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Abstract 

During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Peer-review under responsibility of the Scientific Committee of PCF 2016. 

Keywords: High Pressure Turbine Blade; Creep; Finite Element Method; 3D Model; Simulation. 

 

 

 
* Corresponding author. Tel.: +351 218419991. 

E-mail address: amd@tecnico.ulisboa.pt 

Procedia Structural Integrity 11 (2018) 161–168

2452-3216 Copyright  2018 Elsevier B.V. All rights reserved.
Peer-review under responsibility of the CINPAR 2018 organizers
10.1016/j.prostr.2018.11.022

 

2452-
Peer-r

XI

Ve

Abst

A vi
first 
is co
of th
horiz
desig
degra
remo
devic
maxi
 
Copy
Peer-

Keyw

1. In

T
Umb

 
* C

E

 

-3216 Copyright 
review under resp

IV Internati

erificatio

Gl
aDepar

bPolytechn

tract 

able design cri
author (Terenz
mposed of two 

he same period
zontal loads. A
gn documentati
ation of the ma
oving the infill 
ces. The design
imum considere

yright © 2018 E
-review under r

words: Seismic ret

ntroduction 

The high vuln
bria and Lazi

 

Corresponding aut
E-mail address: gl

A

© 2018 Elsevier 
ponsibility of the

onal Confer

on of an 

loria Teren
rtment of Civil an
nic Department of

iterion of suppl
i, 2018), is app
 portions, with 

d, the structure
A careful recons
ion and on-site
aterials and a po
panels and rep
n is carried ou
ed earthquake n

Elsevier B.V. A
responsibility o

trofit; supplemen

erability of th
io regions beg

thor: Gloria Teren
loria.terenzi@uni

Available onlin

Scie
Structural Integ

B.V. All rights re
e CINPAR 2018 o

rence on Bu

energy-b
of

nzia,*, Iacop
nd Environmental
of Engineering an

lemental dampi
plied in this pap

reinforced con
 is infilled by 
struction of the

e testing campa
oor performanc

placing them wi
ut by the sizing
normative level

All rights reserve
f the CINPAR 

ntal damping; ene

he Italian buil
ginning from 

nzi. Phone: +39.0
ifi.it 

e at www.scie

enceDir
rity Procedia 00 (

eserved. 
organizers.  

uilding Path

based de
f a schoo
po Costolia

l Engineering, Un
nd Architecture, U

ing strategies f
per to a school b
crete and steel 
heavy reinforc

e structural cha
aigns, highlight
ce of several el
ith a set of diss
g criterion men
.  

ed. 
2018 organizer

rgy-based design

lt heritage, hi
August 2016

055.2758887; fax

encedirect.com

rect 

(2018) 000–000

hology and C

esign pro
ol buildin
a, Stefano S
niversity of Flore
University of Udin

for seismic retr
building in Flor
frame structure
ced concrete p
aracteristics of 
ted specific dra
lements. The re
sipative braces 
ntioned above, 

rs 

n procedures; scho

ighlighted onc
6, is increasin

x: +39.055.275800

m 

Constructio

ocedure 
ng 
Soraceb, Pa
nce, Via S. Marta
ne, Via delle Scie

ofit of frame s
rence dating ba
e, respectively. 
panels interactin
f the constitutin
awbacks in cur
etrofit solution 
incorporating f
targeting an el

ool buildings. 

ce again by th
ngly motivatin

00. 

www.elsevier.

ons Repair –

for seism

aolo Spinel
a 3, 50139Floren
enze 206, 33100 U

tructures, recen
ack to the early 
Similarly to sev
ng with the fra
ng members, ba
rrent state, rela
considered in t
fluid viscous da
lastic structural

he earthquake
ng local auth

.com/locate/proce

– CINPAR 2

mic retro

llia 
nce, Italy 
Udine, Italy   

ntly proposed b
1980s. The bu
veral other buil
ame elements 
ased on the or

ated to a remar
this study consi
ampers as prote
l response up t

es that hit Ma
horities to pro

 
edia 

2018 

ofit 

by the 
ilding 
ldings 
under 

riginal 
rkable 
ists in 
ective 
to the 

arche, 
omote 

10.1016/j.prostr.2018.11.022 2452-3216

Copyright © 2018 Elsevier B.V. All rights reserved.
Peer-review under responsibility of the CINPAR 2018 organizers

