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1 Scope

The present document gives basic design rules and recommendations for section and member
verification of hot-rolled steel angle profiles, hot-rolled steel angle profiles strengthened externally
or externally and internally with CFRP-strips and of closely built-up angle members for the
application in steel lattice towers.

The present rules apply to hot-rolled equal leg angles according to EN 10056-1: 2017 and built-up
sections made of equal and unequal cross-sections and bolted packing plates.

The design guide applies steel grades as listed in EN 1993-1-1 up to and including S460.

The CFRP-strips are made of Sika CarboDur S and the application of the strips should follow the
procedure defined by the producer.

Fatigue design of angles members is not subject of the present design guide.

Work Package 4 — Deliverable 4.4



ANGELHY - Innovative solutions for design and strengthening of telecommunications and transmission ~ Page 4
lattice towers using large angles from high strength steel and hybrid techniques of angles with FRP strips

2 Notations, symbols and abbreviations

2.1 Conventions for member axes for single angles

The notations for the geometrical, material and other properties follow those given in prEN 1993-1-
1 [1]. Figure 2-1 illustrates the notation for the geometrical properties, the geometrical axes as well
as the principal axes.

G centre of gravity

ht geometrical properties (c=h-t-r)
u-u  major principal axis or weak axis
v-v  minor principal axis or strong axis
y,Z dgeometrical axes

Figure 2-1 : Notations for geometrical properties and principal axes for single angle

(1) The convention for member axes is:

X-X — along the member

y-y — axis of the cross-section

z-z — axis of the cross-section

(2) For steel members, the conventions used for angle sections axes are:
y-y — cross-section axis parallel to the smaller leg

z-z — cross-section axis perpendicular to the smaller leg

u-u — major principal axis

V-V — minor principal axis

2.2 Symbols

A cross-sectional area

At effective area of a cross-section

As cross-sectional area of CFRP plates

Anet net area of a cross-section

Es modulus of elasticity of CFRP material

Es modulus of elasticity of steel material

fs tensile strength of CFRP material

ft nom nominal tensile strength of CFRP material

fy yield limit of steel material

fu tensile strength of steel material

left effective moment of inertia

lu, Iv moment of inertia about u-u axis and v-v axis, respectively

ly, Iz moment of inertia about y-y axis and z-z axis, respectively

Lor buckling length

Mo rd design value of the buckling resistance of a member in bending

Mol Rd design value of the plastic moment resistance

Mgk characteristic value of the resistance to bending moment

My rk characteristic value of the resistance to bending moment about y-y axis
M g4 design value of the bending moment about z-z axis

Mz rd design value of the resistance to bending moment about z-z axis

Mz rk characteristic value of the resistance to bending moment about z-z axis
NbRd design value of the buckling resistance of a member in compression

Nc rd design value of the resistance to axial force of the cross-section for uniform
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NCI‘

Ncr,T
Ncr,TF
Ncr,y, Ncr,z

NRd

Nt Rd

UGs

Wett
Wefﬁmin
Wel,u. Wel,v
Wpl,u, Wpl,v
YGs

ZGs

oLT
YMO
YM1

ALt

ALT
Au
Av

elastic critical axial force for the relevant buckling mode based on the gross cross-
sectional properties

elastic critical axial force for torsional buckling

elastic critical axial force for torsional-flexural buckling

elastic critical axial force for flexural buckling about y-y axis and z-z axis,
respectively

design value of the resistance to axial force Nrk characteristic value of the resistance
to axial force

design value of the resistance to tension axial force

distance of centroid from heel in u direction

effective section modulus

minimum effective section modulus

elastic section modulus for bending about u-u axis and v-v axis, respectively
plastic section modulus for bending about u-u axis and v-v axis, respectively
distance of centroid from heel in y-direction

distance of centroid from heel in z-direction

width of a cross-section

width or depth of a part of a cross-section (c=h-t-r)

yield strength

radius of gyration about the relevant axis, determined using the properties of the
gross cross-section

radius of gyration for bending about y-y axis and z-z axis respectively

plate buckling factor

radius of root fillet

thickness of a cross-section

value to determine the reduction factor y for flexural buckling

value to determine the reduction factor y_t for lateral torsional buckling
imperfection factor

imperfection factor for lateral torsional buckling

partial factor for resistance of cross-sections

partial factor for resistance of members to instability assessed by member checks
relative slenderness for flexural buckling

relative slenderness for lateral torsional buckling

modular ratio between steel and FRP material

reduction factor for lateral torsional buckling

reduction factor due to flexural buckling about u-u axis

reduction factor due to flexural buckling about v-v axis

ratio of end moments in a segment of beam, or stress ratio
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3 Angle profiles

Hot-rolled equal leg and unequal leg angles profiles for steel lattice towers are typically available in
a range from L45x45 to L300x300 resp. from L120x80 to L250x90. The thickness range varies from
4 mm to 35 mm for the equal leg profiles and from 8mm to 16mm for the unequal leg profiles.

Hot-rolled equal leg and unequal leg angles are available in steel grades as indicated in Table 3-1.

Table 3-1: Steel grades for hot-rolled angle profiles

5235 5355 5460
JRA0AIK2 | JRI0M2IK2 | M | ML | JOW/I2WIK2W | G4IG1L/G12+M* M
* Off-shore grades.

In steel lattice towers, single equal and unequal angle profiles are used for the main (e.g. legs), the
primary and secondary bracing members (e.g. diagonals) of the tower.

In case the load bearing resistance of single angle members is insufficient, it is possible to connect
the angles in a back-to-back or a star-battened configuration (see Figure 3-1). The connection between
the profiles is realized with bolted or welded packing plates.

BBE SBE

Packing plate
Figure 3-1: Back-to-back configuration (left) and star battened configuration (right)

According to [1], closely-built up members can be considered as one single integral member ignoring
the shear stiffness if the conditions in Table 3-2 are met. Otherwise, the shear stiffness should be
considered.

Table 3-2: Maximum spacing for interconnections in closely spaced built-up or star battened angle members

Maximum spacing

Type of built-up members between interconnections?

Members connected by bolts or welds 15imin

Members connected by pair of battens 70imin

a Centre-tocentre distance of interconnections
imin IS the minimum radius of gyration of one chord or angle.

The rules in [1] are valid for closely built-up members fabricated from identic angle profiles. The
present design guide also gives rules for built-up members with unequal angle sections in chapter 10.
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4 CFRP-material

The Sika CarboDur system is a high-performance structural strengthening system designed and used
for strengthening concrete, timber, masonry and steel structures in post construction.

It is used to improve or increase the performance and resistance of structures for increased load
capacity, improvement of serviceability and durability or resistance to possible events (earthquakes,
impact or explosion etc...).

The system is consisting of Sika CarboDur plates and Sikadur 30 adhesive.

Sika CarboDur plates are pultruded carbon fibre reinforced polymer (CFRP) laminates, available in
several widths (from 5 to 15cm). They are bonded onto the structure as externally bonded
reinforcement using Sikadur 30 epoxy resin-based adhesive (two component unit).

Sika CarboDur plates are non-corroding and have a very high strength which guarantee an excellent
durability and fatigue resistance of the system.

The plates have a low regular thickness (1,2mm) and smooth edges without exposed fibres as result
of production by pultrusion. Hence, several layers and plate intersections and crossings are simply to
execute. The lightweight of the plates enables an easy transportation in rolls and installation (no
temporary support needed).

For more information about installation, see document: Recommendations for design and
construction of hybrid members (deliverable 5.2).

A Sika® CarboDur® Lamelles

100 R
UR—

Figure 4-2: Sikadur 30
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5 Angles with CFRP-strips

Hybrid angle members considered here are composed of equal leg steel angles, with FRP plates
attached to their legs. The investigations carried out during the ANGELHY project refer to
applications where these measures are taken in members of lattice tower, either legs or bracings, in
order to increase their carrying capacity. The main advantage of such solutions for telecommunication
or transmission towers is that the towers are strengthened, without increasing the wind attack areas
of the members and therefore without increasing wind or ice loads. In addition, all other advantages
of angle section applications in lattice towers, such as good connectivity, good handling or easy
transport are still applicable.

The cases examined here refer to attachment of either two CFRP plates on the exterior sides of the
legs or of four FRP plates on the exterior and the interior side of the legs, Figure 5-1. The width and
length of the FRP plates shall be no larger than the corresponding width/length of the angle legs.
The technological procedures for carrying out the strengthening measures are described in the
document: Recommendations for design and construction of hybrid members (deliverable 5.2).
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Figure 5-1: Strengthening of tower legs and bracing members by CFRP plates
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6 Steel lattice towers

6.1 Transmission towers

Lattice towers are used for all ranges of voltages and they are the most common towers types for
high-voltage transmission lines. Lattice towers are mainly made of hot-dip galvanized steel angle
profiles which are assembled to form a framework (Figure 6-1). The standard height varies from 30m
to 60m. In the last years, even height exceeding 100m were achieved with steel lattice towers made
of hot-rolled steel angle profiles.

Insulators

s A\ /*' e
P = : Horizontal bracing ‘
2 ’ /\ \ Staggered primary
3 \ > bracin,
A g
Bottom member of cross arm 2 V/—
—
\

cr
/‘

By ¢ Leg |
8
rossing diagonals
i 5 ; . . Leg connection
g " Bolted spice

Figure 6-1: Typical typology of a steel lattice transmission tower

The steel angel profiles are applied as single angle members and/or built-up angles. Hereby the star
battened connection is the most commonly used for the leg members whereas the back-to-back
configuration is mainly used for the primary diagonals.

The primary bracing system is often composed of single unequal angle sections like L60x6, the
secondary bracing members are generally made of small single angle sections like L45x4.

The leg members of steel lattice towers mainly bear the self-weight of the tower and are composed
of big single equal leg profiles or, in case the load bearing resistance of single angle profiles is
insufficient, of closely built-up sections.

The erection of the tower is made on the construction side. First the different modules are
preassembled in lying position, then lifted with a crane and finally bolted by assembly operators.
Alternatively, the whole tower can be mounted in lying position and then be raised by cable pull. This
operation requires a big assembling area and it is therefore only rarely applied. In mountains area, the
different modules are often place by helicopter since the mounting area is too confined for cranes.

