical plan

t,'=t,/cos(er)=25.02mm

Nin = 220.05 mm
Niax = 660.05 mm

Module A — Design of non-uniform members

h =170 mm
Ny.max = 610 mm
b =206 mm

tf =25 mm

tw =15 mm
S235

Ngq = 1100 kN
L=5m

w,min

v,,= 660.05/220.05=3
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columns and beams

COLUMNS - EXAMPLE

O  Minor axis verification

O Calculation of slenderness at x=x_/

1) = Ny (XDINgy [N/ Ny, _\/3022.1/1100_1
¢ N, /N, \3022.1/1100

cr,hmin
N

cr

_7EIl

hmin

O Overstrength-factor, ¢

— 1 + hmintw
. y

(L+4y,)(7, =D | _, , 220.05x15 [(1+4><3)(3—1)} 122
i 107, 12850 10x3

0 Determination of imperfection, n

n=alJpA(x')-0.2)=0.641222x1-0.2)=0.580> 034 — 5=034

Module A — Design of non-uniform members

Design resistance of tapered

cr,hmin 2
L

h =170 mm
Ny.max = 610 mm
b =206 mm

tf =25 mm

tw =15 mm
S235

Ngq = 1100 kN
L=5m

w,min
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e cOlUMNS and beams

COLUMNS - EXAMPLE

@ Minor axis verification hy,min = 170 mm
Ny.max = 610 mm
: b =206 mm
O Reduction factor = 25 mm
tw =15 mm
¢=0.5(1+77+(p712(xj ))= 0.5(1+0.34+1.222x1%)=1.281 S235
Ngy = 1100 kN
2(x)= £ = 1222 =0.634<1 L=5m
GG —ox A (x]) 12814712817 —1.222x1°
O Verification
N, . ra = y(x)N,,(x)=0.634x3022.1=1915.9 kN >1100 kN
d Numerical analysis, GMNIA N, py =1904.68 kN — 0.5% diff

Module A — Design of non-uniform members
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Design resistance of tapered
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COLUMNS - EXAMPLE

O Major axis verification

4 Critical load, N, 1op

_ T hmax __
Vi =

2
Il 132365¢cm _12.64

I, . 10471cm?

hmin

A=y"°(1-0.04-tan"' (3, —1))=3.894

N

cr,y,Tap

L Numerical buckling analysis, LBA:

Module A — Design of non-uniform members

Ncr,y,Tap :32516kN 9 dlff 39%

=A-N =3.894%x8681kN =33804.56 kN

cr,min

h
h

=170 mm
=610 mm

w,min

w,max

b =206 mm

tf =25 mm

tw =15 mm
S235

Ngq = 1100 kN
L=5m
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COLUMNS - EXAMPLE

O Major axis verification

O Calculation of slenderness at x=x_/

Ay = N/ Ny [Ny () Ny :\/ 3022.1/1100 _ 09
o N /N,, \33804.56/1100

cr cr,y,Tap

O Overstrength-factor, ¢

h_.t v,—1 14 220.05mmx15mm 3 —1

= =1.128
Ay, +1 12850mm*>  3+1

@, =1+

0 Determination of imperfection, n

n=alJoA(x')-02)=045L1.128x0299-02)=0.053<027 — 7=0.053

Module A — Design of non-uniform members

h =170 mm
Ny.max = 610 mm
b =206 mm

tf =25 mm

tw =15 mm
S235

Ngq = 1100 kN
L=5m

w,min
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Design resistance of tapered
columns and beams

COLUMNS - EXAMPLE

O Major axis verification

(d Reduction factor

0 =05(1+7+ @A (x1))=0.5(1+0.053+1.128x0.299% )= 0.577

9 1128 =1.07>1 y(x')=1

x(x)=

p4+d —px A (x) 0577+0.577° ~1.128x0.299°

1 Verification

N

O Numerical analysis, GMNIA

Module A — Design of non-uniform members

= y(x" )N, (x!)=1x3022.1=3022.1 kN >1100 kN

b,y,Rd ~—

h =170 mm
Ny.max = 610 mm
b =206 mm

tf =25 mm

tw =15 mm
S235

Ngq = 1100 kN
L=5m

w,min

N, . pe =3022.1 kN — 0% diff
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BEAMS - DESIGN METHODOLOGY

1. Necessary data

Calculate utilization e=M /Mg, based on Calculate ¢

Semi- Comp approach
> (...)
[ Calculate a,, }

Calculate x "

K 5 / (...)