 

2452-
Peer-r

XI

Ve

Abst

A vi
first 
is co
of th
horiz
desig
degra
remo
devic
maxi
 
Copy
Peer-

Keyw

1. In

T
Umb

 
* C

E

 

-3216 Copyright 
review under resp

IV Internati

erificatio

Gl
aDepar

bPolytechn

tract 

able design cri
author (Terenz
mposed of two 

he same period
zontal loads. A
gn documentati
ation of the ma
oving the infill 
ces. The design
imum considere

yright © 2018 E
-review under r

words: Seismic ret

ntroduction 

The high vuln
bria and Lazi

 

Corresponding aut
E-mail address: gl

A

© 2018 Elsevier 
ponsibility of the

onal Confer

on of an 

loria Teren
rtment of Civil an
nic Department of

iterion of suppl
i, 2018), is app
 portions, with 

d, the structure
A careful recons
ion and on-site
aterials and a po
panels and rep
n is carried ou
ed earthquake n

Elsevier B.V. A
responsibility o

trofit; supplemen

erability of th
io regions beg

thor: Gloria Teren
loria.terenzi@uni

Available onlin

Scie
Structural Integ

B.V. All rights re
e CINPAR 2018 o

rence on Bu

energy-b
of

nzia,*, Iacop
nd Environmental
of Engineering an

lemental dampi
plied in this pap

reinforced con
 is infilled by 
struction of the

e testing campa
oor performanc

placing them wi
ut by the sizing
normative level

All rights reserve
f the CINPAR 

ntal damping; ene

he Italian buil
ginning from 

nzi. Phone: +39.0
ifi.it 

e at www.scie

enceDir
rity Procedia 00 (

eserved. 
organizers.  

uilding Path

based de
f a schoo
po Costolia

l Engineering, Un
nd Architecture, U

ing strategies f
per to a school b
crete and steel 
heavy reinforc

e structural cha
aigns, highlight
ce of several el
ith a set of diss
g criterion men
.  

ed. 
2018 organizer

rgy-based design

lt heritage, hi
August 2016

055.2758887; fax

encedirect.com

rect 

(2018) 000–000

hology and C

esign pro
ol buildin
a, Stefano S
niversity of Flore
University of Udin

for seismic retr
building in Flor
frame structure
ced concrete p
aracteristics of 
ted specific dra
lements. The re
sipative braces 
ntioned above, 

rs 

n procedures; scho

ighlighted onc
6, is increasin

x: +39.055.275800

m 

Constructio

ocedure 
ng 
Soraceb, Pa
nce, Via S. Marta
ne, Via delle Scie

ofit of frame s
rence dating ba
e, respectively. 
panels interactin
f the constitutin
awbacks in cur
etrofit solution 
incorporating f
targeting an el

ool buildings. 

ce again by th
ngly motivatin

00. 

www.elsevier.

ons Repair –

for seism

aolo Spinel
a 3, 50139Floren
enze 206, 33100 U

tructures, recen
ack to the early 
Similarly to sev
ng with the fra
ng members, ba
rrent state, rela
considered in t
fluid viscous da
lastic structural

he earthquake
ng local auth

.com/locate/proce

– CINPAR 2

mic retro

llia 
nce, Italy 
Udine, Italy   

ntly proposed b
1980s. The bu
veral other buil
ame elements 
ased on the or

ated to a remar
this study consi
ampers as prote
l response up t

es that hit Ma
horities to pro

 
edia 

2018 

ofit 

by the 
ilding 
ldings 
under 

riginal 
rkable 
ists in 
ective 
to the 

arche, 
omote 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.prostr.2018.11.022&domain=pdf


162 Gloria Terenzi  et al. / Procedia Structural Integrity 11 (2018) 161–1682 

seis
con

T
rein
stor
asse
term
prob
thes

B
dam
und
inco
perf

2. C

T
floo
stor
con
con
elev
plan
base

D
out.
long
(num
(420
(rem
rein
bric

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

smic performa
ncerning a scho
The building 
nforced concre
ry. On-site tes
essment analy
ms of shear an
blems are incr
se members.  
Based on the p
maged welds a
der gravity loa
orporating sil
formance of th