6.2 Telecommunication towers

Lattice telecom towers are free standing towers composed of three or four legs and a bracing pattern
of their vertical or inclined walls. They resist their own self-weight, the self-weight of the antennas
and cables they carry, imposed loads and meteorological loads, especially wind loading.

The tower types are all based on a reinforced concrete foundation and they bear antennas, microwave
mirrors, antenna and microwave mirror links, waveguides and the vertical ladder for waveguides. The
tower members are entirely hot-dip-galvanized and for this purpose welding must be avoided and all
connections must be done by hot-dip-galvanized screws. Welding is allowed only for the construction
of the towers’ footings, the sections of the climbing stair and the lightning arrester of the towers.

Lattice towers are specifically provided for heights ranging from 20m to 80m. Towers are rated heavy
or light, according to their design load. Lattice telecom towers have one advantage over pole type
towers. The weight of the lattice tower is distributed over a greater area, which reduces the loads on
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the foundation and on the ground. The modules of the lattice telecom tower can be assembled one
piece at a time and so do not require the use of heavy cranes. A lattice tower can be easily installed
even on rough terrain.

S
Figure 6-2: Steel lattice telecommunication tower

The dimensions of the towers base with square plan is between 1,50m x 1,50m and 12,5m x 12,5m
and the foundation of the structure is a concrete slab C20/25 connecting the legs of the tower. The
bottom level of the foundation block is between 1,8m and 2,50m below the ground level.

At certain distances along the height, diaphragms are provided that act as platform decks. They consist
of UPN or angle sections, forming a rectangular shape which inscribes a rotated square shape, also
made of angle sections. The dimensions range from 1,50m x 1,50m to 12,5m x 12,5m.

Triangular lattice towers have dimensions at the base between 2,57m x 2,57m x 2,57m and 6,4m X
6,4m x 6,4m and the bottom level of the foundation block is 2m below the ground level. The legs are
made of 60 degrees hot rolled angle profiles and the bracings are made of typical hot rolled angles.

The cross sections of the structural system contain:

* Angle legs from L80x8 to L200x20

* Angle vertical diagonal-bracings from L70x7 to L110x10

» Angle secondary bracings from L25x5 to L55x5

* Horizontals from UPN 80 to UPN 100

* Horizontal diagonals from UPN and angle sections

All towers have:

* Vertical access stair, safety ring and devices against back fall

* Resting platforms are placed at certain distances along the height

* Vertical holsters for feeders, electrical cables, night beacon and lightening system

* There are at least 4 triple band antennas symmetrically placed, typically installed at the upper part
and parabolic antennas installed at various heights with diameters ranging from 0,3m to 3,2m.

6.3 Reinforcement measures

The increasing amount of electric current produced by renewable energies require high-voltage
transmission lines for its transport. One possibility to comply with the increasing energy demand is
the upgrading of existing transmission lines to higher voltage (e.g. from 380-kV to 400-kV).

The increasing demand in telecommunication technologies and the upgrade to G5 requires a high
number of new antennas. In addition to the erection of new towers to carry the antennas, antennas
will also be added to existing towers.
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The above-mentioned developments require the strengthening of the existing tower structures. For
transmission and telecommunication towers, the most common strengthening method used in practice
is the connection of an additional angle profiles to the leg members (Figure 6-3), the replacement of
diagonals with larger angles sections or the adding of additional bracing members.

new bracing member  existing bracing member new bracing member  existing bracing member

Figure 6-3: Strengthening of existing tower

A new and innovative method to strengthen steel lattice towers is the use of FRP-strips (Figure 6-4).
The FRP-plates are applied with an epoxy resin to the sandblasted surface of the angle profiles. This
allows a strengthening of the tower without increasing the weight of the structure or its wind and ice
attack surface (see also chapter 4 and chapter 5).

2 4
23

Figure 6-4: Strengthened angle profiles with FRP-strips

The present design guide gives design rules and recommendations for equal leg angles profiles
strengthened with FRP plates in chapter 9.
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7 Design rules for single angle members

7.1 Cross-section properties

7.1.1 Plastic modulus about strong axis
The plastic modulus about u-u axis can be evaluated equal to 1,5-Wel,u.

For the angle cross-section, due to its lack of symmetry, the We, is different for a top fibre (at the
tip) or a bottom fibre (at the toe). However, for the design of the cross-section, the most distant fibre
from centroid is considered when calculating the elastic modulus (i.e at the tip of the leg), which
results in higher stress calculations. In this case, the elastic modulus about u axis can be derived from
the following formula:

(7.1)

7.1.2 Plastic modulus about weak axis

The plastic modulus about v axis can be estimated through the following equation by assuming that
the radius at the toe of the cross-sections is equal to zero (r=0). The notation of the following formulas
is supplemented by Figure 7-1.

A
Wpiw=7" (c+d) (7.2)
where,

c is the distance between the centre of gravity of the sub-cross-section 2 and the plastic

neutral axis (pna), and it can be calculated by the equation:

h
c=VZ-(7-¥e,) (73)
d is the distance between the centre of gravity of the sub-cross-section 1 and the pna,
and it can be calculated by the equation:
h

d=2 - (yg, - 2) (7.4)
h2 is the width of the sub-cross-section 2 and is equal to ho=h-hy (7.5)
h1 is the width of the sub-cross-section 1 and is equal to h1=A/4t (7.6)

ys, s the distance between the centre of gravity of the sub-cross-section 1 and the
point O(0,0) along y’ axis and it can be calculated by the equation:

h h t
Yo, =5 t5+; (7.7)

ys, Isthe distance between the centre of gravity of the sub-cross-section 2 and the
point O(0,0) along y’ axis and it can be calculated by the equation:

h3+hyt—t?
=2 7.8
G2 4h, -2t (7.8)
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h1

hz

Figure 7-1: Notation for the calculation of the plastic modulus about v axis

+t+

7.2 Classification of cross-sections
Equal leg angle cross-sections should be classified by using Table 7-1 below.

S
1

1

Table 7-1: Classification system for equal leg angle cross-sections

Comment Class3 | Class 2
Compression “ c
Nc ¥
c
— < 13,9¢
t
Strong axis — - ’;
bending I — ' —
My c c
-<26,3¢ — < 16¢
t P
T -
Tip in tension L e |l ,T] e .
Weak axis c_ 30e
bending t—
M, :’ I
Tipin |" ) L ,._] ¢
compression Hr B !
c c
- <269 - < 14¢
t t
235 N
€ £ = ? fyt [mmz]

7.3 Safety factors

For the steel sections partial safety factors ymo, ym1, ymz2as provided by EN 1993-1-1 [2] apply.
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7.4 Resistance of cross-sections

7.4.1 Tension
The design characteristic resistance for cross-sections subjected to tension is equal to:
Af;
Ne gy = y—y (7.9)
Mo

7.4.2 Compression

The design characteristic resistance for class 1, 2 and 3 cross-sections under pure compression is
equal to:

Ay

Nerk =7 (7.10)
Mo
The design characteristic resistance for class 4 cross-sections under pure compression is equal to:
N gy = 2102 (7.11)
’ YMmo
where,
Aers IS the area of the effective cross-section that equals:
where,
p is the reduction factor for plate buckling, calculating as follows:
p =1 for A, < 0,748 (7.13)
2Ap—0,188 =
=2 for A, > 0,748 (7.14)
Xp is the relative plate slenderness of legs:
3 — [Zcom _ i
Ap = ocr  186¢ (7.15)

7.4.3 Strong axis Bending
The design characteristic resistance of angle cross-sections subjected to strong axis bending is given

by:

My g = W, 22 (7.16)
’ Ymo
where,
W, is the parameter modulus about u axis that equals:
Wy = aiuWe, 1=2,3,4 (7.17)
where,
a2u=15 for class 1 or 2 (7.18)
26,3e—5
a3u= [1 + (m) (1,5 - 1)] for class 3 (7.19)
o,y = Weit.u /Wel,u =pu? for class 4 (7.20)
Pu is the reduction factor for plate buckling, calculating as follows:
py = 1 for A, < 0,748 (7.21)
p, = Ap‘z"j% for A, > 0,748 (7.22)
1
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Xp is the relative plate slenderness of legs:
35 _ |%9%com __ %
Ap = Ocr  3558¢ (7.23)

7.4.4 Weak axis bending

The design characteristic resistance of angle cross-sections to weak axis bending My — tip in
compression — is given by:

f
Mv,Rk = VVvy_y (7-24)
Mo
where,
W, is the parameter modulus about v axis that equals:
W, = ayyWey, 1=2,3,4 (7.25)
where,
a2,y = Wiy 'Wely for class 1 or 2 (7.26)
26,9¢
a3y = [1 + (26 v 148) (agy — 1)] for class 3 (7.27)
o4y = Wetty Wely =0,94+p,? for class 4 (7.28)
pv is the reduction factor for plate buckling, calculating as follows:
py = 1 for A, < 0,748 (7.29)
py = 2 for A, > 0,748 (7.30)
(4
Xp is the relative plate slenderness of legs:
A = [Zeom _ ;
Ap = Ocr  3648¢ (7.31)

The design characteristic resistance of angle cross-sections to weak axis bending My — tip in tension
—is given by:

f
Mv,Rk = Wplvyﬂj (7.32)

where,
Wiy is the plastic modulus about v axis; eq. (7.2) — (7.8) may be used for the calculation.

7.5 Buckling resistance of members

7.5.1 Buckling resistance in compression
The design buckling resistance of a compression member should be taken as:

Np g = Lmintly for Class 1,2 and 3 cross-sections (7.33)
YM1
Ny pa = Xm—lr;iif Iy for Class 4 cross-sections (7.34)

where,
xmin is the buckling reduction factor which should be determined as a function of the
relative slenderness A of the compression member;

Aert IS the area of the effective cross-section calculated by the equations (7.12)-(7.15),
using the following value for the relative plate slenderness of legs:
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/Tp =4/ Xminﬁ (7.35)

The buckling reduction factor should be determined as a function of the relative slenderness A of the
compression member for the flexural buckling modes only:

Xmin = {Xu;)(v} (7-36)
The relative slenderness 2 should be taken as:

Aly
NCT

1= (7.37)
where,
Ner isthe minimum elastic critical force for the flexural buckling mode based on the gross
cross-sectional properties, i.e Ner=min{Ncr,u;Ncrv}
Neru  for elastic flexural buckling about u-u, leading to A,;
Nerv  for elastic flexural buckling about v-v, leading to 1,,;

The value of the buckling reduction factor y for the appropriate relative slenderness A should be
determined from the relevant buckling curve according to the equations (8.73)-(8.74) in combination
with tables 8.2 and 8.3 of prEN 1993-1-1: §8.3.1.3 [1], i.e curve b is used for steel grades S235-S420
while curve a is used for steel higher grades (>S460).

