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Introduction

o The fusible links considered are links which must adequately break in the fire situation

o However, they are not deemed to be dissipative elements in the event of a seismic
situation because failure of the aluminium bolts constitutes a brittle mechanism

o Therefore, when designing the fusible link system, the structural engineer must follow the
design rules provided by the current standards (i.e. EN 1993, EN 1998 and EN 1999),
ensuring that failure of the components does not occur at low to moderate seismic intensities

o The fusible link system experiences low forces because it is not designed to resist
lateral loads, and its stiffness is low compared to the main lateral-resisting systems, such as
portal frames and vertical bracing systems
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Presentation outline

o Analysis of the seismic behaviour of typical single-storey buildings

o Design of specimens

o Results of the experimental campaign

o Calibration and validation of non-linear spring elements able to reproduce the
experimental behaviour of the fusible links to be used in global numerical analyses
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Seismic details

Reference detail 1 Reference detail 2

Aluminium bolts Aluminium bolts
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Analysis of seismic behaviour of typical single-storey buildings

o Four case studies:
2 steel buildings made of hot-rolled sections 2 steel buildings made of welded sections

Case study 1: 1400m? Case study 2: 3100 m? Case study 3: 6000 m? Case study 4: 12000 m?

o Two wall configurations:

Wall parallel to the steel portal frames Wall orthogonal to the steel portal frames
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Analysis of seismic behaviour of typical single-storey buildings

o Two levels of seismicity: o Modelling assumptions of finite elements
L models:
Low seismicity: 0.04 g
Moderate seismicity: 0.12 g - Linear dynamic analysis with response spectrum
Soil type: E _
q factor: 1.5 Portal frames, columns and bracing system were
C modelled as frame elements
035 DeslBn response spectra - The bracing system was considered both in
00 compression and in tension
o Fire wall and roof were modelled with shell elements
. - Each fire wall was connected to the main structure by

means of fusible links at the roof level

/\ - Fusible links were modelled as elastic frame elements

0,00 representing M16 aluminium bolts

0,00 1,00 2,00 3,00 4,00

T [s]

Moderate seismicity — Low seismicity
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Analysis of seismic behaviour of typical single-storey buildings

Case study 1 - orthogonal Case study 1 - parallel Case study 3 - orthogonal Case study 3 - parallel
Period Ux Uy Rz Period Ux Uy Rz Period Ux Uy Rz Period Ux Uy Rz
[s] [%] [%] [%] [s] [%] [%] [%] [s] [%] [%] [%] [s] [%] [%] [%]
0.58 0.00 0.84 0.00 1.22 0.94 0.00 0.00 0.82 0.00 0.92 0.00 1.10 0.93 0.00 0.00
0.55 0.00 0.00 0.94 0.47 0.00 0.00 0.94 0.71 0.00 0.00 0.96 0.63 0.00 0.00 0.96
0.28 0.73 0.00 0.00 0.20 0.00 0.76 0.00 0.28 0.33 0.00 0.00 0.52 0.00 0.44 0.00

P o Fo
b o -

Case study 3 — orthogonal model
2"d mode of vibration, T=0.82s

Case study 3 — parallel model
15t mode of vibration, T = 1.10s

Case study 1 — orthogonal model
2"d mode of vibration, T = 0.55s

Case study 1 — parallel model
15t mode of vibration, T=1.22s
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Seismic details

I
Reference detail 1 Detail 1 Detail 2

|

Aluminium
bolts

- aluminium aluminium
= = e " bolts bolts
Reference detail 2 Detail 3.1 Detail 3.2 Detail 5
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aluminium bolts aluminium bolts
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Laboratory program

2 monotonic tests

Dol -ow (Veg = 80 KN) 2 cyclic tests

Detail 2 Moderate (Vgq = 180 kN) M16 2 monotonic tests
2 cyclic tests

Detail 3.1 Moderate (Vg4 = 180 kN) M16 2 monotpnlc tests
2 cyclic tests

Detail 3.2 Moderate (Vg4 = 180 kN) M12 2 monotpnlc tests
2 cyclic tests

Detail 4 Moderate (Vgq = 180 kN) M12 2 eI (93
2 cyclic tests

Detail 5 Moderate (Vg4 = 180 kN) M12 2 monotonic tests

2 cyclic tests
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Design of the seismic tests

« The details were conceived with the aluminium

- CBFEM models developed with IdeaStatica
bolts working in shear.

software to analyse the behaviour of the specimens
under seismic actions with monotonic tests.