Case study sch

The school bu
or area is abo
rey) and 3.75 m
nnects it with 
nnect the base
vator compart
n including th
ement walls), 
Due to a lack 
. Pacometric t
gitudinal bars 
mber 1 in Fig
0×420) mm×
maining alignm
nforced concre
cks, on the roo

Terenzi G, 

ance assessme
ool built in Fl
is characteri

ete (R/C) wal
sts revealed a

ysis carried ou
nd axial force
reased by the 

performance 
and the replac
ads. Furtherm
licone fluid-v
he building to

hool building

uilding has a r
out 1070 m2 a
m (remaining
the ground f

ement with th
tment made o
he numbering
whose section
of original d

tests allowed 
 and 250 mm-

gure 1) and (4
mm (corner
ments), reinfo
ete, of “Preda
of.  

Fig. 1. Ground

Costoli I, Sorace

ent campaigns
lorence in the 
ized by geom
lls on the bas
an unsatisfact
ut in current c
e strength, as w
presence of la

conditions of 
cement of the 

more, a retrofi
viscous (FV) 
oo.  

g 

rectangular pl
and the total 

g storeys). The
floor only, an
he main entran
f a 250 mm-t
g of beams (
ns are detailed
esign docume
identifying th
-spaced Φ8 st

400×920) mm×
alignments —
orced with Φ
alles” type on

d floor plan with 

e S, Spinelli P / St

 of public bui
1980s, belong

metric irregul
sement, and r
ory state of c

conditions hig
well as possib
arge precast c

f the structure 
external pane

it solution con
devices is 

an, with maxi
volume is 10

e first floor is 
nd the other o
nce floor. A 
thick R/C box
1 and 2, whe
d in Figures 2 
entation, an ex
he reinforceme
tirrups were lo
×mm (number

— A5, B6, F6
16 bars and 2
n the ground 

alphanumerical a

Structural Integrity

ildings, includ
gs to this line 
larities in ele
reticular steel
conservation o
ghlighted also 
ble instability
ladding panel

in current sta
els with lighte
nsisting in th
designed, aim

imum externa
0950 m3. The 
accessed thro
one with all 
structural join

x section. The
ereas number
 and 3. 
xtensive on-si
ent of the R/C
ocated in beam
r 2). The colu
6, A3, B2 an
200-through-2

and first floo

 

alignment identifi

ty Procedia  00 (2

ding schools. T
of activity.  
evation, and 
 beams and c
of the welds 
significant de

y conditions o
ls, which prod

ate, local inter
er ones, are p

he installation 
med at signi

al dimensions 
storey height

ough two inter
storeys. In ad
nt separates t

e roof is flat. 
r 3 is referred

ite testing cam
C beams, colu
ms, with cross
umns are of tw
nd F2 in Figu
250 mm space
or, and made 

fication and R/C b

2018) 000–000 

The study pro

the structure
columns on th
of the latter. 
eficiencies of 
f the constitut

duce severe loa

rventions in th
proposed to re

of a dissipat
ficantly impr

of (31×38.7) 
ts are equal t
nal flights of 
ddition, three 
the building f
Figure 1 show
d to the align

mpaign was p
umns and wall
s sections of (
wo types too, 
ure 1) and (4
ed Φ8 stirrups

of prefabrica

beam numbering. 

oposed in this 

e is constitut
he ground an
A detailed se

f several colum
uting profiles. 
ading conditio

he steel beam
each safe cond
tive bracing s
roving the se

m×m. The av
to 3.3 m (bas
stairs, one of 
 external stai
from a more 
ws the ground
nments of th

preliminarily c
ls. As a result
(280×920) mm
with dimensi
400×400) mm
s. The floors 
ated joists and

 

paper, 

ted by 
nd first 
eismic 
mns in 
These 

ons on 

ms with 
ditions 
system 
eismic 

verage 
sement 
which 

ircases 
recent 

d floor 
he R/C 

carried 
t, Φ16 

m×mm 
ons of 

m×mm 
are in 
d clay 

 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

T
plan

T
reinf
tests
pres
meet
corre
intro

T
conc
yield
 
 

Fig. 2. Type 1 

Fig. 