7.5.2 Buckling resistance for strong axis bending
The design buckling resistance moment of a laterally unrestrained beam should be taken as:

My ra = XerWa Vf_y (7.38)
M1
where,
.t IS the buckling reduction factor which should be determined as a function of the
relative slenderness A, of the compression member;
W, isthe parameter modulus about u axis calculated by the equations (7.17)-(7.23), using
the following value for the relative plate slenderness of legs:

c

7_\p = VXLT 35,;85 (7.39)

The reduction factor for lateral torsional buckling y.t should be determined as a function of the
relative slenderness A, of the member:

T = [l (7.40)

where,
W, is the parameter modulus about u axis, see equations (7.17)-(7.23);

The elastic critical moment for lateral-torsional buckling is given by the following equation, with use
of Table 7-2:
0,46-E-h?-t?

Mg, = Cp ]

(7.41)
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Table 7-2: Determination of the Cp-factor for LTB

General case: . +
12,5M. ol :
C, = max <15 T D
2,5M,,4, + 3M, + 4Mp + 3M, Lid
L AiB
| Lz
For linear moment distribution: Jr Ay
12,5 . M, L4
=— —1<y==2<
b= 75150 with -1 <9y ™ <1 | L

The value of the buckling reduction factor .t for the relative slenderness 1, should be derived from
buckling curve a. The buckling curve can be determined by the equation (6.57) of EN 1993-1-1:
§6.3.2.3(1) [2] for lateral-torsional buckling, using A, = 0,4 and $=1,00 (see equations below).

1 Xer < 1,0

Aur = DL+ |[0Fp—A2p xir < 1/
(DLT = 0,5[1 + aLT(ZLT - 0,4‘) + A_%T] (743)

Lateral torsional buckling may be ignored and y.t Set equal to 1,0 when one of the following
conditions apply:

o XLT < XLT,O with XLT,O =04

but { (7.42)

2

M —_
o £ < Arto
Mcr !

NE,
—£4_> 0,5
Npu,Rd

o M>0’5

Npy,Rd

7.5.3 Buckling resistance for weak axis bending
The design resistance of angle cross-sections to weak axis bending My — tip in compression — is:

My ra = My gi (7.44)
The design resistance of angle cross-sections to weak axis bending My — tip in tension — is:
My ra = My g (7.45)

7.5.4 Resistance to combined compression and bending

For angle members subjected to compression and bending, two checks for buckling around one or the
other principal axis should be satisfied.

- strong axis check

3
Ngg My,Ed My,Ed
' Ed <
(Nbu,Rd T Fuu Mu,Rd) + Ky Myra 1 (7.46)
- weak axis check
3
NEa My Ed My Ed
ey e, Mkl g, Mokl < g 7.47
(N bv,Rd Y% My, ra VY My, Ra ( )
where,
kij are the interaction factors that are provided in Table 7-3;
& is a factor that depends on the cross-section class.
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Table 7-3: Determination of kij factors

kij factors
Cy
kyy = 1_Nea k., = C,
Ncru
Cy
ko, = Cy Ko = _Ngd
Ncrw
Cu: O,6+0,4\Vu Cv: 0,6+0,4\|fv
Mjy, _Myy
-1 f\lfu:M_iuSl -1 SWV—MLSI
The &-factor is:
c/t < 16e: E=2 (7.48)
_ B 26,367 o
166 < c/t < 26,3¢: a_[1+(55;35) @ n] (7.49)
c/t > 26,3¢: E=1 (7.50)

7.5.5 The general method for equal leg angles

The general method applies to lateral and lateral torsional buckling for structural components with
mono symmetric cross-sections, built-up or not, uniform or not, with complex support conditions or
not, which are subject to compression and/or bi-axial bending in the plane, but which do not contain
rotated plastic hinges. In this section, the general method is specified and presented for equal leg
angle members, after it has been adjusted appropriately.

The out-of-plane buckling resistance of the member is sufficient if the following equation satisfies:
LZultk > 1.0 (7.51)
1

where,

Xop s the reduction factor corresponding to the non-dimensional slenderness E and
aimed at accounting for weak axis buckling only, as it has been shown from previous
sections to be the predominate failure mode. Therefore, y,, = min{y,; x,,}.The
selection of the buckling curve is based on [2].

Ay 1S the minimum load amplifier of the design loads to reach the characteristic resistance
of the most critical cross-section of the structural component considering its in plane
behaviour without taking lateral or lateral torsional buckling into account, but however
accounting for all effects due to in plane geometrical deformation and imperfections,
global and local, where relevant. It can be derived from the following equation:

1 Omax ON Oeg oM
= Imax _ ON 4 Teo 4 M 7.52
Quitk fy Iy Iy Iy ( )

in which:
e the first term relates to the stress under pure compression;
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¢ the second, to the second order maximum stress resulting from the amplification
of the first order moment Neq-€o,ec3 (€o0,ec3 IS the equivalent imperfection as defined
in[2]), i.e. the moment Neq-eo,eca[1/(1-Ned/Neru)];

e the third one relates to the second order maximum stress resulting from the
amplification of the first order moment Neqg-ev (ev is the load eccentricity), which
can be estimated as Neg-ev[1/(1-Ngda/Ner,u)]-

The global relative slenderness E for the structural component should be determined from the
equation below, in which the term a,,. ,,, is the minimum load amplifier for the design loads to reach
the elastic critical load of the structural component associated to weak axis buckling.

7 _  [Quitk
Aop = /—amp (7.53)
In case that the angle is connected by the leg, the "in-plane™ instability effects may be considered as

negligible, 2" order effects may be disregarded (1/(1-Neda/Ner.u)=1) and eo may be taken equal to zero
(in recognition of the rather limited impact of this parameter);

The cross-section resistance in bending may be evaluated by using eq. (7.17)-(7.23). On the safe side,
the elastic cross-section resistance (Wel) may be used.
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8 The “leg-segment instability” mode

A “segment instability” is defined as an instability mode associated to the buckling of more than one
member forming a segment. In the present case the instability is associated to the buckling of the two
diagonals of a leg of a transmission tower (see Figure 8-1) and therefore will be named as “leg-
segment instability”. The diagonals move laterally and bends about an axis parallel to one of their
angle legs while the exterior leg rotates about its longitudinal axis. The elements which “close the
horizontal leg triangles” do not undergo any deformation; they are just translated.

The leg consists of three vertically orientated members: the main or “exterior” leg and the two
diagonals (1 & 2) that are connected with a number of horizontal bars and bracing members forming
“triangles”.

Each of the two diagonals and the main leg member (exterior one) constituting the segment should
be individually stable and should be able to resist to the applied maximum forces, as they have been
initially designed to that.

\ ——— [Initial position
s ’ —— Deformed position
( : —, Displacement of the

Exterior member

Figure 8-1: Elastic instability mode of the segment (left) and deformation of the members through a horizontal
cut in the leg (right)

8.1 Proposed models for the segment instability

8.1.1 Simplified model

The equivalent model is illustrated in Figure 8-2. The two parallel vertical members represent the two
diagonals and the horizontal pinned members, the elements “closing the triangle”. Both diagonals are
assumed to be made of the same profile, as it happens mostly in practise. The extremities of the
vertical members are assumed to be pinned; this is what is expected at the foundation level, while at
the top, the very small restraining effect resulting from the actual continuity of the diagonals is
neglected.
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The deformed shape of the system is seen on the right sketch (Figure 8-2).

Pl\L le

Figure 8-2: Equivalent model of the leg (left) and deformed shape (right)

For this simplified model, the critical load multiplier acr may be given by the following formula:

2m2El
r = Gmrry 8.1)
where,
ly is the moment of inertia about y-y geometrical axis (see Figure 2-1) of the diagonal’s

cross-section;
L is the buckling length of the diagonal;
E is the modulus of elasticity;
P1,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.

8.1.2 Final model

In this final model illustrated in Figure 8-3, the beneficial effect of the torsional stiffness is taken into
account, and it is considered that the axial force in the exterior member is not influencing its torsional
stiffness.

P,+P>

v

K1

Figure 8-3: Final proposed design model

For the final model, the critical load multiplier ac is equal to:

Ner
Aer = 5 ip (8.2)

where,
Ner  is the critical load of the equivalent column representing the segment;
P1,P> are the axial applied forces in the two diagonals.
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The critical load of the equivalent column can be evaluated by Eq.(8.3):

2
Nep =220 4 2 (8.3)
where,
lytot IS the total moment of inertia about y-y geometrical axis of both diagonals (i.e
lytot=2lyy;
L is the buckling length of the diagonal;
E is the modulus of elasticity;

. . . R . 4
Kt is the stiffness of the unique spring restraint, equals — (2Rpean)-

m is the number of zones of length of the leg (I = L/m separated by rigid horizontal
triangles in the leg); the accuracy of the formulae for Kt is sufficient for a value of
m<6 (i.e for maximum 5 horizontal rigid triangles in the leg).

The mean value of the lateral restraint R of the diagonals is calculated as follows:
3C 1 1
Rpean = 57—~ i (8.4)

2eyr n=1a?

where:
C is the torsional rigidity of the cross-section and is approximately equal to:
C =§2hb3 =§-2-(h—0,5t)t3 (8.5)
Lext  is the length of the exterior (main) member of the leg;
di is the horizontal distance of the longitudinal axis of the diagonal from the longitudinal

axis of the main leg, where i is the index for the horizontal level (see Figure 8-4).