Seismicity level Moderate Low

Max shear value 179.4 kN 80.04 kN

- Verification of the aluminium bolts according to EN
1999-1-1:2007.

L ! 11

Shear resistance — EN 1999 Lab tests h
Bolt size a, fub A Vi Furd Fuexp -
a
- - MPa | [mm?] - [KN] [kN] - e o :
1 M p Verification of the detail
M12 0.5 490 84.3 1.25 16.52 36.59 u | — with aluminium bolts
M16 0.5 490 157 1.25 30.77 79.30 - resistance accordlng to

‘ laboratory tests.
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Laboratory equipment

Test set-up Experimental loading protocol: ECCS

Hydraulic actuator of 1000 kN capacity
and + 250 mm of stroke

Strain-gauges, inclinometers and Monotonic tests ECCS displacement history
displacement transducers.
Tests performed in displacement control F‘

/ — ' ECCS ‘

/

o fms /\/\/\ :
IE 5OVAV/\\%/\/\/\ |
| T \/ \/ :

Displacement [mm]
o

-200

0 0.5 1 1.5 2 2.5 3 3.5
Step %108

Strain-gauges and displacement transducers
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Detail 1 geometry

T | it
| Ll L | = I‘I“ 1 J HEA600 8275
Stiffners elements th. 10 mm S275 =
6 x Steel bolts M12 8.8
2 x Z elements th. 10 mm S275 —
wdll iy 6 x Aluminium bolts M12
2 / Q 8
= — = 2 x C elements th. 10 mm S275
— — 8 x Steel rods M16 8.8 5 -~ _
' : H —— Sandwich panel th. 175 mm
Stiffners elements th. 10 mm S275 L[ K 2 x HEA 140 S275
- . . L -
i { 11 [ N q
Y = | B i B R H
- - - - =) l_l\ ;Jl .
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Tests on Detail 1

- Design force of 80 kN - 6 M12 aluminium bolts
Tension test — max force Compression test - max force Monotonic tests results

reached: 128.8 kN reached: 116.0 kN*

Force-Displacement

//////

monotonic test -
monotonic test + | -

O TRINTO.
FISHWALL

e

-
o
o
T
—
1

o]
(]
T
I

Absolute Force Value (kN)
B D
o o

N
o
I

_20 1 1 1
0 50 100 150 200

Displacement (mm)

*Steel inelastic behaviour and no failure of the aluminium bolts
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Tests on Detail 1

Cyclic tests

Force-Displacement

140 ‘ I . .
cyclic test 1
120 . i
cyclic test 2
100 - monotonic test - |
monatonic test +
80 .
= 60 - %ﬁq i
<
g 4of 1
o
20 F y 1
0 f ,
A
-20 + S - N
~ |
40 F / i
_60 1 1 1 1 1 1 1
-6 -4 -2 0 2 4 6 8 10 12

Displacement {mm)

Results comparison:

- Good agreement between the tension test and the relative branch of the
cyclic tests;

- Compression part of the cyclic test agrees well in stiffness and strength
degradation until the yield displacement;

- Design force of 80 kN reached in all the tests;
- Small hysteretic behaviour was observed.

Detail 1 compression test outputs

2000

Strain

1500

1000 |

/4
500 )

Strain (pe)

SG15
SG16
SG17
SG18
SG19
SG20
steel yield limit

o

N
\
N

3 et _‘,"—\\J

120 180
Time (min)

240

.‘;g-»;,
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Detail 2 geometry

ARRERRARERAERN

N Y ff N R
0 } B S i T HEAGG) 8275
T | B Stiffners elements th. 10 mm S275 A =
I = ; ,; 2 x L elements th. 10 mm S275
j j e i 8 x Aluminium bolts M16 1| =
i o0 : ﬁ—ﬁw 1 P 5 e 2 x C elements th. 10 mm S275
| +250 mm | — , .
i | o u 1 hoe i ol VR % ‘ [ ; _ Sandwich panel th. 175 mm
— — Stiffners elements th. 10 mm S275 ) I 2 x HEB140 S275
— 1 _Ki [ [ sy
i L4 v v - H - Il; ; '; o

