A prLice O Ct A
ArcelorMittal wniversite n-n BUILDING TRUST \

COSMOTE v enmst imar notre s

our world is you

Research Fund
for Coal & Steel




'ANGELHY 2




Single angle members
Introduction

« There are various codes and norms that may be used for the design of angles,
as EN1993-1-1 and EN1993-3-1 with references to EN1993-1-5, EN50341.

» At the majority of the above-mentioned codes, the rules and formulae that are
used have been developed mainly for | or H sections.

 There is also sometimes inconsistencies in between these normative documents
and some rules are even missing.

 A'"new" failure mode has been observed (segment instability), requiring also the
development of a specific design formula

There is a need of a full consistent set of formulae to cover the design of angles.
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Single angle members
Objectives

Obijectives

« Develop design rules for the classification and resistance of angle cross-sections, under
compression, strong and weak axis bending.

« Develop design rules for the resistance and stability of member with an angle profile,
under compression, strong/weak axis bending, and combined compression and
bending

Methodology

« 12 laboratory tests on large angle high strength steel columns

« Simulations to ensure the validity of the FEM model through the tests
» Parametrical numerical studies (approximately 400 simulations)

« Analytical developments
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Single angle members
Objectives
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Single angle members
Classification system & Cross-section resistance

The classification limit boundaries (even

in pure compression) are based on the
slenderness of the compression leg, and
not, as often said, on the torsional

instability mode.

A pure torsional instability mode can be

achieved only if the member is loaded at
the shear center, what is not the case in
pylons.
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major principal axis or weak axis
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t
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bending L H—
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- = 26,3¢ — < 16¢
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Weak axis TT_ -
bending Tip in tension | T r
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- < 30¢
t
- ot
Weak axis L. i c— -1
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bending compression | ——
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— < 26,9¢ — < 14¢
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Class 3 limit

2. limit prEN1993-1-1, Table 7.3, ) 4. EN12193-3-1:
. . sheet 2: 2<159s or =~ <1309
1. 1t prEN1993-1-1, Table 7.3, ©) € < 14¢
sheet 3: t
k ¢ Inconsistency between
(a) ; <15¢ or -=1875¢ 3 EN1993-1.5: o i Y
(b) =< 115g0r =< 1437¢ M 139¢ or S< 170 € normative
t t documents!
ANGELHY Proposal
and EN1993-3-1 EN1993-1-5
1,02 .
1.00 c/et=13,9. EN1993-1-1(a)
' ®
0,98 A oo fadls
o | %0
. "
z : ™ A L45x45xt
S 0,92 : B
Zs 0,90 % K L70x70xt
0,88 EN1993-1-1(c) 3} [EN1993-1-1(b) ® | 250x250xt
0,86 Class 1-2-3 ° flass 4 :
0,84 =
8,00 10,00 12,00 14,00 16,00 18,00 20,00 22,00
c/(et) (c=0,8h)
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* Design formulae for angle cross-sections resistance in:

*  Compression

¢ Strong axis bending M,
*  Weak axis bending M,

SEMI COMP results have been
adopted—> linear transition
between plastic and elastic
cross-section resistance

1,04 : :
1,00 _¢s ‘M* c/et=16 P c/et=27
0,96 : : :

0,92 ‘i * . A L45x45xt
. L= * L70x70xt
0,84 '.‘.

0,80 . ® 1120x120xt

g’-! 0,75 M L130x130xt

20,72 :

2 0,68 : CS resistance with . ® L150x150xt
0,64 the present rules 1 Q = ® L250x250xt
0,60 : )
056 Class 1-2 Class 3 ! Classa © © theoretical

9,00 11,00 13,00 15,00 17,00 19,00 21,00 23,00 25,00 27,00 29,00 31,00

Existing boundaries for Mu

c/(et)



Design resistance - class 1,2,3: N}, pg4

Design resistance - class 4: N,

YM1

¥M1

where:  Xmin = min{ xu, v}

. MY 3 AfY
711_1 "oJ Neru ! lv '\J Nerw

Xu, Xvderived from buckling curves a and b (prEN1993-1-1:2019)

* There is a tendency of 1,10
the angles to buckle 1,00
along weak axis! jo’go

< 0,80

* Evidences through test £ 070
and numerical studies § 0,60

 Simplify the calculations 222

. EN1993-1-1(2005) £ 030
proposed curve b 0,20

0,10

_ Xmindly

_ Xmindefffly

rs
.
L

.
""""
s

- c/t
7LI:y - '\|I| Xmin 18,65
where c=h-t-r

-p=1, ford, <0748

o018 o T, > 0,748

ooooooooo

ooooooooo

e numerical results-5355
®  numerical results-5460
x  only FT imperfections

‘e,
",
TP eI
.,
.
™

0,20

0,45 0,70 0,95 1,20 1,45 1,70

Non-dimensional slenderness A



Design resistance: M, pqg = x17W, LA W = @iulWeru, 122,3,4 LTB may be ignored and y.r =1,0 when:

YM1 =15 for class 1 or 2 _ _ _
L] ALT = }I.LT’U. with )'LT,D = 0,4

oY Wy fy s = |1+ (222, (1,5—1)| forclass3
where: },LLT — ;: Y [ (26.35—16&.‘) ] %{X 2
« Ogu= Westu /Weu=ps>  forclass 4 ¢ M LT,0
. _ _ ,~ 0,46Eh®t? a c/t N
Critical LTB moment: M., = C, — Y o B - 0,5
12.5M 35,58¢ Vourd
C,= ——— =15 I T
O 2 5Mpy + 3y + AMy + M pu=1, ford, <0748 oM g
Py = o, > 0,748 brid
b
1,10
® numerical results (class 1)
BUCinng curve a Wlth a 1,00 eeenesepiereness TP, * numerical results (class 3)
Hh-.". S A A RO 0
doubling plateau should be g 0,90 "‘"'.&.33,3.,, ----------- ;
used for LTB instead of curve = <°% Th S
d that the current code 87 A
proposes g g
3 0,50 e
1 Xir = 1,0 & BudEare.
Xir = = bﬂ% { - 1/}__2 0,40 -~-.::::‘.::;-,:.,‘__
¢LT+1’¢%T_‘R'ET Air = LT 0,30 """"o'.'.'_'.'.‘.:‘.-.-,-,.. ;;;;
¢LT = 0,5 [1 + a;r (‘;’]'_LT — 0,4‘) + A'_%T] 0,20

0,20 0,30 0,40 0,50 0,60 0,70 0,80 0,90 1,00 1,10 1,20 1,30 1,40 1,50 1,60 1,70 1,80
Non-dimensional slenderness A ;
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- strong axis check
3
NEd My Ed My Ed
Ned_ 4 g —) ok, Mesd _ g
(N bu.Rd Y My rd YW My Ra
- weak axis check
3
NEgd My gd My Ed
Nea | g —) bk, Mumd 4
(N buvRd My rd YV My Rd
kj; factors c/t < 16e: E=2
C. 26,3s—c/t
yy = — Ngg  (432) ky, =C, (4.33) 16e < c/t <26,3e: 5= [1 + (26,3:—‘1:25) (2- 1)]
Neru
c/t >26,3¢: E=1
C
ko = Cu (4.34) ko = Tapg (439
Nerw
Cu= 06404y, (4.36) C=0,6+0,4y,  (4.37)
y
] Sy—2u<] (4.38) 1<y =tEEc] (4.39)
Myy My
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Single angle members
Combine axial compression and bi-axial bending moment

N+Mwv

Non-dimesional slederness A,

(ANGELHY

1,10 [ ]
1,08 h-d L]
_ 106 e ® in -
104 ~ p-g - PS
< 1,02 - - ® e e b .
= 1,00 = —  S—
0,98 . s
0,96 p
0,94
0,00 0,50 1,00 1,50 2,00 2,50 3,00 3,50
Non-dimensional slederness A,
N+Mu
1,22
)
1,18 .
_ 1,14
. .
= 1,10 . . - ]
—~—
E 1,06 > 8 i = o
= L L ]
1,02 L
L ] ' )
0,98 o e ®
0,94
0,00 0,50 1,00 1,50 2,00 2,50 3,00 3,50
Non-dimensional sledernessx\,
N+Mu+Mv
1,30
. . =
1,25 N . =
e e -
= L20 * - o = * -
= [ ]
1,15
= -
E 1,10 =3
= * @
1,05 e Se .
1,00 —
0,95
0,00 0,50 1,00 1,50 2,00 2,50 3,00 3,50

The mean value N, ,./N,,.., is equal
to 1,03 with a standard deviation of
3,2%

The mean value N ,./N, ., is equal
to 1,05 with a standard deviation of
5,09%

The mean value N, ,./N,,.., is equal
to 1,15 with a standard deviation of
8,8%
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Single angle members