< >

Figure 8-4: Determination of distance d

8.2 Ultimate resistance of the leg

For both proposed models, an estimation of the carrying capacity of the column in compression can

be done by the Merchant-Rankine approach:

1 1 0,96

Z = a—cr + a_pl (86)
where acr can be estimated with one of the above-mentioned proposed models, and ap can be

evaluated by the following equation:
_ ZNpi

a = —
Pl p +p,

(8.7)
where:

Npi s the plastic resistance of the diagonal’s cross-section (Npi=Afy)
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9 Design rules for hybrid angle members

9.1 Cross-section properties

The design rules refer to rolled angle sections with strengthening by CFRP plates placed on the outer
side of both legs. The CFRP plates are attached to the tip of the legs, their width being equal or smaller
than the width of the angle legs as shown in Figure 9-1. The design rules listed in the following
assume full shear connection between steel and CFRP surfaces as observed during the ANGELHY
experimental investigations.

— — = z
‘h’? 4
. bf K / u . bf
== £
G
NG G Y
L i 1 1
1 fﬁ; ALY 1t 2
i b o f . b L
I £ | ! f '
[ h | [ h I

G; centroid of hybrid section, G centroid of steel section
Figure 9-1: Notation, principal and geometric axes for hybrid section

The hybrid steel-CFRP section will be transformed to an entirely steel section with equivalent
cross-section properties, denoted with the subscript i.

Modular ratio between steel and FRP material: n = ? (9.1)
f

Cross-section area of equivalent section: Aj = A + i—f (9.2)

where,

As = 2 by - ty is the cross-section area of the CFRP plates

9.1.1 Principal axes
Position of centroid

Vai =0 (9.3
A LA

B

Ui = %_naf (9.4)
i
where:
br

h——2L

Uct = ( ﬁz ) is the position of the centroid of the CFRP plates

Second moment of area, weak axis

A 2
Ly = L,s + As-(uGi - uGS)Z + If ' (uGi - qu) (95)

Second moment of area, strong axis
3_(h—p)3
el Gl (9.6)

3n

Ly = Iys +
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9.1.2 Geometric axes
Position of centroid

YGi = Zai = UGi g (9-7)

Second moment of area

2
A A b
Ly =I5 + As.(Yei — sz)Z + ﬁ ) yGi2 + ﬁ ) (ZGi - ( - f)) (9.8)

IZi = Iyi (99)

9.2 Classification of cross sections

The steel cross-sections studied throughout the ANGELHY project, were rolled angle sections of
class 2 or class 3 according to Table 7-1.

Therefore, the section classification according of hybrid cross-sections is done according to Table
7-1.

It is expected that the presence of CFRP plates lead to a reduction of the cross-section class. However,
this is not implied here since such sections were not studied during ANGELHY.

9.3 Safety factors
Safety factors are to be used depending on the regulations used in the specific design. Such regulations

exist in the form of design guidelines in Europe. They are listed in the followings.

e Technical Report n°55, Third Edition (2012): Design guidance for strengthening concrete

structures using fibre composite materials, based on Eurocode 2, part 1-1 (England).

e AFGC 2011: Réparation et Renforcement des Structures en béton au moyen des Matériaux
Composites, based on Eurocode 2, part 1-1 (France).

e CNR-DT 200 R1/2013: Istruzioni per la Progettazione, 1’Esecuzione ed il Controllo di

Interventi di Consolidamento Statico mediante 1’utilizzo di Compositi Fibrorinforzati (Italy).

e Fib 14 (2001) : Design and use of externally bonded fibre reinforced polymer reinforcement

(FRP EBR) for reinforced concrete structures, based on Eurocode 2, part 1-1 (Switzerland).

For the steel sections partial safety factors ymo, ym1, Ym2as provided by [2] apply.
The partial safety factor for CFRP plates is denoted as vs.
For CFRP material as additional conversion factor, denoted as 0, is applied.

9.4 Resistance of cross-sections

9.4.1 Tension
_a .y e
Nera = As - 2=+ Ay ” (9.10)
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9.4.2 Compression

_ f n'k'ff
Nc,Rd = As ﬁ + Af ' v (9.11)
The reduction factor of the FRP strength for pure compression is k = 0,5.
9.4.3 Bending
Design moment resistance to strong axis bending
n-f ¢tgb-(2b—h)
Murd = Muplsrd + A (9.12)

3v2yy
where MupisRrd IS the design moment resistance of the steel section for strong axis bending

Design moment resistance to weak axis bending
Myro = 22— (B = x0)? + 23} + oL {(h — x)° + [ — (h = by)]’} 9.13)

VZ¥mo 3V2-(h—x0)¥vf
where,
:
Xo = @) o (%) - (9.14)
a=2fit (9.15)
b = 3fith+ frtsby (9.16)
¢ = fith? — fyteby (L —n) (9.17)

9.4.4 Resistance to combined axial force and bending

Tension axial force

N MyEgd |, MyEa
Ed y _whd 4 _vEd <1 (9.18)
Ntra Myprd MyRd

Compression axial force
2
(”Ed + M“'Ed) b o (9.19)

Nc,Rd Mu,Rd Mv,,Rd

9.5 Buckling resistance of members

9.5.1 Buckling resistance in compression

Npra = min{Nbu,Rd'Nbv,Rd} (9.20)
where,

Nbu,Rd =Xu’ Nc,Rd (9-21)
Nbv,Rd =Xv Nc,Rd (9-22)

Slenderness

Ry = [Men (9.23)
A, = [~eR (9.24)

NCI‘,V
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Critical buckling loads
7TZ'ES'IU.L'
Nery = 12 (9.25)
T Egl
Nepy = lzs = (9.26)
Reduction factors
xu, v as functions of the slenderness derived from buckling curve b
9.5.2 Lateral torsional buckling resistance
My ra = X1 * Myra (9.27)
e Determination of y;r
t 2
N O,46-E-h2-<t+7f)
Critical LTB moment: M_, = be (9.28)
Table 9-1: Cy factor for the determination of the critical LTB moment
Cy= 12:M =15 ‘ T
25M oy + 3M 4 + AMp + 3M - r-.f'_ e
. . . . . I Mmax
For linear moment distribution with -1 §\|/=%§1 A
- 125 1 L [I_- LB
7,5+5y f— M
|‘l.-.l
L |
= M
Slenderness to LTB App = [—2& (9.29)

cr

Reduction factor y.t as function of the LTB slenderness derived from buckling curve d

Based on [2], lateral torsional buckling effects need not be considered and y.t is setto y;r = 1

when one of the following conditions apply:

[ J XLT S XLT,O Wlth XLT,O:014
2

MEgq e
L4 [y, < }\LT,O
cr

NEg
o —f4 >05
Npu,Rd

NEg
o —fL 505
Npy,Rd

9.5.3 Resistance to combined compression and bending

Strong axis check

3
N My Ed My Eq
( E ko =2 ) + k<1
Npu,Rd Mp Rd My Ra

(9.30)
(9.31)

(9.32)
(9.33)

(9.34)
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Weak axis check

NEq
+k

(N bv,Rd V¥ Mp,ra
Factors

Cy
kuu 1 NEd

Ncru
ky, = Cy
ky, = Cy

Cy
ko, = ~Ngq

Ncrp

Cu=0,6+04yy -1 S\llu:hﬁl

Cv = 0,6+O,4\|]v

§=2

(9.35)

(9.36)

(9.37)
(9.38)

(9.39)

(9.40)

(9.41)

(9.42)
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10 Design rules for closely spaced built-up angle members

10.1 Cross section of built-up sections

In the present design guideline design rules for two different configurations of closely spaced built-
up angles are given: back to back and star battened back to back built-up sections. These rules have
been developed for compact sections of class 1 or class 2. Cross sections of class 3 and 4 are outside
the scope of the following design proposals.

10.1.1 Back to back built-up sections
The configuration of the back to back built-up sections is shown in Figure 10-1.

Figure 10-1: Back to back built-up sections

where,

z-z - Major axis

y-y - Minor axis

ho Distance between the centroids

a Distance between the packing plates

Iv Radius of gyration about the angle section’s minor axis (see Figure 2-1)

L Member length

Iz Radius of gyration of the built-up section member considered as integral about z-z
A Cross-sectional area of the built-up section

10.1.2 Star battened back to back built-up sections
The configuration of the star battened back to back built-up sections is shown in Figure 10-2.
The built-up section can be composed of angles with equal or unequal size.

\ v — Minor axis \l

v = Minor axis

H U — Major axis u — Major axis
& O . & b . oo
— . H i ~
o @ o O o @

Figure 10-2: Star battened back to back built-up sections
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where,

v-v - Major axis

u-u - Minor axis

ho Distance between the centroids of the angle sections

a Distance between the packing plates

Iv Radius of gyration about the angle section’s minor axis (see Figure 2-1)

L Member length

Iz Radius of gyration of the built-up section member considered as integral about z-z
A Cross-sectional area of the built-up section

10.2 Safety factors
For the steel sections partial safety factors ym1 and ym2 as provided by [2] apply.

10.3 Buckling resistance of back to back connected built-up sections

10.3.1 General

The following design approach may be applied if at least two intermediate pairs of batten plates are
used along the built-up member. Each batten plate should contain at least four bolts as shown in
Figure 10-2.

10.3.2 Buckling resistance in compression — flexural buckling about strong axis
The design buckling resistance of a compression member should be taken as:

XzA'f;
sz,Rd= y z (101)
M1
pe2 is the buckling reduction factor determined based on the slenderness Ag, and buckling
curve b

The relative slenderness Ag, should be taken as:

Ay = | AL (10.2)

Ner,sv
The critical axial force N, s, considering the influence of the shear stiffness is calculated as
follows:

Nerso = (10.3)
Ner ' 5p
where,
Ner is the critical axial force of the built-up member considered as integral neglecting the
influence of the shear stiffness
Sv is the shear stiffness of the built-up member
Sv is determined in depending of the connection type as follows:
S, =S8, = alz For members connected through fit bolts (10.4)
24Ely cp
Sy = Su2 = ———o— For members connected preloaded bolts (10.5)
where,
Iv.ch is the 2" moment of area of one angle section about its minor axis
lop is the 2" moment of area of the effective part of the packing plate
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Ly = W (10.6)
where,

t: is the thickness of the angle section

tp: is the thickness of the packing plate

B: is the inside diameter of the bolt head (noted s in EN 14399 [3])

d: is the diameter of the hole

Sv2 may also be applied if the design slip resistance Fsrq for non-fully preloaded bolt
connections is higher than the shear force to be transmitted.