v

M Rk (xc[ )
Mgy (x))

1
ailt,k (xc ) -

Module A — Design of non-uniform members
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Design resistance of tapered
columns and beams

BEAMS - DESIGN METHODOLOGY

pplication of the method

ﬁ A
W, @ 2 r
- N, ~ZELED [N, )
Wz,el (xc ) L
v v
oy (Taras) A-(x")

N

v

n :aLTx(lz(x(f)—O.Z)

el

@, —OSX[1+¢><77>< i (X, )&LT(X’)

\

®

<1

XL (xcl’) = =
Prr +\/¢LT2 _€0X/1LT2(X£)

/

Module A — Design of non-uniform members

3. Verification

/ZLT (xg)xauh,k (xi) =, =1 \
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BEAMS - DESIGN METHODOLOGY

O Necessary parameters
O Critical load multiplier — a

0 May be numerical
O From the literature

cr

4 Imperfection factor a

O Model consistent with recently developed proposals for
prismatic beams Hot-rolled: Welded:

<0.49

11
y,el (X c,lim )

il
c,lim

(0.12y> —0.23y +0.35

Module A — Design of non-uniform members
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BEAMS - DESIGN METHODOLOGY

O Necessary parameters

O X

C, I|m

XclimH/L
0.9 :
28 0.8
§E é E E 0.5 vh=1 \
R 04 1 | =yh=1.5
R | | =—vh=2
SIS 03 ———vh=2.6
SRS 02 + | ——yh=3.1
TREE 0.1 { |~ 7h=36
—— N yh=4
-1 -0.5 0 0.5 1
U}

Forv — (0.75-0.18y—0.07y> )+(0.025p> —0.0061 0. 06)(7h ~1)=0

If w<0 and |yly, 21+1.214(y, -1

c hm

/L=0.12-0.03(y, —1)

For UDL 5.4 0.0035(y, —1)* —=0.03(y, —1)° <0.5

Module A — Design of non-uniform members
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BEAMS - DESIGN METHODOLOGY

O Necessary parameters

d Overstrength factor ¢

1.2 -

0.8 -

0.6 -

0.4 -

0.2 -

[wlim|

yw-1

Module A — Design of non-uniform members
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BEAMS - DESIGN METHODOLOGY

O Necessary parameters

2
UDL: —0.0025a,’+0.015a,+1.05

d Overstrength factor @, W- Ay +B-y+C >1

4 3 2
a, —0.0005-(y, —1)* +0.009-(y,, —1) —0.077-(y,, —1)* +0.78 - (y,, — 1)
2 3 2 3
Wiim 1+120-a, +600-a,” —210-a,’ /1+123-a, +1140-a,” +330-a,
PLT Y < Viim Viim SV = Viim ¥ > ¥iim
6 5 4
~0.0665-a, +0.718-a, —2.973-a ~11.37+12090-a,,-8050-a,” +1400-a,’ s
A g ’ ’ l0%a 170502 1200 1122 0.008 a, —0.08 a, -0.157
+5.36:a,”~2.9-a,”~2.1-a,~1.09 v v v
6 5 4 6 5 4 3 2
5 ~0.1244-a, +13185-a, —5287-a, +002-a, —0.133-a, +0425-a, ~0033-a, +004-a,
+9.27-a,”-5.24-a,”-2.18-a,-2 ~0.932-a,’+1.05-a,”~05-a,—0.1 +0.48-a,+0.37
6 5 4 3 2
~00579-a, +0.6003-a, —2314-a, ) 0032-a, —0092-a,
C 0.02-a, —0.14-a,+125

3 2
+391la,” -2.355a,”+0.02-a,+0.3 +0.06-a,+0.8

Module A — Design of non-uniform members
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BEAMS - DESIGN METHODOLOGY

d Results

At (X y=-1yh=3
1 {eeee-eog

0.8 -

0.6 -

0.4 4| = - - -Euler

0.2 - Model ¢= 1.352
0 O GMNIA
0.2 0.6 1 1.4 1.8
LT (x.D)

O Possible problems:
O Web buckling

Module A — Design of non-uniform members

O Influence of shear!