Combine axial compression and bi-axial bending moment

U, Magnitude
+9.23%e2+00
+8.661e+00
+8.084e+00
+7.507e+00
+6.92%9e+00
+6.352e+00
+5.774e+00
+5.197e+00
+4.619e+00
+4.042e+00
+3.465e+00
+2.887e+00
+2.310e+00
+1.732e+00
+1.155e+00
+5.774e-01
+0.000e+00

(a)

U, Magnitude
+1.352e+01
+1.,267e+01

- +1.183e+01
+1.098e+01
+1.014e+01
+9.294e+00
+8.449e+00
+7.604e+00
+6.75%e+00
+5.914e+00
+5.06%e+00
+4.224e+00
+3.380e+00
+2.535e+00
+1.690e+00
+8.440e-01
+0.000e+00

(b)

Movement of a profile subjected to an axial force and strong axis bending: (a) during loading-

(ANGELHY

initial steps and (b) at the failure load



The general method has been adapted to fit better with angles through numerical and

experimental validations.

Xop " Quit,k = 1,0

Xop — min {,; X»}

— Tmax =°'N +E¢o +°'M

a =

Ucr,op IS the minimum load amplifier for the design
loads to reach the elastic critical load of the structural
component associated to weak axis buckling.

N+Mu+Mv
1,65 ®
° ® Casel
1,55 ® Y A Case 2
° % Case 3
1,45 .
_ e ® ® [ ]
5 @At @ @
= 135 ° .. .
— (L = 'Y R e ‘
5 1,25 R e S T A == .
= “ A Ax ! S 4: A
1,15 xS X,
' X a x £ ° f T
1.05 HKoaneer Hor=158 A - —e. S, &
r *ﬁ'_,.g‘y = Hoom x e * vy
0,95 = =
0,00 0,50 1,00 1,50 2,00 2,50 3,00 3,50

Non-dimesional slederness A,
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* A “segment instability” is defined as an instability mode associated to the buckling of
more than one members forming a segment. In the present case the instability is
associated to the buckling of the two diagonals of the leg.

* All the members (diagonals & exterior one) constituting the segment are stable
individually and are able to resist to the applied maximum forces, as they have been
initially designed to that. But the simultaneous buckling of the diagonals involving a
longitudinal rotation of the main leg member, represents a “new mode” which has
been seen to be relevant in various usual design situations.

< 7‘) Deformed position

«‘ K _, Displacement of the

I ’ angle =

e The diagonals moves laterally and bends about a
geometrical axis.

e The main leg rotates about its longitudinal axis.

e The elements which “close the horizontal leg triangles” do
not undergo any deformation; they are just translated.

Initial position

Exterior member
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Simplified model

The critical load multiplier a.. may be given by the formula: P JLPz_
 2nlEL EH XH "'. -.
Ger = By ||
where, e ‘ s
|, is the moment of inertia about y-y geometrical axis of —— o]
the diagonal’s cross-section; W’ ff

L is the buckling length of the diagonal;

E is the modulus of elasticity; Equivalent model of the leg (left) and

. . . deformed shape (right)
P,,P, are the axial forces in the two diagonals.

This model is independent of the number of horizontal “rigid triangles”, and therefore
may be generally used for segments with pyramidal configuration

The simplified equivalent model disregards the rotational restraint of the main leg
member as well as the continuity of the diagonals above the leg level
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Final model

The final model has been developed so as taking into account the rotational rigidity of
the main leg.
Simplified formulae based on the geometry, cross-section and material properties.

* The critical load multipliera_ is: a. = %
P+P
* N, is the critical load of the equivalent column representing the vf :
segment: |
T EIJ: tot
Ncr - 12 + KTL Kr
4 W
K; is the stiffness of the unique spring restraint, equals 5 (2R ean)

* The mean value of the lateral restraint R of the diagonals is:
Equivalent final proposed

n 1 < ) model of the leg
i=1 d12

_ 3¢

R = —
mean
2Loxt

ANGELHY .
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Ultimate resistance of the leg

* For both proposed models, an estimation of the carrying capacity of the column in
compression can be roughly done through the Merchant-Rankine approach:

* where a, can be evaluated by the following equation: a,; =

Application in practice

1 1 0,96
+

Z'Npl _Z'Adiagfy
P, +P, Pi+P,

JJJJJ
T T

Horizontal level 1

Bracings right

Member CS code Cross-section Length [m] Horizontal level 2
Diagonal 1 (left) 13 75x75x4 6,00
Diagonal 2 (right) 13 75x75x4 6,00
Main leg 12 150x150x13 5,00 i, F %
Horizontal level 2 14 60x60x4 1,827 {72 " Horizontallevel3
Horizontal level 3 14 60x60x4 0,913 W