10.3.3 Buckling resistance in compression — flexural buckling about weak axis
The design buckling resistance of a compression member should be taken as:

A'f.
Npy pa = 22 (10.7)

YMm1
xy: is the buckling reduction factor determined based on the slenderness A, and buckling
curve b

The relative slenderness Xy, should be taken as:

— Al f
Ay = ﬁ (10.8)

The critical axial force N,,.,, considering the influence of the shear stiffness is calculated as
follows:

2 E Ly
Ncr,y’ = L2 (109)
cry
where,
ly is the 2" moment of area of the built-up member around the weak axis
Lery: s the buckling length of the built-up member for buckling around the weak
axis

10.3.4 Resistance of the connection

The resistance of the connection should be verified according to EN 1993-1-8 [4] based on the shear
force VEeq calculated as follows:

NEdZLR
Mga = —Fpq- (10.11)
Ncr,Sv
where,
NEd is the axial forces in the built-up sections for the governing load case

10.4 Buckling resistance of star battened built-up sections

10.4.1 Buckling resistance in compression — flexural buckling about strong axis

The design buckling resistance of a compression member should be taken as:

Ny pa = 222 (10.12)

YMm1

The buckling reduction factor y. is based on the slenderness 2, s, and buckling curve b

Ay = /# (10.13)
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The critical axial force N, , 5, considering the influence of the shear stiffness is calculated as
follows:

Ncr,u,Sv = % (1014)

Neru Sy
where,

Neru is the critical axial force of the built-up member considered as integral neglecting the
influence of the shear stiffness

Sv is the shear stiffness of the built-up member
Sv is determined in depending of the connection type as follows:
Sy =5y =— For members connected through fit bolts (10.15)
24EIV,CI‘L
S, =S8, = ﬁ For members connected preloaded bolts (10.16)
24Ely, cp 12Elpp
where,
Iv.ch is the 2" moment of area of one angle section about its minor axis
lop is the 2" moment of area of the effective part of the packing plate
Ly = ”(B+2f+6—1p)4—”d“ (10.17)
where,
t: is the thickness of the angle section
tp: is the thickness of the packing plate
B: is the inside diameter of the bolt head (noted s in [3])
d: is the diameter of the hole

Svz2 may also be applied if the design slip resistance Fsrq for non-fully preloaded bolt connections is
higher than the shear force to be transmitted (Veq — see (10.19)).

10.4.2 Buckling resistance in compression — flexural buckling about weak axis
The design buckling resistance of a compression member should be taken as:

A’ f;
Nppra = 222 (10.18)

YMm1
yv: is the buckling reduction factor determined based on the slenderness A,,, and buckling
curve b

The relative slenderness A, should be taken as:

1= ;Crfyl (10.19)

The critical axial force N, ,,, not considering the influence of the shear stiffness is calculated as
follows:

m2EIl,
Nerw =12 (10.20)
where,
Iy is the 2" moment of area of the built-up member around the weak axis
Lerv: IS the buckling length of the built-up member for buckling around the weak
axis

10.4.3 Resistance of the connection

The resistance of the connection should be verified according to [3] based on the shear force Veq
calculated as follows:
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NEdZLW
Mga = —Fpa (10.22)
_Ncr,Sv
where,
NEd is the axial forces in the built-up sections for the governing load case

10.4.4 Resistance to combined compression and bending

For angle members subjected to compression and bending, two checks for buckling around one or the
other principal axis should be satisfied.

- strong axis check

3

XuNRk My Rk MyRk =
YM1

YM1 LT,

- weak axis check

¢

UNRk ¥ My,RK MyRk —
YM1 LT YM1 YM1

where,
Kij are the interaction factors that are provided in Table 10-1;
& is a factor that considers the nonlinear interaction.

Table 10-1: Determination of kij factors
kij factors

Cu: 0,6+0,4\|]u Cv: 0,6+0,4\Vv

VSI

v

-1 Sy -1 <=

M
M1y My

where,

Nersv,u: 1S the critical axial force for buckling about the major-axis considering the shear
stiffness as determined before

Nerv: IS the critical axial force for buckling about the minor-axis

Nrk: Is the characteristic value of the axial force resistance of the built-up section:
Afy

Murk: is the characteristic value of the strong axis bending resistance of the built-up
section: 0,9W,fy

My rk: is the characteristic value of the weak axis bending resistance of the built-up
section: 0,9W.fy

Cu, Cv: are the equivalent uniform moment factors
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xu, Xv: are the reduction factors for buckling about the strong/weak axis
yLT: IS the reduction factor for lateral torsional buckling determined based on the critical
moment M and reduction curve a as follows

The &-factor is:

& =1,5 for SBE members
& =1,1 for SBU members

The critical moment Mcr and the slenderness 1, are calculated as follows:

T = |2k (10.25)
M, = Cym T2 (10.26)
Iv is the second moment of area of the built-up member considered as integral

(considering Sy = o) about its minor axis
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11 Practical examples

In the present chapter, design examples of the application of the rules from Chapters 7 to 10 are given.
The examples do not cover the overall design of structures or the design of connections. They are
limited to the verification of individual members to explain how the new design rules are to be applied
In practice.

11.1 Design of a single angle leg member of a steel lattice transmission tower

The design example involves a standard Danube suspension tower with a height of 50.2m (Figure
11-1).

31.00
22.00

|1 sul 2.50 2.20

Tasilasilasilas

‘15

11.03 ———»=

‘zul

Il BL3.B4 3.54 =

9.02 ——Melett— .52 —=d 50.20 50.20

e =y

6.84

6844'-.1
Figure 11-1: Dimension of the Danube tower

~=— 6.84

T ¥
e
g

It is supposed that the suspension tower is part of a 380-kV transmission line with a distance between
the towers of 350m. The tower is located in “the Erzgebirge” in Saxony, Germany.

Weight span
—
I

i
1
L]
! /
1
! Conduclor//
! ~ ' -
! -~ -
Tower H I
1

Tower

Tower

i
| Wind span
)
!

350 m 350 m

Figure 11-2: Definition of wind span and weight span

Steel grade S355J2 was selected for the leg profiles, the horizontal members of the cross arms and
the primary and secondary bracing members.
The design focuses on the verification of a single leg member in the lowest segment of the tower.
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A predesign of the tower structure was carried out with the software TOWER — Version 15.0.
TOWER and a subsequent optimization process deliver the single equal leg angle profile
L150x150x13 in S355J2 for the four legs.
The loading of the leg for the governing load combination is as follows:

e Neq =-549,6kN

e Myged=0,6159kNm

e Myged=-2,092kNm (Tip in tension)

The cross-section characteristics of the leg profile are indicated in Table 11-1:

Table 11-1: Cross section characteristics of leg members — L150x150x13

Properties
Individual Area: A = 37,6cm?
angle section Thickness: — 13mm
Radius: r=16mm
e
Second moment of area I, = 1259cm*
about the u-and v-axes: I, = 324,6cm*

Elastic modulus about the W, =W, = 73,07cm

y-and z-axes
Length: L =5,00m
Buckling length about the Ly = 1,67m
u-and v-axes

The classification of the cross section is shown in Table 11-2:

Table 11-2: Cross section classification

Cross- section classification

c=h—-t—r=150—-13—-16 = 121mm
t=13mm

c
-=931
t

235 0.81
E = — =0,
fy

X _ c
Compression force N: o= 931 <139-£ =113

Table 7-1
Class 2
. . _ c
Strong axis bending My: Z=931 <16-¢=13,0
Table 7-1 t
Class 2
Weak axis bending My: c
eak axis bending My =931 <30-e=243
Tip In tension t
Table 7-1 Class 2
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The cross-section verifications are listed in Table 11-3:
Table 11-3: Cross-section verifications
Cross-section verification
. A-f, 3760-355
Tension N rk: Nerk = ” = 10 = 1334,8kN
7.4.1 MO ’
Ngg = 549,6 kN < N,y = 1334,8kN
Compression N¢rk:
P eRK Ny = 549,6 kN < N, g = 1334,8kN
7.4.2 '
L, 1259 3
Weru = 05RVZ 051502 118,7cm
_ _ ) _ 3
Strong axis bending My rk: Wy = azuWeu =1,5-118,7 = 178,05cm
178,05 - 355
74.3 My rie = W, Iy _ = 63,21kNm
Ymo 110
My gq = 0.6159 kNm < M, g, = 63,21kNm
b o= A _ 3760 — 79
LT 4T g1z e
hz = h_ hl = 15 - 7,23 = 7,86m
_ h1+h2+t_ 7,2_|_7,8+1,3_60
Yoo = Ty Ty T Ty Ty Ty T
_ h3 + hyt — t? _ 7,82 +78-1,3— 1,32 — 24
Ye2 = Typ 2t T 4-78-2-13 ™
Weak axis bending My grk: h 7,8
7.4.4 o C=ﬁ(f_m)=ﬁ'<7_z'4>=2’1cm

h 7.8
d = \/7()/61—72>=\/§-<6,0— 2>=3,Ocm

)

A
Woip = E(C +d)= > (2,1 + 3,0) = 96,1cm?
fi 96100 - 355
Mv,Rk = Wpl,v )/I\illo = 1.0
M, gq = 2,092 kNm < M, g, = 34,12kNm

= 34,12kNm

The buckling resistance of the leg profiles is verified in Table 11-4:

Table 11-4: Member verifications

Buckling verifications

Flexural buckling Np rd:
7.5.1

n?-E -1, _ m~210000-1259

= = 9356,5kN
cru 12, ,, 1,672
_m Bl m-210000-3246 o
T Ly 1,67 ST
_ Af, 3760 - 355
1. = = = 0,378
u J N \/ 9356,5
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I Afy 3760-355_0744
V" [Ngw» 4| 24123

S355J2 — Buckling curve b - a = 0,34
®, = 0,5[1+ (T, — 0,2) + 12,]
= 0,5[1 + 0,34(0,378 — 0,2) + 0,378?]
= 0,602
®, = 0,5 [1+ a(Z, —0,2) + 12,]
= 0,5[1 + 0,34(0,744 — 0,2) + 0,7447]
= 0,869
_ 1 _ 1
D, ++/ P2 — 22 0,602 ++/0,6022 — 0,3782
= 0,934
_ 1 _ 1
@, + D2 — 12 0,869 +/0,8692 — 0,7442
= 0,760
Xmin = Min(xy, x») = 0,760
XminA " fy _ 0,760 -3760 - 355
Ym1 1,1
Npq = 549,6 kN < Njpq = 922,2kN