At (X UDL yh=2.5
o R, s
\
0.8 - AN
0.6 - AN -
04 - Shear interaction S~
- — = -Euler - -~ _
0.2 - Model o= 1.067
0 - O  GMNIA
0.2 0.6 1. 1.4 1.8
At (%)




European Erasmus Mundus

= Design resistance of tapered

ST s cog

Sustainable Constructions

e cOlUMNS and beams

BEAMS - EXAMPLE

< L=5m S Ny min = 170 mm
Ny.max = 610 mm

— > b =206 mm

0=2.519° My,Ed tf = 25 mm
\ > tw =15 mm
H S235
M, g4 = 300 kNm
c,/t,<124¢->Class1 L=5m

Flange class: c¢/t=(206/2-15/2)/25=3.82 <9¢ - Class1

L Flange thickness in vertical plan
hin = 220.05 mm

= .05/220.05=
h = 660.05 mm Y,,= 660.05/220.05=3

t,'=t,/cos(er)=25.02mm

O Vgg=300/5 kN = 60 kN V, gy 1in=170x15x10 £,=599.25 kN > 2V,
/t, =610/15=41<72¢

Module A — Design of non-uniform members h
w,max
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BEAMS - EXAMPLE

O Elastic critical moment, numerical analysis

M

cr,Tap

O x=x/=5m

Module A — Design of non-uniform members

=2044.85 kNm

Ey(x)=

My,Ed (’x)
M, g (x)

A

0.3 +

0.25 A

0.2 -

0.15 A

0.1 -

0.05 A

e Sériel

e, (L)=0.238

h
h

=170 mm
=610 mm

w,min

w,max

b =206 mm

tf =25 mm

tw =15 mm
S235

M, g4 = 300 kNm
L=5m
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BEAMS - EXAMPLE

O Calculation of slenderness at x=x_/ Ny, min = 170 mm
Ny.max = 610 mm
Aty = | _\/1097.19/300 0933 t;fg% mm
C a, 2044.85/300 tF=25 mm
tw =15 mm
O Second order failure location, x=x_ .. S235
’ M, g4 = 300 kNm
w 3 .
y, = 3010 T _ 4 514 L=5m
W, mn  951.7mm
v, =...=3
w=0
x" /L =(0.75-0.18p—0.07y? )+ (0.025p> — 0.006% — 0.06 ¥, —1)= 0.63 > 0

Module A — Design of non-uniform members
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BEAMS - EXAMPLE

h
h

=170 mm
=610 mm

w,min

w,max

b =206 mm

tf =25 mm

tw =15 mm
S235

M, g4 = 300 kNm
L=5m

O Over-strength factor, ¢
W 3
y = veelmax _ 4010.7mm3 _ 4914
W amn  951.7mm
Vv, =...=3
w=0
a, =-0.0005-(y, —1)" +0.009-(y, 1)’ =0.077-(y, —1)’ +0.78 - (y, —1)=1.957
A=..=-1.097
yv=0<ly,.| Yy, —>18=..=-0.503
€=..=1053 —> @=Ay’+By+C =1.05321

0 Determination of imperfection, n

D) W e (xé']im)
M =0, (Aer (x7) = 0.2)< %(0.121//2 —0.23y +0.35) o =0.587
z,el c,lim
- A(x")- f,
W o(x" —> my _ c v
a,, =021 L”‘m) <0.64 Awr(x,') \/”ZEI(XL{,)/L2 1.150
W. . (xc,lim)

n,, =0.557<0.978

Module A — Design of non-uniform members
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BEAMS - EXAMPLE

(d Reduction factor Ny min = 170 mm
Ny.max = 610 mm
— b =206 mm
¢, =0.5% l+¢><77><i (%) +oxA r(x) |=0.901 tf = 25 mm
A Z('xcHlim) _
’ tw =15 mm
Arir (xcl) = 1 — =0.752<1 S235
P+ \/¢LT2 _¢X1LT2(X£) My,Ed = 300 KNm
L=5m

1 Verification

My oy = X(XDM | 4 (x1) = 0.751x1097.19 =825.45 kN > M, ,, (x!) = 300 kNm

d Numerical analysis, GMNIA M, ,, =853.95 kN — 3.3% diff

Module A — Design of non-uniform members
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U How to solve the problem

Beam-columns

\
\
1
1
\
1
\
\
1
\
\

ey

2" order effects P-A
+

Global imperfections

2" order effects P-6
+

Local imperfections

Material nonlinearity

Check

Buckling length

¢ eO,y eO,Z
0 YES YES YES YES Max. Load factor (= GMMIA) -
1 YES YES YES NO Cross section -
2a YES YES NO NO Out-of-plane Member stability procedures L
2b YES NO NO NO Member stability procedures Global Lcr,z
3 NO NO NO NO Member stability procedures Global Lcr,z Ler,y