The reticular st
ns in Figure 3 a
The on-site te
forcement sam
s on the weld
criptions of t
ting the “basi
esponding val
oduced in stres
The following
crete equal to 
d stress of the 

a) 

c) 

Terenzi G

(a-b) and type 2 

 3. First floor (a) 

teel members 
and displayed

esting program
mple in the gr
ds of 12 ste
the Italian Te
ic knowledge
lue of the “co
ss state check

g main proper
24 N/mm2; y
steel member

 S

 Stir

G, Costoli I, Sora

(c-d) beam sectio

and roof (b) plan

of the ground
d in Figure 4, a
mme consiste
round and firs
el joints, and

echnical Stand
” level (name
onfidence fact

ks, is equal to 1
rties resulted 

yield stress and
rs equal to 204

b) 

d) 

Stirrups 

rrups 

a) 

c) 

ce S, Spinelli P / 

ons at half-span (a

ns with alphanum

d and first stor
and a single ty
d in: 3 core 
t storey, for th
d several ma
dards (Italian 
ed LC1) for th
tor”, i.e. the a
1.35.  
from the ch

d tensile stren
4 MPa. 

Structural Integr

 

 

 

a-c) and the ends

 

 

 

 

 

merical alignment 

rey include 17
ype of column
drillings in t

he R/C memb
agnetoscopic t

Council of P
he structural 
additional kno

haracterization
ngth of steel e

Stirrups

Stirrups

b) 

d) 

rity Procedia 00 (

s (b-d); column se

identification an

7 different typ
ns, shown in F
the basement

bers; 6 microd
tests, for the

Public Works
assessment an
owledge level

n tests: mean 
equal to 324 M

(2018) 000–000 

ection in the basem

d steel beam lette

pes of beams, 
Figure 5. 
, 18 pacomet

durometer and
steel elemen
2008, 2009),

nalysis of pub
l-related safet

cubic compr
MPa and 462 

ement storey (e).

ering. 

as indicated i

tric surveys a
d electric resis
nts. Based on
, the tests all
blic buildings
ty coefficient 

ressive streng
MPa, respect

e) 

 3 

in the 

and a 
stance 
n the 
lowed 
s. The 
to be 

gth of 
ively; 



 Gloria Terenzi  et al. / Procedia Structural Integrity 11 (2018) 161–168 1632 

seis
con

T
rein
stor
asse
term
prob
thes

B
dam
und
inco
perf

2. C

T
floo
stor
con
con
elev
plan
base

D
out.
long
(num
(420
(rem
rein
bric

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

smic performa
ncerning a scho
The building 
nforced concre
ry. On-site tes
essment analy
ms of shear an
blems are incr
se members.  
Based on the p
maged welds a
der gravity loa
orporating sil
formance of th

Case study sch

The school bu
or area is abo
rey) and 3.75 m
nnects it with 
nnect the base
vator compart
n including th
ement walls), 
Due to a lack 
. Pacometric t
gitudinal bars 
mber 1 in Fig
0×420) mm×
maining alignm
nforced concre
cks, on the roo

Terenzi G, 

ance assessme
ool built in Fl
is characteri

ete (R/C) wal
sts revealed a

ysis carried ou
nd axial force
reased by the 

performance 
and the replac
ads. Furtherm
licone fluid-v
he building to

hool building

uilding has a r
out 1070 m2 a
m (remaining
the ground f

ement with th
tment made o
he numbering
whose section
of original d

tests allowed 
 and 250 mm-

gure 1) and (4
mm (corner
ments), reinfo
ete, of “Preda
of.  

Fig. 1. Ground

Costoli I, Sorace

ent campaigns
lorence in the 
ized by geom
lls on the bas
an unsatisfact
ut in current c
e strength, as w
presence of la

conditions of 
cement of the 

more, a retrofi
viscous (FV) 
oo.  

g 

rectangular pl
and the total 

g storeys). The
floor only, an
he main entran
f a 250 mm-t
g of beams (
ns are detailed
esign docume
identifying th
-spaced Φ8 st

400×920) mm×
alignments —
orced with Φ
alles” type on

d floor plan with 

e S, Spinelli P / St

 of public bui
1980s, belong

metric irregul
sement, and r
ory state of c

conditions hig
well as possib
arge precast c

f the structure 
external pane

it solution con
devices is 

an, with maxi
volume is 10

e first floor is 
nd the other o
nce floor. A 
thick R/C box
1 and 2, whe
d in Figures 2 
entation, an ex
he reinforceme
tirrups were lo
×mm (number