_ 12,5 * My gy

" 2,5Mypgy + 3My + 4Mg + 3M,

_ 12,5-0,6159

~2,5-0,6159 +3-0,210 + 4- 0,502 + 30,337
< 1,50

Xu

Xv

Nppra = = 922,2kN

Cp

= 1,48

0,46 - E - h? - t? 0,46 -210000 - 1502 - 132
cr = Lp I =148 52
= 108,73kNm

_ W 178050 - 355
/1Lr=j ”fy=j = 0,762

M,, 108730000

75.2 &, r =05 [1 + aLT(E - 0,2) + /TZLT]
=0,5[1+0,21(0,762 — 0,2) + 0,7622]
= 0,85

1 1

Aur = / 0,85+ /0,857 — 0,7622
¢LT + d)l?T - )’lz,T ’ + ’ - ’

1,0

_ 1
=0815 <{ 1 _  go0;

Air
f, 178,05 - 355

My ra = Xp7Wy — = 0,815 ————— = 46,83kNm
YMmo 1,1

My pq = 0,6159 kNm < M, pq = 46,83kNm
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Weak axis bending My rq:
7.5.3

M, q = 2,092 kNm < M, g = 34,12kNm

Resistance to combined
compression and bending

7.5.4

_1<¢=@=@=0547<1
- My, 0,616 ’ -
-1<y, = Maw 296 _ 0020 <1
- My, 2,09 ' -

C,=0,6+ 04y, =0,6+0,4-0,547 = 0,8
C, = 0,6+04y, =06+ 0,4-0,029 = 0,6

C, 0,8
Ky = PR 0,85
Neru 9356,5
C, 0,6
kyy = e = 7w 0,78
Nerw 2412,3
ky, = C, = 0,60
Ky, = C, = 0,80

c
Z=9,31 <16:¢=130—->¢=2

Strong axis bending:

¢
M M
u,Ed) + kuv Mv,Ed <1

Ngq
(Nbu,Rd * kuu Mu,Rd v,Rd
( >49,6 +0,8 0’6159)2 6w =028<1
1133,4  ~ 46,83 ""34,12 T~
Weak axis bending:
N Myra\' | Mysa
(Nbv,m + o Mu,Rd> o e =
(% +0 0’6159)2 78w =042<1
922,2 ' 46,83 73412 T T

11.2 Design of a strengthened member with CFRP

The design example involves the strengthening of a common type of a telecommunication tower with
a height of 51m. In this type of tower, typical failure occurs in braces in the middle part of the tower,
as shown in Figure 11-3. The conventional method of strengthening these members includes either
replacing brace members with new members of larger section or adding an extra member to the
existing making a new built-up member. The main disadvantage of this method is that it causes an
increase in total tower’s weight and also in wind loads, since the wind reference area increases. On
the other hand, in the new innovative method of using FRPs to strengthen the tower’s members, there
is no need for new or larger sections. CFRP plates are attached to the existing members, and as a
result no increase in the total weight or wind loads exists. In this example, CFRP plates are placed
only externally to both legs of the existing angle section, as shown in Figure 11-3, to make the hybrid
member. The properties and the resistance of the strengthened brace member are calculated based on
the design rules for hybrid angle members that were previously presented in Chapter 9.
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H = BLOON.

Strengthening
with FRPs

Jpp— Typical failure -
Braces’ failure

. ~Hom 1A00M

e Ly

/

N

Figure 11-3: Typical telecommunication tower. Strengthening of braces using FRP plates

11.2.1 Hybrid section properties
The members that were selected to be strengthened are brace members, of equal angle section
L70x70x7. CFRP plates S512, with a width of 50mm and thickness of 1,2 mm, are selected. The steel
grade is S235. The material properties of both Steel and FRP material as well the mechanical
properties of the steel section are presented in Table 11-5 and Table 11-6.

Table 11-5: Material properties

Material E (GPa) fy (MPa) fu (MPa)
Steel 210 235 360
FRP 165 - 2900

Work Package 4 — Deliverable 4.4



ANGELHY - Innovative solutions for design and strengthening of telecommunications and transmission Page 41
lattice towers using large angles from high strength steel and hybrid techniques of angles with FRP strips

Table 11-6: Cross-section mechanical properties L70x70x7 (unstrengthened section)

h s As UGs YGs ly=1z lu Iy
Section | (mm) | (mm) (cm?) (mm) | (mm) (cm?) (cm?) (cm?)
L7007 | o6 | 79 9,40 279 | 1907 | 423 | 671 | 175
bt tr Af UGt
FRP (mm) | (mm) (cm?) (mm)
e Y, 1,2 318

The hybrid steel-CFRP section is transformed to an entirely steel section with equivalent cross-section
properties, denoted with the subscript i.

Modular ratio between steel and FRP material: n = g_s = % = 1,27
f
Cross-section area of equivalent section: 4; = Ag + % =940 + % = 10,34cm?

where,
Ap = 2+ bp -ty = 2% 50 * 1,2 = 120 mm? is the cross-section area of the CFRP plates

-~ -~ - z
? F
W
. bfh / u b
= =
G
t i 1
1 fﬁ; ALY 1 2
i h p f | b AT
1 £ | I £ I
I h 1 | l"'l :

G; centroid of hybrid section, G centroid of steel section
Figure 11-4: Notation, principal and geometric axes for hybrid section

Position of centroid
Principal axes

vGi = O
Asugs +Ag/n-ugr  9,40-2,79 +1,2/1,27 - 3,18
C = = = 28,3
Ysi A 10,34 mm
where:

Ugr = (h - bz—f) /N2 = (70 — %)/xfz = 31,8mm is the position of the centroid of the CFRP plates
Geometric axes

V2 V2

Yei = Zgi = Ugi * - = 28,3 * - = 20,0mm

Second moments of area
Weak axis

A
v 2
Ivi = Ivs + As-(uGi - uGS)2 + 7 . (uGi - qu) =
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1,2
= 17,5+ 9,4 % (2,83 — 2,79)? + —— (2,83 — 3,18)% = 17,63cm*

1,27
Strong axis
B3 = (h — b)? 73— (7-5)3 \
Iui = IuS + 3—11, . tf =671+ W -0,12 =77,65cm

Geometric axes

2
A A b
f f f
Ii = Ly = Iys + As (Vg — Yes)® + o Yei© + mn (Zai - <h - ?>> =

2
42,34+9,40 % (2 —1,97)% + 1,2 22 + 1,2 2 (7 5) 47,15cm*
= * —_ . . _ —_—— =
' ’ ’ 2%1,27 2%1,27 2 ¢

11.2.2 Hybrid section resistance

Separate safety factors are used for each material. For steel sections partial safety factors ymo, ym1
equal to 1.0, as provided by EN 1993-1-1, are applied. For CFRP plates, an appropriate safety factor
vs depending on the production method and the material uncertainties, should be used. In this
example, this factor is taken as equal to 1.25. For CFRP material an additional conversion factor 7, is
also applied. Telecommunication towers are subjected to environmental exposure. For this reason, an
adequate protective covering able to counteract environmental effects is used. In this case, conversion
factor # is considered equal to 1.0. Otherwise, a value of 0.85 would have been adopted.

Classification

The application of the CFRP plates probably affects the section classification. However, CFRP plates
are not taken account for the classification. Therefore, classification of the hybrid section is done
according to Table 7-1, which refers to rolled angle sections. Based on it, section L70x70x7 is class
2.

Tension
fy mfs 23,5 1,0 * 290
Nira = As e + Ay -7 =9,40 - 10 +1,2 Y 499,3kN
Compression
fy n-k-g, 23,5 1,0 % 0,5 * 290
Nera = A o + Ay v =9,40 - 10 +1,2- 125 = 360,1kN

A reduction factor k = 0,5 of the FRP strength for pure compression is adopted.

Bending
Strong axis
r]-ff-tf-b-(Zb—h) 24,23+ 23,5 1,0-290-0,12-5-(2x5—-7)
My rp = Mypisra + = + —
3v2 -y 1,0 3v2 % 1,0
= 6,92kNm

where My pisrd IS the design plastic moment resistance of the steel section for strong axis bending
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Weak axis

27-f it 3
Mugo = 2 {(h = x0)? o+ x8} + 52 D {(h = x0)* + [xo = (h = by} =

_B 07 {(7 - 4,15)* + 4,152} + 2x 192200012 {(7-415)° +[415- (7-5)]*} =
T V21,0 ’ ’ 3-v2- (7 —4,15)- 1,25 ’ ’ B
= 4,47kNm
where:
—J®/2)? —ac E2_ [(223,35/2)% — 32,9 * 1589,05
Xy = = = 4,15cm

a 32,9

a=2fit;=2%235%07 =329
b =3fitsh+ frtyby = 3%23,5%0,7%7 +290 % 0,12 * 5 = 519,45

b 5
¢ = fitsh? — frt by (% E h) =23,5%0.7 % 72 — 290 % 0,12 * 5 (E - 7) = 1589,05

11.2.3 Buckling resistance of hybrid members

Tower’s braces are subjected only to axial forces. So, the verification of tension and buckling
resistance of the strengthened (hybrid) members is sufficient. The calculation of buckling resistance
is calculated based on EN 1993-3-1 (Annex G). In this example, secondary bracing and triangulated
hip bracing exist, so braces’ buckling length is considered to be the same along all axes: L., =
1.625 m. Member’s both ends are considered to be rigidly connected (with two bolts), so no reduction
factor is applied to buckling strength ( = 1.0), according to EN 1993-3-1 Annex G.1(3).

Nb,RD =X* NC,RD

Critical buckling load

w2xExly;  m2x21000%77,65

Nerwi=—— =—15 = 0095kN

N _ m?*Exl,; m?%21000%*17,63 138.4KN
el =T 2 162,52 ‘

N m?«Ex1l,; mw?*21000 47,15 370 1kN
erd = 162,52 '

Slenderness

\/ GRi J—36°'1 = 0,769

Nerui 609,5
/ A / =1,613

NCI'VI

360,1

ch )
= 0,986

f Nergi 43701
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Reduction factors

The reduction factor y is determined with the effective slenderness ratio A, instead of A . Table 11-7
shows the maximum effective slenderness among all axes. Reduction factor is derived from buckling
curve b.