Main leg
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Single angle members
The segment instability

Results obtained through FINELG and the simplified analytical formula

Load

Py

P

No of

Uer,anall

acr,anal,lf Oer FIN ucr,anal,ll" {Ipl

combination [kN] [kN] |%™ 1| cisenmode | [ O [-] [-] ]
G+Wy 30,00 0,00 1,37 1 1,21 13,639 0,881 0,0884
G+Wy 7,26 2,51 4,28 4 3,70 41,889 0,866 0,0884
Grower 0,91 0,92 23,99 12 19,75 | 223,346 0,823 0,0884
Wx 5,78 1,37 6,42 1 5,06 57,227 0,788 0,0884
Wy 3,13 29,92 1,48 1 1,10 12,380 0,740 0,0884
Mean value - — — - — --- 0,820 0,0884
\=3,363 > @,,=0,9220, ;.11
Results obtained through FINELG and the final analytical formulae
Lﬂad Pl PZ acr,HN Nﬂ ﬂf ﬂcr,anal,z a. [ ] ﬂcr,anal,za‘f {Icr,EDT acr,anal,zf {Ipl
combination [kN] [kN] [-] eigenmode [-] ptl” [-1 [-]
G+Wy 30,00 0,00 1,37 1 1,33 13,639 0,973 0,0978
G+Wx 7,26 2,51 4,28 4 4,10 41,889 0,957 0,0978
Giower 0,91 092 | 23,99 12 21.84 [223,346 0,910 0,0978
Wx 5,78 1,37 6,42 1 5,60 57,227 0,872 0,0978
Wy 3,13 2992| 148 1 1,21 12,380 0,818 0,0978
Mean value — --- --- --- -—- --- 0,906 0,0978
A,=3,198 - a,,=0,9140 ...,
(ANGELHY 19



Built-up members
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Context of the study

In Eurocode 3 part 1-1, built-up members connected back-to-back are
considered as homogenous if the distance between packing plates is less than

151 in

Several design methods exist for higher packing plate distances
But: high discrepancy between different design approaches for closely spaced

built-up members

ANGELHY

1.20
1.00
0.80
E 0.60
0.40
0.20

0.00

e=fl==EN 1993-3-1 -
—8—EN 1993-1-1 -
—4&—EN 1993-1-1 -
—&—EN 1993-1-1 -
—»—EN 1993-1-1 -

French National Annex
a=15iv

a=30iv

a = 50iv

a=80iv

—@—EN 50341-1 - a=15iv
—&—EN 50341-1 - a=30iv
——EN 50341-1 - a=50iv

—¢—EN 50341-1-

a=80iv

0.00

0.20

0.40 0.60 0.80 1.00 1.20 1.40




Built-up members — Objective and Methodology

Objective of the study

« Develop design method for major axis buckling of back-to-back
connected specimens (BBE) under compression

« Develop design method for star battened specimens (SBE and SBU)
under combined compression and bending

Scope of the study

BBE specimens SBE specimens SBU specimens

z — Major axis
Packing plate

Packing plate
il v — Minor axis i
y-— Minor axis { \‘ Packing plate Packing ;\
C J A\ \ i \ 7\

u — Major axis

v = Minor axis

u — Major axis

Methodology
« Atotal of 16 laboratory tests on BBE, SBE and SBU specimens

« Extensive numerical simulation campaign to extend the experimental
study

(ANGELHY



Built-up members — Laboratory tests

Laboratory tests

(ANGELHY

Total number

. . Steel | Total member . Level of
Notation Section of packing .
grade length [mm] pretension
plates
BBE1 2 L 70x70x7 S355 1200 7 100%
BBE2/BBE5 2 L 70x70x7 S355 3600 19 100%/10%
BBE3 2 L 70x70x7 S355 2000 100%
BBE4/BBE6 2 L 70x70x7 S355 3600 100%/10%
SBE1 2 L 60x60x6 S355 2200 100%
SBE2/SBE5 2 L 60x60x6 S355 3000 10 100%/10%
SBE3 2 L 60x60x6 S355 3000 8 100%
SBE4/SBE6 2 L 60x60x6 S355 4000 10 100%/10%
L 80x80x8 + 0
SBU1 L 70x70x7 S355 2200 8 100%
L 80x80x8 + 0
L 80x80x8 + o
SBU3 L 70x70x7 S355 3000 8 100%
L 80x80x8 + o
SBU4 L 70x70x7 S355 4000 10 100%
23



Numerical model Uxz0

Uy=0 RotX=0
Uz=0 RotY=0

* Boundary conditions:

Ux=0 RotX=0
Uy=0 RotY=0
Uz=0

« Material law : Elastic-perfectly plastic
» Geometric imperfections: Eigen mode affine with amplitude L/1000

-70.5

 Residual stresses:

70.5

-70.5 705

-70.5 -70.5
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Numerical model - Validation
« SBU1:L=2200 mm — 2x2 intermediate packing plates

N
2]

O ™~
Jauge 1H, M, L
; 'l‘ Displacement 4
00
/ \ Jauge 4 H, M, L
= 156
= Displacement 3
(1))
o
5 O
L
c
©
—
(& ]
©
[47]
o
> v —Laboratory test - Displac 2

=e—Numerical simulation - Displac 2

——Laboratory test - Displac 4

=+—Numerical Simulation - Displac 4

-40 -30 -20 10 0 10 20 30 40 50

Jack Displacement (mm)

i

Displacement 1

Jauge 2H, M, L
7
Displacement 2

Jauge 3H.M, L

O
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Numerical parametric

study:

<
3
m

ECCRRNN

35

70

105
140
175
210
245
280
315

BBE: L70.70.7
L150.150.15

SBE: 2L70.70.7
21150.150.15

SBU: 190.90.9+L60.60.6
L150.150.15+L80.80.8

= toouion (iN case of SBU minimum thickness)

15i.,, (only BBE), 30i i, 50i .., 70i .., 90i

0,4 — 2,0 (5 values)

0, 10% of nominal preloading, 100% of nominal
preloading

According to recommendations for each section

Fitted bolts, Snug tight bolts, preloaded bolts

$235, S355, S460

Axial force, Axial force + bi-axial bending (10
combinations)



Outcome of the numerical study — BBE fitted bolts:

1,20 .
a=15imin
100 ® a2 =30imin
’ A a=50imin
T
20,80
<
= 1 _}\‘2
—0,60 /
Il
><0,40
0,20
Buckling curve b
0,00
0,00 0,50 _ 1,00 1,50 2,00
A (=)
N El (”
1 cr,z,BBE Z,BBE L
» N cr,z,Sv — 1 1 ¢ = 1
Nosss TS, v _a
cr,z,BBE v _—

)

2

Specific to the
connection type
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Built-up members — Design model SBE and SBU

Outcome of the numerical study — SBE and SBU:
» Flexural buckling under axial compression force (no torsional buckling mode)

v — Minor axis

'3

N M M

( Ed |k, —2EL ) +ky,—2E% <
Npy ra XLt My ra M, ra

. \
N M M
( Ed_ wEd ) thy Mv,Ed <1 \

uu
Nbu,Rd XLTMu,Rd v,Rd ~  u-— Major axis

1) Interaction factors as for single angle section members (calculated with N, ,)
2) Exponent £ = 1,7

3) Ny, rg @nd Ny, g4 based on buckling curve b and N, g,

4) Myra = 0,.9My  ra s Myra = 0,9Mp 4 ra

5) x.1 determined with reduction curve a and M.(l, s,)

(ANGELHY 28



Comparisons SBE fitted bolts: (

3
N M M
Ed + kvu w,Ed ) + kvv v,Ed <1
Npv,ra XtrMy ra My, ra
3
N M M
( Ed +kuu u,Ed ) +kuv vEd<1
Npu,ra XMy ra My, ra
1,10
c
33 w0 s Safe
£ sPp O P& o0 01
© .S 09 —‘77*—'1—‘#‘
z 3 % % 00”0‘ o
o0 -2
g GEJ 0,80 TN
S
= 0,70 s Mean value
Mean value + 1xStandard deviation
0,60

Design proposal is safe and sufficiently precise

Design proposal is more conservative for interaction N+M, due to the safe sided
linear interaction
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Built-up members — Summary

Summary of the design proposal:

Common steps for all closely spaced built-up members
Step 1) Determine the shear stiffness S, depending on the type of connection
Step 2) Determine the effective critical axial force N, 5, for relevant buckling axis
Step 3) Determine flexural buckling reduction factor y based on curve b

Final step for BBE
Step 4BB) Verify the buckling resistance

Additional steps for SBE/SBU

Step 4SB) Determine the lateral torsional buckling reduction factor y,; based on
curve a

Step 5SB) Determine interaction factors k;; with N, g,
Step 6SB) Apply the interaction equations (hmw M pa )g ol vEd g

bv,Rd XerMy ra v,Rd

3

N M M

( S ) + ke, —2E% <1
Npy ra Xor My ra

(ANGELHY Mora ™ g0
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