Module A — Design of non-uniform members




European Erasmus Mundus
Master Course

S S cCoag

e B@AM=cOlUMNS

under Natural Hazards
and Catastrophic Events

O Difficulties for each approach

2" order effects P-A| 2" order effects P-6
+ +
Material nonlinearit Check Buckling length
Global imperfections Local imperfections y g eng
¢
0 YES YES Max. Load factor (= GMMIA) -
YES NO -
2a YES NO Out-of-plane Member stability procedur®
2b YES NO Member stability procedures
3 NO NO LMember stability procedures
Buckling curve acc. Elastic Plastic
to EC3-1-1, Table analysis analysis
6.1 g/l ey/L
a, 1/350 1/300 .
a 1/300 1/250 Need to calibrate e0/L acc. to
b 11250 11200 —> new imperfection factors for
; e o welded members!
d 1/150 1/100 ]

Module A — Design of non-uniform members
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Beam-columns

O Difficulties for each approach

2" order effects P-A
+

Global imperfections

2" order effects P-&
+

Local imperfections

Material nonlinearity Check

Buckling length

(b eO,y e0,z
0 YES YES YES YES Max. Load factor (= GMMIA)
YES YES NO Cross section -
2a YES @ NO NO -of-plane Member stability pro L
2b YES NO NO Member stability procedures L
3 NO / NO NO NO ishi Global Lcr,z Ler,y

/

Calibrate eO/L for new
imperfection factors

Module A — Design of non-uniform members

/

Need to develop
= In-plane
- Out-of-plane
Approaches:
—>Interaction
- Generalized
slenderness
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O Difficulties for each approach

2" order effects P-A| 2" order effects P-6
+ +

Material nonlinearit Check Buckling length
Global imperfections Local imperfections y g leng
d) eO,y eO,z
0 YES YES YES YES Max. Load factor (= GMMIA)

3 NO NO NO NO Member stability procedures Global Lcr,z Ler,y

O Focus on approach 2a:
—>Develop out-of-plane verification procedure;

—> To account for LTB in the in-plane stability
reduce Mpl by X, tin the cross section check

Module A — Design of non-uniform members
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O Adaptation of the Interaction formula

Ny, (xc{,N) s My,Ed (xcl,M ) <10
X (xcl,zv )N i (x(,{,N )/7M1 ” Xir ('xc[,M )My,Rk (x(,{,M )/7M1

4 k,, factor determined from Method 2 (Annex B)
O Because yy and zz modes are clearly separated

Q Cmy factors determined with | |
MEMBER UTILIZATON 05 - SRS AL
(My/My,Rk) 0 . . O T T
0.2 04 i 06 0.8
05 - a,=—0917 y,.=-0.435

C,=0.11-y,)-0.8x, =03

M=l ¢ <04-5cC, =04

1 o
x/L

Module A — Design of non-uniform members
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O Adaptation of the Interaction formula
O Results

M g4 [KNm] i Method
70 Interaction Xov
60 —o— GMNIA . | : |
50 + Interaction
40
30 0.8 Y5>
9
20 At
S
0‘,"
10 0.6 o
0 T T L ~":..
0 100 200 300 400 Mo
M, g4 [kNm] 0.4 o
120 ol
Low slenderness: | ¢ R
0.2
80 -
60 - .
40 - Interaction 0
o GMNIA 0 02 04 06 08
20 -
- - - = Cross section XovGMNIA
0 T T T
0 100 200 300

N4 [kN]

Module A — Design of non-uniform members
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Beam-columns

and Catastrophic Events XMetho q
| |
- - 1 T . I,
O Adaptation of the Interaction formula 6.61 s
1 N +15% parind
O In-plane failure mode 0.8 H _____. s,
’,I )’/
II’ Q,’
M, gq [KNm] - Csection 0.6 7 /0"'
120 —o— GMNIA LAy (xc,1)=0.18 28
—o— GMNIA LAy (xc,[)=0.62 X
T 0% S —o— GMNIA Ay (xc.1)=092 0.4
6.61
80 - ,/',"
0.2 2
60 7 '::I’
40 - M gq [KNm] — [-eee- CTOSS ¢ yd
800 —0— GMN] 0
20 . —o— GMN] 0 02 04 06 08 1
700 ] GMNIA
0 600 - X
0 200 400 600|500 - \lz
N [KN] 400 -
300 - Also up to
200 - 20%
100 - :
0 conservative
0 1000 2000 3000 4000
NEq [kN]