Table 11-7: Effective slenderness along all axes

AXIs u axis Vv axis y axis Maximum
A 0,769 1,613 0,986 Aesr = kx4
Kk 1,00 0,92 1,11 1,48

@ =05x[1+a*Xesr —0.2) + Aerr 2] = 0,5 [1+ 0,34+ (1,48 —0,2) + 1,48%] = 1,81
1

1
X= = Moy 0,35
D+ ’¢2—Xeff2 1,81+y/1,814-1,48

Nprp = X * Negp = 0,35 % 360,1 = 126,0kN

As it is noticed, a significant increase (+25,2%) of the buckling resistance of braces members is
achieved.

A

Strengthening
with FRPs

EE———)

7] : ‘ i

Buckling
Brace member Resistance Brace Hybrid member
L70.7 +252% L70.7 + FRP
Nixp Ny xp — Nizp Nezp
2208 kN 100.6 kN 568.8 kN 126.0 kN

Figure 11-5: Resistance of brace member with and without FRP strengthening

11.3 Leg-segment instability check of a steel lattice transmission tower

The electric transmission tower in 11.1 is simulated through the full non-linear finite element software
FINELG [3], using beam elements. Every single member had been properly modelled, in terms of
orientation and eccentricities at its extremities. Through an elastic instability analysis for a load
combination (G+Wy), a leg-segment instability is observed. The reference codes for the constitutive
elements and the configuration of the tower leg simulated in FINELG, are illustrated in Figure 11-6,
while the cross-section and the length of each member of the studied tower are reported in Table 11-
8.
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Table 11-8: Details of the members of the leg

Member CS code Cross-section Length [m]
Diagonal 1 (left) 13 L75x75x4 6,00
Diagonal 2 (right) 13 L75x75x4 6,00
Main leg 12 L150x150x13 5,00
Horizontal level 1 4 L80x80x5 3,88
Horizontal level 1 3 L80x80x5 2,74
Horizontal level 2 46 L60x60x4 2,58
Horizontal level 2 14 L60x60x4 1,827
Horizontal level 3 46 L60x60x4 1,29
Horizontal level 3 14 L60x60x4 0,913
Bracings left or right 29 L60x60x4 2,29
Bracings left or right 28 L60x60x4 1,78

—  Horizontal level 1

—*  Horizontal level 3

Main leg

Figure 11-6: Notations of the constitutive elements of the leg of the tower

The left diagonal supports roughly 30 kN (P1) and the right one, almost zero (P2). The critical load

multiplier obtained from FINELG is equal to acr,rin=1,37.

11.3.1 Simplified model

In the pylon, the diagonals are made of L75x75x4 angles (ly = 314300 mm*) and their buckling

lengths equal 6000 mm. Therefore, for the simplified model, the critical load multiplier is:
2m2El, 2m2210000 - 314300
Beranald = 2051 py = 50002, (30000 +0) 21
That is close the one obtained numerically (ocranai,1/ocrrin=0,881).

11.3.2 Final model

For this model, first, the torsional rigidity C of the cross-section L150x150x13 of the exterior member

is calculated and it is approximately equal to:
769

G 80
C=5-2 (h=050t° =——-2-(150 - 0,5-13)13% = 1,69761 - 10°Nmm?
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Then, the mean value of the Iateral restraint R of the diagonals is:

R B z _3-1,69761 - 10*° 1( 1 1 ) 3,8177N
mea"_sz n d2 2-5000 2\o132 * 18272 mm

Consequently, 2Rmean—7,6354 N/mm, and the stiffness of the spring is:

4 4 N
Ky = W (ZRmean) = ? (7,6354‘) =3, 393%

The critical load of the equivalent column is calculated below:

Npp = Dhlstot 3 g,y T20000@31800) 493 1 3 33936000 - 1072 = 40, 01kN
And the crltlcal Ioad multiplier acranai2 for the final model is equal to:
N,, 40,01
Acranal2 = = =1,33

P,+P, 30+0
It is clear that this result is much closer to the one obtained numerically (ot ana2/0cren=0,971).

11.3.3 Ultimate resistance of the leg

The carrying capacity of the leg in compression can be roughly evaluated by the Merchant-Rankine
approach (§8.2). For both models, the plastic load multiplier oy iS:
2-A- fy 2-593-345-10—-3
“vt =P 1 p, 30 + 0

By using the ratio ocranal,1/0pi, it can be seen that the leg is rather slender: 1 = /? = 3,363. With so
cr

= 13,639

high slenderness values, the ultimate resistance of the leg is almost equal to its critical resistance
(Xu,1:0,922(lcryana|'1:1,12.

With the improved version of the design model, the slenderness slightly changes (1 = 3,198), but
the leg remains rather slender. The ultimate resistance of the leg by Merchant-Rankine, is almost
equal as for the simplified model, i.e 0y,2=0,9140r ana2=1,21.

Therefore, it is very important to estimate the value of acr with high accuracy so as to minimize the
“error” in the calculations.

11.4 Steel lattice girder

This last case study concerns a lattice girder fabricated from back-to-back connected angle sections
with preloaded bolts. The girder is analysed through a linear elastic analysis performed with the
commercial software Robot Structural Analysis. In particular, the chosen example highlights the
design method that has to be applied to back-to-back connected angle sections whose packing plates
are spaced by more than 15imin and with preloaded bolts to connect the angle sections.

11.4.1 Geometry of the truss girder

The studied lattice girder, possessing a span of 20 m, corresponds to the rafter of the longitudinal
portal frames of the industrial building (in black colour in Figure 11-7). The lattice girder is composed
of back-to-back connected angle sections. These angle sections are connected through packing plates
that possess a spacing of 50 times the minimum radius of gyration of the angles. Consequently, the
built-up member cannot be treated as single member according to [2] and the effect of the shear
stiffness of the connections has to be accounted for. Figure 11-7 also shows that the lower chord of
the lattice girder is restrained against out-of-plane displacements at three points along the span by
lacings.
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The upper chord is restrained in every node of the lattice girder by the purlins (not represented in
Figure 11-7).

/]

Longitudinal portal frame (with the studied girder)
Lacing

Figure 11-7: Studied lattice girder

Figure 11-8 gives a detailed view of the studied lattice girder. One may observe that three different
angle sections are used depending on the position of the built-up members along the lattice girder.

3,1%
2,5 2,5 2,5
: 2,5 2,5 2,5 2,5 2,5

~ T
N 3 5 2 2 d 2 2 n
) ) ~ o o ~ o~ ~ o

2,50 2,50 2,50 2,50 2,50 2,50 2,50 2,50

L70x7

Figure 11-8: Detailed view of lattice girder

11.4.2 Materials

All elements of the lattice girder are fabricated from steel S275 JR:
— Yield strength: fy = 275MPa
— Ultimate tensile strength: f, = 430MPa
—  Young’s modulus: E =210 000MPa
— Poisson’s ratio: v=0,3
— Density: p= 7850kg/m?

According to [2] the yield strength fy and the ultimate tensile strength fu may be used for wall
thicknesses that are equal to or lower than 40 mm.

11.4.3 Loads and load combinations

The studied lattice girder supports the roof of an industrial building. Consequently, it is subject to
permanent loads resulting from the roof itself and the equipment. Additionally, the studied main
girder transfers the climatic loads to the columns. The loads considered for the design in the following
are summarised next:
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Permanent loads G:

Dead load of the main girder;

Dead load of the purlins: 0,52 kN (applied to all nodes of the upper chord);

Dead load of the roof covering: 3,44 kN (applied to all nodes of the upper chord).

Live loads Q:

Electric installations: 3,75 kN (applied to all nodes of the upper chord);
Ventilation ducts: 4 kN (applied according to Figure 11-9);

Other equipment: 2,75 kN (applied to all nodes of the upper chord).

4KkN
4kN l4|(|\| 4kN 4KN
Y 25
2,5 2,5 2,5 2,5 25 2,5 25 v
o -3 5 2 3 S 8 @ ”
2,50 2,50 2,50 2,50 2,50 2,50 2,50 2,50

L70x7 ) ) o

Figure 11-9: Loads resulting from ventilation ducts
Wind loads W:

Wind loads are determined according to EN 1991-1-4 [5]. The resulting loads are directly given next
(the sign “-” indicates suction wind loads):

Longitudinal wind: w = -4,8 KN/m
Transversal wind: w = -4,7 kN/m

As the longitudinal wind yields the higher loads, only the value of -4,8 kN/m is considered when the
internal forces are calculated.

Snow loads S:

Snow loads are determined according to EN 1991-1-3 [6] and the French National Annex. The
resulting value is directly given next:

s =3,4 kN/m

Load combinations:

The loads are combined according to EN 1990 [7]. It should be noted that all live loads Q are
considered simultaneously. As the action of the wind only generates suction loads, it is not combined
with snow and live loads. The following load combinations are therefore studied:

1) 1,35G+15Q+0,75S
2) 135G+15S+1,05Q
3) G+15W
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11.4.4 Modelling for analyses

The lattice girder is modelled with the commercial software Robot Structural Analysis. The posts and
the diagonals are considered as pinned at their ends. Inversely, the upper and lower chord are
considered as continuous. In order to simplify the analysis of the lattice girder, it is extracted from
the 3-dimensional numerical model of the industrial building. As the studied lattice girder
corresponds to one of the intermediate spans of a multi span portal frame, its ends are considered as
clamped in order to represent the effect of the continuity on the internal forces and moments.
Therefore, the lattice girder is restrained at the two ends of both chords against vertical and horizontal

displacements. The numerical modal of the lattice girder is represented in Figure 11-10.

)
1 9 10 S q &
&?e f@m . 1 7@”‘ 1z libon 1
b ) ¥, ) Y ] X If’
e e ® %
~ - N\ ©
= 2 S N g
T Tl 3 N Y
é 1 ‘@bbnu 2 g bebil 3 “‘@hnv 4 “llbson 5
y

Figure 11-10: Numerical model of the lattice girder

11.4.5 Structural analysis

The internal forces are determined through first order elastic analyses of the member. Table 11-9
gives the overall maximum values of the internal axial forces. It should be noted that tension forces

are considered as negative.