— A5, B6, F6
16 bars and 2
n the ground 

alphanumerical a

Structural Integrity

ildings, includ
gs to this line 
larities in ele
reticular steel
conservation o
ghlighted also 
ble instability
ladding panel

in current sta
els with lighte
nsisting in th
designed, aim

imum externa
0950 m3. The 
accessed thro
one with all 
structural join

x section. The
ereas number
 and 3. 
xtensive on-si
ent of the R/C
ocated in beam
r 2). The colu
6, A3, B2 an
200-through-2

and first floo

 

alignment identifi

ty Procedia  00 (2

ding schools. T
of activity.  
evation, and 
 beams and c
of the welds 
significant de

y conditions o
ls, which prod

ate, local inter
er ones, are p

he installation 
med at signi

al dimensions 
storey height

ough two inter
storeys. In ad
nt separates t

e roof is flat. 
r 3 is referred

ite testing cam
C beams, colu
ms, with cross
umns are of tw
nd F2 in Figu
250 mm space
or, and made 

fication and R/C b

2018) 000–000 

The study pro

the structure
columns on th
of the latter. 
eficiencies of 
f the constitut

duce severe loa

rventions in th
proposed to re

of a dissipat
ficantly impr

of (31×38.7) 
ts are equal t
nal flights of 
ddition, three 
the building f
Figure 1 show
d to the align

mpaign was p
umns and wall
s sections of (
wo types too, 
ure 1) and (4
ed Φ8 stirrups

of prefabrica

beam numbering. 

oposed in this 

e is constitut
he ground an
A detailed se

f several colum
uting profiles. 
ading conditio

he steel beam
each safe cond
tive bracing s
roving the se

m×m. The av
to 3.3 m (bas
stairs, one of 
 external stai
from a more 
ws the ground
nments of th

preliminarily c
ls. As a result
(280×920) mm
with dimensi
400×400) mm
s. The floors 
ated joists and

 

paper, 

ted by 
nd first 
eismic 
mns in 
These 

ons on 

ms with 
ditions 
system 
eismic 

verage 
sement 
which 

ircases 
recent 

d floor 
he R/C 

carried 
t, Φ16 

m×mm 
ons of 

m×mm 
are in 
d clay 

 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

T
plan

T
reinf
tests
pres
meet
corre
intro

T
conc
yield
 
 

Fig. 2. Type 1 

Fig. 

The reticular st
ns in Figure 3 a
The on-site te
forcement sam
s on the weld
criptions of t
ting the “basi
esponding val
oduced in stres
The following
crete equal to 
d stress of the 

a) 

c) 

Terenzi G

(a-b) and type 2 

 3. First floor (a) 

teel members 
and displayed

esting program
mple in the gr
ds of 12 ste
the Italian Te
ic knowledge
lue of the “co
ss state check

g main proper
24 N/mm2; y
steel member

 S

 Stir

G, Costoli I, Sora

(c-d) beam sectio

and roof (b) plan

of the ground
d in Figure 4, a
mme consiste
round and firs
el joints, and

echnical Stand
” level (name
onfidence fact

ks, is equal to 1
rties resulted 

yield stress and
rs equal to 204

b) 

d) 

Stirrups 

rrups 

a) 

c) 

ce S, Spinelli P / 

ons at half-span (a

ns with alphanum

d and first stor
and a single ty
d in: 3 core 
t storey, for th
d several ma
dards (Italian 
ed LC1) for th
tor”, i.e. the a
1.35.  
from the ch

d tensile stren
4 MPa. 