Module A — Design of non-uniform members
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O Adaptation of the Interaction formula

O In-plane and out-of-plane failure
mode

Module A — Design of non-uniform members

Method
|
I+ 6.61 or 6.62 i
I,‘ ¢
*
/
I”.:‘ ’
’ ,
0.8 S ~".o e
/, . s
’ ’
/’ ’
0 6 A - 4"’
. " .’,l
I, I’
’/0 Pid
/ 2
,/
0.4 ;
td
’I
0.2
0+~
0 0.4 0.6 0.8 1

GMNIA
X

v

Also up to
20%
conservative
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BEAM-COLUMNS - EXAMPLE
L=5m

< >
\
— /
a=2.519°
d Member class
0.6 - —
0.5 -
80.4 A/}/Q/Q___O_O_O_O_—O_M
0.3 - Class 2
Class 3
0.2
0.1
0 T
0 0.2 0.4 0.6 0.8
x/L

Module A — Design of non-uniform members

Ny min = 170 mm
Ny.max = 610 mm
b =206 mm

tf =25 mm

tw =15 mm
S235

Ngq = 1100 kN

My,Ed = 300 kNm
L=5m
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BEAM-COLUMNS - EXAMPLE

O Interaction formulae

Ny, (xj,N) My,Ed (ch,M )
1 1 T kW 1 1
Zy (‘xc,N ) NRk (xc,N )/7M1 ZLT (xc,M )My,Rk (xc,M )/yMl

Ny (xc[,N) N My,Ed (xc[,M ) <10
X (xc]',N )N (xc]',N )/7M1 N Xir (XZ,M )My,Rk (xcl',M )/7M1
- Data: Ny ) =1100 &N 2.6 = 2.(0)=0.634
My,Ed(xiM)::;OO kNm Zy(xcl',N):Zy(O)zl

Xir (xc{,M) = }{y(S) =0.752
NRk (xc{,N) = NRk (O) =3022.1 kN

M, (L )=M, (5)=942.53kNm k=7

yy
=7
zy

Yin =1

Module A — Design of non-uniform members
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BEAM-COLUMNS - EXAMPLE
O Cpy Cour

my’
0.3 ~

Wel = 0
a =¢,(M) e, (M,)=0236/0.277 =0.8507
= C,, =C,,; =0.2+0.8xa, =0.881

0.25 +

0.2 -

0.15 -

0.1 -

0.05 -

- Ny (x5 11

k= Cy x| 1406, 2, 6! ) ) = 0.881x| 1+(0.6x1.128x0.299) 12 |_ 0,94

\ § GO N L) 7 : T 73022.1

<0.6 =Y.
<005 <0.05
/_/%
) oosf/iz(ch) Ny (30 ) 002 1100 o
- P =025 2 ()N ) 7 0.881-025 0.634x3022.1

Module A — Design of non-uniform members
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BEAM-COLUMNS - EXAMPLE

O Verification ; /
NEd (ch,N) = 1 100 kN - NEd (‘xc,NI) + kyy IMy,Ed (‘xc,MI) S 10
M (xl ) =300 kNim Ay (’xc,N ) N (xc,N)/7M1 Xir (xc,M )My,Rk ('xc,M )/7M1
v,Ed\Ne M) T

—>  0.701<1.0

N, (xc{,N) + My,Ed (‘xc[',M) <1.0
X (xc[,N) Ny (xc{,N)/yMl i Xir (xc[,M )My,Rk (ch,M )/7/M1

2.(x )= 72.(0)=0.634
Zy(xc{,N) =Zy(0) =1
Air (ch,M) =X, (5)=0.752

0.905<1.0 —> LF = 1/0.905=1.105
N (! ) = N (0) = 3022.1 kN

Mo (V=M (5)=942. - -
r(¥ipg) = M, (5) = 942.53 kNm O Numerical analysis,

GMNIA

NEd,max=1337.75 kN
’ S -
My,Ed.max= 364.84 kNm - - 1-216

Vi =1

k, =0.942

k_, =0.955 .
Module A — Design of nzgn-uniform members — 9 : 1 % dl.ff
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O Generalization of the over-strength factors to any shape of cross-
section / loading

O Utilization of the compressed flange

d Calibrate equivalent imperfections ey/L for new imperfection factors

and also for other types of cross section: /// /f/

O Properly account for local buckling due to shear / bending

O Development of direct reduction factor approach for beam-columns
O Other boundary conditions

O Partial restraints

a ...

Module A — Design of non-uniform members
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