I N Y N | I 1 [1 A O
e e e e B B e = e e e e e e e s B B B e e e
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Tests on Detall 2

- Design force of 180 kN - 8 M16 aluminium bolts
Tension test — max force Compression test - ma)i force Monotonic tests results
reached: 325.8 kN reached: 560.0 kN
600 . Fclurce-DislplacemeTnt . T
o | y L .v\‘ il , s : 500 - 1
Z 400} 1
2
< 300+ ]
8
e
P 200 .
=
o
2 100 1
<
0 monotonic test - | |
monotonic test +
-100 1 1 1 1 1 1
-10 0 10 20 30 40 50 60 70

Displacement (mm)

*Steel inelastic behaviour and no failure of the aluminium bolts
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Tests on Detall 2

Cy

clic tests

Force-Displacement

Detail 2 compression test outputs

T T Strai
400 3000 >rain
cyclic test 1 SG15
- i < SG16
300 cyclic test 2 o o
monotonic test - i 200007 sG18
200 - monotonic test + 1 22;3
1000 sG21
. SG22
. 100 El steel yield limit
© 0 n ”%
5 NN
2 -1000 | e T 7
-100 | \ '<i§§¥\-\,\ e e 3
-2000 | \\ —— \
-200 | i = s i“.\
555 W) |
2300 | 0 60 120
Time (min)
-400 ' . !
-10 -5 0 5 10

Displacement (mm)

[
|

Results comparison:
- Good agreement especially on the tension part;
- Design force of 180 kN reached in all the tests;

- On the tension part, the cycle shape is the same, but the second one
experienced higher slip due to specimen imperfections;

- Very small hysteretic behaviour of the detail.

=
= ]
=
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Detail 3.1 geometry

T — T
% | I 3 x Aluminium bolts M16 — 2 UPN160 8275
: x 2 shear plane ©@ 00
— T plate element S275
ﬁ 4 x steel rods M16 8.8 H Sandwich panel th. 175 mm
5 HEA180 S275
Stiffners elements th. 10 mm S275
- T 4 x steel bolts M16 8.8
wosomm | f 3 x Aluminium bolts M16 T plate element S275
e I I X 2 shear plane —
=EE - - | 2 UPN160 S275
- L e i i — -
eee il Ly g Ly { L’: :I: H I': I:
1 \[LL

I | [T1 [ I 1 B
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Tests on Detail 3.1

- Design force of 180 kN « 3 M16 aluminium bolts x 2 shear planes
Tension test — max force Compression test - max force Monotonic tests results
reached: 190.7 kN reached: 215.2 kN

Force-Displacement
T T

250 T T

T T

monotonic test -
monotonic test +

200 1

150 / _

100 il

Absolute Force Value (kN)

50 1

0 2 - 6 8 10 12 14
Displacement (mm)

Technical Workshop - 17" June 2025 101034083 — FISHWALL — RFCS-2020 Slide 19



Tests on Detail 3.1

Cyclic tests Tension test Compression test
Force-Displacement

250 T

cyclic test 1
cyclic test 2
monotonic test -
monotonic test +

200

150 ||

100

-100

-150 4

-200 [ 1

_250 1 1 1
-10 -5 0 5 10 15

Displacement (mm)

Results comparison:

- The two cyclic tests are in a good agreement: indeed, the second cyclic test
exhibited wider cycles due to an initial stiffer cycle than the first cycle test;

- Good agreement with the tension test curve;

- Compression branch of the cyclic tests were affected by significant pinching due
to bolt-hole clearances

- Very small hysteretic behaviour of the detail
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Detail 3.2 geometry

At

R —

-250 mm |

+250 mm |

T \,IH T

|

T T w‘w T ‘| T T T n —1 8 — T u\r T w‘w T
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6 X Aluminium bolts M12
x 2 shear plane