Structural Integr

 

 

 

a-c) and the ends

 

 

 

 

 

merical alignment 

rey include 17
ype of column
drillings in t

he R/C memb
agnetoscopic t

Council of P
he structural 
additional kno

haracterization
ngth of steel e

Stirrups

Stirrups

b) 

d) 

rity Procedia 00 (

s (b-d); column se

identification an

7 different typ
ns, shown in F
the basement

bers; 6 microd
tests, for the

Public Works
assessment an
owledge level

n tests: mean 
equal to 324 M

(2018) 000–000 

ection in the basem

d steel beam lette

pes of beams, 
Figure 5. 
, 18 pacomet

durometer and
steel elemen
2008, 2009),

nalysis of pub
l-related safet

cubic compr
MPa and 462 

ement storey (e).

ering. 

as indicated i

tric surveys a
d electric resis
nts. Based on
, the tests all
blic buildings
ty coefficient 

ressive streng
MPa, respect

e) 

 3 

in the 

and a 
stance 
n the 
lowed 
s. The 
to be 

gth of 
ively; 



164 Gloria Terenzi  et al. / Procedia Structural Integrity 11 (2018) 161–1684 

3. A

Th
and
and

3.1.

Th
fram
end
high

 
 

Assessment an

he verification
d associated m
d displacement

 Modal analy

he finite elem
me type eleme
ds of the stee
hlighted by th

Ty

Typ

Ty

Typ

Typ

T

Ty

Ty

Terenzi G, 

F

nalysis in cur

n enquiry in c
modal masses, 

ts. 

ysis 

ment model o
ents for all m
l beams. To 

he investigatio

Type A 

pe D 

ype E 

ype F 

pe H 

Type O 

Type C 

Type B 

Type G 

Costoli I, Sorace

Fig. 4.Ground and

rrent conditio

current condit
and a time-hi

f the structur
embers. The c
take into acc

on campaign, r

e S, Spinelli P / St

d first storey retic

ons 

tions is articul
story analysis

re was genera
cladding pane
count the poo
rotational rele

Structural Integrity

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

cular steel beams 

lated in a mod
s, to assess the

ated by SAP2
els were consi
or strength of
eases were inse

Type I 

Type N 

Type S 

Type L 

Type P 

Type Q 

Type R 

Type M

ty Procedia  00 (2

(types A through

dal analysis, t
e seismic perf

2000NL calcu
idered as equi
f the welds o
erted at the en

2018) 000–000 

h S). 

to calculate th
formance in te

ulus program 
ivalent concen

of the steel be
nds the constit

he vibration pe
erms of stress 

(CSI, 2018),
ntrated loads 
eams and col
tuting trusses.

eriods 
states 

using 
at the 
lumns 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Th
vibra
alon
cont
direc

3.2. 

Th
Stan
exce
Basi
5%/
VN o
categ
refer

Th
6, w
6b) 
Imm
perfo
BDE
Safe

On
dime
kN 
defic

4. R

Ba
seism
intro

Fig. 5

he modal ana
ation periods 

ng Y, and 38.9%
tributions up t
ctions (equal t

Time-history 

he performanc
ndards (Italian
eeded over th
ic Design Ear
VR probability
of 50 years by
gory T1 (flat
rred to the city
he results of th

where the inter
directions. As

mediate Occup
formance level
E and MCE se
ety performanc
n the other han
ensions of 100
and 85.1 kN,
ciencies were 

Retrofit hypot

ased on the re
mic performan
oducing a diss

Terenzi G

5. Steel columns o

alysis showed
of 0.466 s (Y
% along X. Th
to the thirteen
to 88.7% alon

verification a

ce evaluation 
n Public Work
e reference ti
rthquake (BD
y). The VR per
y a coefficien
t surface), an
y of Florence 
he analysis car
rstorey drifts n
s shown by th
pancy level th
l limitation (d
eismic levels 
ce level by the

and, the axial 
0×8 mm×mm)
, are exceede
found also in

thesis 

esults of the a
nce of the stee
sipative bracin

G, Costoli I, Sora

on the ground and

d two first ho
Y) and 0.46 s 
he above-men
nth mode, by 

ng X, and 85.3

and performan

enquiry was
ks 2008), that
ime period VR

DE, with 10%
riod is fixed a
nt of use Cu e
d B-type soil
are as follows
rried out in cu
normalized to 
hese diagrams
hreshold (di,IO
di,OP=0,33%) o
the drifts are 
e American St
force instabili
), as well as th

ed by a factor
 the cantilever

assessment an
el members bo
ng system in b

a) 

ce S, Spinelli P / 

d the first storey;

orizontal tran
(X), respectiv

ntioned structu
which summ

% along Y). 