Table 11-9: Summary of axial forces in the members

X Maximum compression axial force Maximum tension axial force
Member Combination Force (kN) Combination Force (kN)

1 2 118,37 3
2 2 36,74 3 -17,41
3 3 11,19 2 -26,6
4 3 30,22 2 -66,48
5 3 35,75 2 -77,32
6 3 20,25 2 -44,13
7 2 20,69 3 -8,64
8 2 116,04 3 -52,06
9 3 34,08 2 -77,89
10 3 6,01 2 -14,5
11 2 25,79 3 -12,5
12 2 44,55 3 -20,43
13 2 44,56 3 -19,86
14 2 36,61 3 -16,33
15 2 3,43 3 -0,28
16 3 29,2 2 -61,84
18 3 59,43 2 -130,88
19 2 101,33 3 -47,76
20 3 45,26 2 -100,05
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21 2 76,2 3 -35,61
22 3 29,72 2 -62,16
23 2 46,76 3 -23,31
24 3 13,11 2 -28,81
25 2 29,63 3 -13,85
26 3 4,51 2 -11,86
27 2 34,69 3 -17,16
28 3 22,78 2 -48,66
29 2 66,21 3 -30,53
30 3 41,66 2 -93,35
31 2 94,95 3 -44,69
32 3 61,55 2 -135,06

11.4.6 Structural design
Before the structural design is performed the notations used hereafter are defined.

a Spacing of the packing plates
b Angle leg width

d Bolt diameter
ho Distance between the angles’ centroids
Iv Radius of gyration of the angle section along the minor axis (v-v)

t Angle leg thickness
tp Packing plate thickness
Zc Distance from the angle’s centroid to the edge of the section along the z axis

Ach Chord section area

B Inside diameter of the head bolt

Ich Second moment of area of an individual angle section about its z and y axes
lop Second moment of area of the packing plates

ly Second moment of area of an individual angle about the y-y axis
Iy Second moment of area of the built-up member about the y’-y’ axis
I, Second moment of area of an individual angle about the z-z axis
P Second moment of area of the built-up member about the z’-z” axis

L Total length
Sv Shear stiffness of the built-up element

The axes referred to during the structural design are defined in Figure 11-11 and Figure 11-12 for the
built-up member and the individual angle section, respectively.
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u W Z v
Figure 11-12: Definition of axis for the individual angle section

11.4.7 General

It is recalled that the spacing of the packing plates connecting the chords of the built-up member is
greater than 15 times gyration of the individual angle section. According to [1], it is therefore not
possible to consider the member as a single integral member. Consequently, the design procedure
proposed in ANGELHY project for back-to-back angles with preloaded bolts is applied hereafter.
The method is only detailed for the member marked in Figure 11-13 (noted as member 1-2 in the
following). This figure also represents the restraints against out-of-plane displacements (represented
as black crosses). It is recalled that the restraints result from the purlins for the upper chord and the
lacings for the lower chord (see Figure 11-7).

—_—
° 0 11 12
> X X X 13 X 14 X 15 X 16

¢ )

n {3 N NG ¥ oy S B2 Y T B n
NS

1 2 3 4 X 5 6 N 7 8 N

L70x7

X holding in the out-of-plane buckling direction (for the chords)
Figure 11-13: Built-up member studied explicitly

The studied member 1-2 is subjected to a stepwise constant axial force. As shown in Table 11-9, the
axial force attains 118,37 kN in the first segment of the member (segment noted as 1 in Figure 11-
13) whereas it attains only 36,74 kN in its second segment (segment noted as 2 in Figure 11-13). The
variation of the axial force is considered for the calculation of the critical axial force for out-of-plane
buckling according to the method proposed in reference [11].

11.4.8 Detailed design steps

Before the design steps are detailed, the cross-section properties of the studied member are given in
Table 11-10.
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Table 11-10: Cross section characteristics of member 1-2
Properties
Individual Area: A, = 9,40cm?
angle section Second moment of area [ =L =[.=4230cm*
. y — fz — Ich — »oucm
about the y-and z-axes:
Distance of the angle
centroid to the edge of the zg =197cm
section along the z-axis:
Packing plate thickness: tp = 0,8cm
Radius of gyration of the
angle section along the iy = 1,36cm
minor axis (vV-v):
Connection Bolt diameter: d =16mm
Inside diameter of the
head bolt: B = 26mm
Second moment of area 4 4
about the y-and z-axesof | ; _ n(B+2t+ tp) — nd = 25,7cm*
the packing plate: P 64
Built-up Area: Aggg = 24, = 18,80cm?
member Second moment of area
. Iy =2l = 84,60cm*
about the y’ axis: y
Second moment of area _ 2 4
about the z” axis: Iy =2, + 0,54cpho" = 190,2cm
Spacw.\g of the packing a = 50i, = 68,0cm
plates:
Dlstatlce betwgen the ho = 226 + t, = 474cm
angle’s centroids:

First, the resistance of member 1-2 with respect to in-plan buckling (buckling about the y’-y’ axis) is
checked. The member is restrained against in-plane displacements at mid-span by the post and the
diagonal. Therefore, its buckling length is equal to 2,5 m. The design steps associated with in-plane
buckling are summarised in Table 11-11.

Table 11-11: Design steps for in-plane buckling of the built-up member

Step Equation Result
" . 2
Critical axial force for _nmtE Ly _
in-plane buckling Neryr = Leryr? Nery = 280,55kN
i — 2A _
Relatlve slendgrness for 1, = cn fy T =136
in-plane buckling y Nery Y
Buckling curve - b: a = 0,34
Coefficient @ ®=05[1+0,34(1-0,2) + 2?] ® =162
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1
Reduction factor X= — x = 0,400
D+ P2 — 12
Design criterion Iy ra = Nea I, ra =0,57
bRa X ZAch fy/yMl bRd ’

Next, the resistance of the built-up member with respect to out-of-plane instability is checked. As the
distance between the packing plates (= 50imin) exceeds the limit of 15imin defined in [2] for the
treatment of the built-up member as a whole, it is necessary to consider the effect of the shear stiffness
of the connections between the chords in the design. Here, the procedure proposed in ANGELHY
project for battened columns is applied (see also reference [11]). It should be noted that a distance of
50imin between the packing plates corresponds to a practical habit in Europe.

The preparatory design steps are summarised in Table 11-12.

Table 11-12: Design steps for out-of-plane buckling of the built-up member — AngelHy formulas

Step Equation Result
Correction coefficient for
the mid-span load (see See Sahmel abacuses [7] v; = 0,53
[71)
I[E7f]f)ect|ve axial force (see Neg = Py + viP. Ngg = 80,0kN
Critical axial force of the T2 E L)
homogeneous built-up Neq = L—j N, = 157,7kN
member crz’
. 1
Shear stiffness of the Sv= g S, = 3746,4kN
built-up member S pe——
12El,p  24Elgy
. . 1
Cr!tlcal axial force of the Ng=—4—7 N, = 151,3kN
built-up member -
Ner1 o Sy
Relative slenderness for - 240 fy =
t-plane bucklin A= | 2 =185
out-plane buckling Nerzr
Buckling curve — b:a = 0,34
Coefficient @ ®=05[1+0,34(1-0,2) + 2?] ® = 2,49
d f .
Reduction factor X = = x = 0,241
b+ P2 - )2
Ngq
. o T =
Design criterion b,Rd Ipra = 0,643

X240 D1,

The chosen member satisfies all design criteria. The design steps for the other members are not
detailed hereafter. Rather, a synthesis of the most critical design criteria is provided in the next
paragraph.
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11.4.9 Synthesis of design checks

Last, Table 11-13 summarises the results of the design checks for all members. On may note, that
only the most critical design criterion is specified. The notations used in Table 11-13 are recalled
hereafter:

- Tpy: In-plane buckling of the built-up (y’-axis).
- vy Out-of-plane buckling of the built-up (z’-axis).

Table 11-13: Synthesis of design checks

Packing
NEd,max Member Cross plate : .
Member ' . ! Resistan riterion
embe (KN) length (m) section thickness esistance criterio
(mm)

1 118,37 2,50
L70x70x7 8 Moz = 0,64

2 36,74 2,50

3 11,19 2,50
L60Xx60x6 8 Mz = 0,29

4 30,22 2,50

5 35,75 2,50
L60Xx60x6 8 Mz = 0,39

6 20,25 2,50

7 20,69 2,50
L70x70x7 8 Moz = 0,57

8 116,04 2,50
9 34,08 2,50 L50x50x5 8 Moy = 0,57
10 6,01 2,50 L50x50x5 8 Moy = 0,10
11 25,79 2,50 L50x50x5 8 Moy = 0,43
12 44,55 2,50 L50x50x5 8 Moy = 0,74
13 44,56 2,50 L50x50x5 8 Moy = 0,74
14 36,61 2,50 L50x50x5 8 Moy = 0,61
15 3,43 2,50 L50x50x5 8 Moy = 0,06
16 29,20 2,50 L50x50x5 8 Moy = 0,48
18 59,43 4,00 L70x70x7 8 Moy = 0,64
19 101,33 3,04 L70x70x7 8 Moy = 0,67
20 45,26 3,94 L70x70x7 8 Moy = 0,47
21 76,20 2,97 L60X60x6 8 Moy = 0,86
22 29,72 3,88 L60Xx60x6 8 Moy = 0,54
23 46,76 2,89 L50x50x5 8 Moy = 1,00
24 13,11 3,82 L50x50x5 8 Moy = 0,47
25 29,63 2,81 L50x50x5 8 Moy = 0,61
26 4,51 3,70 L50x50x5 8 Moy = 0,15
27 34,69 2,73 L50x50x5 8 Moy = 0,67
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28 22,78 3,65 L60x60x6 8 Moy = 0,37
29 66,21 2,66 L60x60x6 8 Moy = 0,62
30 41,66 3,59 L60x60x6 8 Moy = 0,66
31 94,95 2,58 L60x60x6 8 Moy = 0,84
32 61,55 3,53 L60x60x6 8 Moy = 0,95
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