4 x steel rods M16 8.8

Stiffners elements th.10 mm S275

6 X Aluminium bolts M12
x 2 shear plane

TIT T
[ 1l
T

T T
Il
1ol

2 UPN160 S275

T plate element S275

Sandwich panel th.175 mm

HEA180 S275

e
) 4 x steel bolts M16 8.8
o T plate element S275

2 UPN160 S275

1
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Tests on Detail 3.2

- Design force of 180 kN « 6 M12 aluminium bolts x 2 shear planes
Tension test — max force Compression test - max force Monotonic tests results
reached: 130 kN reached: 205.2 kN

Force-Displacement
T T

250 T T

T T

monotonic test -
monotonic test +

200 1

150 1

100 il

Absolute Force Value (kN)

50 1

0 2 - 6 8 10 12 14
Displacement (mm)
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Tests on Detail 3.2

Cyclic tests
y ; Force-Displacement
— Force-Displacement 250 '
~mrr— cyclic test 1
200 F cycic tes i 200 cyclic test 2
cyclic test 2 cyclic test 3
150 L monotonic test - i 150 -
monotonic test +
100 | . 100 |
= 50 / € 50t
£ K -
g 0 = ; 5 o LA
5 L
L -50 -
77 -50 A
-100 | /
-100 /
-150 /
-150
-200
-200 : : ‘
-250 : : : : -10 -5 0 5 10 15
15 -10 -5 0 5 10 15

Displacement (mm
Displacement (mm) ISp (mm)

Results comparison:

With respect to Detail 3.1, Detail 3.2 exhibited more imperfections caused + The third cyclic test recorded higher values of force and less pinching
by a higher number of bolts; effects that the firsts two cyclic tests;

Non-negligible difference between the cyclic tests and the monotonic - The design force of 180 kN was reached by all the cyclic tests.
tests in terms of both force and displacement;

A third cyclic test was performed with special precautions in the
assembling;
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Detail 4 geometry

I

HIH o — —

-250 mm |

+250 mm

o | A \—
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S
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Il‘l' T

it

e

© © © ©

—1 o FEEE
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2 UPN160 S275

T plate element S275
3 aluminium bolts M 12 x 2 shear planes

8 x steel rods M16 10.9
Sandwich panel th. 175 mm
HEB180 S275
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Tests on Detail 4

- Design force of 180 kN + 6 M12 aluminium bolts x 2 shear planes
Tension test — max force Compression test - max force Monotonic tests results
reached: 56.9 kN reached: 52 kN

Force-Displacement

80

monotonic test -

70 monotonic test +

60

50

40

30

201

Absolute Force Value (kN)

10

10 . . . .
0 20 40 60 80 100
Displacement (mm)
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Tests on Detail 4

Cyclic tests
60 Force-Displacement
40 +
20 F
=
X
o 0
S
o
[T
-20
cyclic test 1
40 F cyclic test 2 -
monotonic test -
monotonic test +
-60
-50 0 50

Displacement (mm)

Results comparison:
- The four tests are in a good agreement
- Aprogressive failure of one or more shear planes occurred
- Design force of 180 kN was not reached in any tests

- Presence of the sandwich panels led to large deformations that induced
additional forces on the aluminium bolts
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Detail 5 geometry

=
| = j:i L;J ]
L ,—LJL‘ 2 UPN160 S275
j o | f|pm : mifl o T plate element S275
~ i I 2 i (m—fT; 7 Z 3 aluminium bolts M12 x 2 shear planes
o i i | = | 4 x steel bolts M16 8.8
=250 mm | ) - H 1 =
s2s0mm | | . HEB180 S275
© ©
HHH M # H H HHH
puy st
:H LA s e e '::”::| oo oo B R H:
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Tests on Detail 5

- Design force of 180 kN

Tension test — max force
reached: 147.6 kN

.! / N
© posm
FISHWALL

MONOTONIC - TENNON
DETAIL &

15/0672023

6 M12 aluminium bolts x 2 shear planes

Compression test - max force

Monotonic tests results
reached: 185.9 kN

Force-Displacement

monotonic test -
monotonic test +

FISHWALL
IO < (e
g

oo . 1 160 |

80

Absolute Force Value (kN)
S
o

()]
o
T

I
o

20

0 5 10 15 20
Displacement (mm)
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Tests on Detail 5

Cyclic tests Cyclic tests

200 , . Fc]»rce-Dls olacemelnt

cyclic test 1

150 cyclic test 2 .
monotonic test -

100 | monotonic test + 4

Force (kN)
o

-100 |

-150 | 1

_200 1 1 1 1 | 1
-20 -15 -10 -5 0 5 10 15 20

Displacement (mm)

Results comparison:
- Cyclic tests are in a good agreement between them
- Progressive failure of one or many shear planes occurred
- Design force of 180 kN was not reached
- Absence of the sandwich panel allowed higher forces to be achieved with respect to Detail 4;
- Higher stiffness was observed in compression due to a different assembly process
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Fusible link Opensees model

Detail 2

Calibration of the experimental behaviour — Detail 2 example

300
—— 200
100 |
zZ o0
© -100
“ = ”’ = -200 |
- - 200 | Numerical model | |
Pinching4 model assigned to ZeroLengthElement [ZL] ) Cyclic test 1
— Cyclic test 2
(s F(da)) -400 ' : '
load (ePd, ePf,) (ePd, ePf) -6 -2 0 2 4 6
Displacement (mm)
Max force | ERROR | Min force | ERROR
> [kN] [%] [KN] [%]
Cyclic Test 1 221.2 -0.5% -348.6 -0.2%
Cyclic Test 2 212.6 3.5% -348.5 -0.2%
Calibration 220.0 -348.0
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All details calibration

Force (kN)

Force (kN)

-100

-160

-200

140

Detail 1

Detail 1

120

80 -

60 -

40

20

-20

40

-60

Numerical Model | |
Cyclic test 1
Cyclic test 2

250

0 2 4 6 8
Displacement (mm)

Detail 3.2

Detail 3.2

10

12

1¢

200

150 |

100 -

50 -

¥ il
|

/\

e

A1 |

\
I\ \

\

\

50

Numerical model

?/ Cyclic test 1

Cyclic test 2

-10

-5 0 5
Displacement (mm)

1

0

Detail 2

Detail 2

300
200
100 -
g 0
@
<4
£ -100 |
-200
S5 Numerical model | |
i Cyclic test 1
Cyclic test 2
.400 . . . ;
6 -4 2 0 2 4
Displacement (mm)
Detail 4
80
60 [ — i
Vi =
40 b 74
_20f
4
X
3 0
5
w
-20
40 F
Numerical model
-60 Cyclic test 1
Cyclic test 2
80 [ . ; I
60 -40 20 0 20 40 6(

Displacement (mm)
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Force (kN)

Force (kN)

. Max force | Max force | Max force
Detail 3.1 Cyclic Cyclic Test| Numerical Max
Error
Bataiie Test 1 2 model [%]
20 ! [KN] [KN] [kN] 0
200
150 Pos 124.7 127.8 127.5 2.2
100 Det 1
50} Neg -42.3 -43.8 -44 1 41
of i
="”7' Pos 221.2 212.6 220.0 3.5
50 94
‘// Numerical Model Det 2
-100 L Cyclic test 1
Cyclic test 2 Neg -348.6 -348.5 -44 .1 0.2
0 5 0 5 10 15
Displacement (mm)
Pos 194.9 206.5 204.5 4.9
Det 3.1
Neg -97.0 -117.6 -115.0 18.2
Detail 5
Pos 189.3 215.4 224 .4 18.5
200 sEe= Det 3.2
150 | Neg -119.8 -187.8 -167.0 38.6
100 |
Pos 50.8 57.4 59.9 16.4
f Det 4
0 Neg -50.9 -52.9 -52.6 3.5
-50
o Pos 126.9 114.6 136.0 18.7
-100 £ s
gic:ic :es:; Det 5
A P ) . - s 5 Neg -96.6 -107.9 -101.4 13.2
Displacement (mm)
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Conclusions

- Details with a lower number of aluminium bolts are preferable because they imply lower
imperfections.

- The laboratory tests have shown that the way of assembling the fusible links may play a role in
the detail response.

- As expected, a brittle response with limited hysteretic behaviour was observed.
- The sandwich panel allows for large deformations of the details and led to additional forces.

- Detail 1 and Detail 2 represent a good option: fusible links are only loaded in one direction and
symmetrically, so the magnitude of secondary forces is negligible.

- A good agreement between the experimental and the numerical curves was obtained, with a
maximum error within 20%.
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