nce assessmen

carried out f
t is, Frequent 

VR); Serviceabi
%/VR probabili
at 75 years, w
equal to 1.5, 
l, the resultin
s: 0.065 g (FD
urrent state are

the storey he
s, all values ca
O=0,5%). At t
on the second
neatly below 
tandard ASCE
ity limits com
he diagonal on
r equal to ab
r beams suppo

nalysis in curr
oth locally, by
both directions

b) 

Structural Integr

 

 section (a), later

nslational mod
vely, and effec
ural irregularit

med modal ma

nt analysis  

for the four r
Design Earth

ility Design E
ity); and Max

which is obtain
imposed to sc

ng peak groun
DE), 0.078 g (S
e synthesized,

eights are plott
alculated for 
the same time

d storey, wher
the 2% thresh

E-41.  
mputed for the
nes (L profile

bout 1.5, at th
orting the clad

rent condition
y strengthenin
s in plan, was

rity Procedia 00 (

ral view (b) and c

des along X
ctive modal m
ty in height gi
asses greater 

reference seis
hquake (FDE,
Earthquake (S
ximum Consi
ned by multipl
chool buildin
nd acceleratio
SDE), 0.181 g
, in terms of d
ted for X (dix
the SDE-scale
e, they only s
re the normali
hold suggeste

e vertical profi
s 60×5 mm×m
he BDE, and 
dding panels. 

ns, a retrofit s
ng the steel can
s proposed. Th

c) 

(2018) 000–000 

onstituting profil

and Y, with 
masses (EMM
ives rise to no
than 85% are

smic levels fi
with 81% pr

SDE, with 50%
idered Earthq
lying the nom
gs. By referri
ons for the fo
g (BDE), and 0
displacement r
– Figure 6a) a
ed seismic act
slightly excee
ized drift reac
d for steel str

iles of column
mm), respectiv

about 2, at t

olution aimed
ntilever beam
he intervention

les (c). 

nearly coinc
Ms) equal to 4
ot negligible m
e activated in 

fixed in the It
robability of b
%/VR probabi

quake (MCE, 
minal structura
ing to topogra

four seismic l
0.227 g (MCE
response, in F
and Y (diy – F

ction are below
ed the Operat
ches 0,35%. A
ructures at the

ns (L profiles
vely equal to 2
the MCE. Si

d at improvin
ms, and globall

n on the canti

 5 

iding 
6.5% 

modal 
both 

talian 
being 
ility); 
with 

al life 
aphic 
evels 

E).  
igure 
igure 
w the 
tional 

At the 
e Life 

 with 
298.2 
milar 

ng the 
ly, by 
ilever 



 Gloria Terenzi  et al. / Procedia Structural Integrity 11 (2018) 161–168 1654 

3. A

Th
and
and

3.1.

Th
fram
end
high

 
 

Assessment an

he verification
d associated m
d displacement

 Modal analy

he finite elem
me type eleme
ds of the stee
hlighted by th

Ty

Typ

Ty

Typ

Typ

T

Ty

Ty

Terenzi G, 

F

nalysis in cur

n enquiry in c
modal masses, 

ts. 

ysis 

ment model o
ents for all m
l beams. To 

he investigatio

Type A 

pe D 

ype E 

ype F 

pe H 

Type O 

Type C 

Type B 

Type G 

Costoli I, Sorace

Fig. 4.Ground and

rrent conditio

current condit
and a time-hi

f the structur
embers. The c
take into acc

on campaign, r

e S, Spinelli P / St

d first storey retic

ons 

tions is articul
story analysis

re was genera
cladding pane
count the poo
rotational rele

Structural Integrity

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

cular steel beams 

lated in a mod
s, to assess the

ated by SAP2
els were consi
or strength of
eases were inse

Type I 

Type N 

Type S 

Type L 

Type P 

Type Q 

Type R 

Type M

ty Procedia  00 (2

(types A through

dal analysis, t
e seismic perf

2000NL calcu
idered as equi
f the welds o
erted at the en

2018) 000–000 

h S). 

to calculate th
formance in te

ulus program 
ivalent concen

of the steel be
nds the constit

he vibration pe
erms of stress 

(CSI, 2018),
ntrated loads 
eams and col
tuting trusses.

eriods 
states 

using 
at the 
lumns 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Th
vibra
alon
cont
direc

3.2. 

Th
Stan
exce
Basi
5%/
VN o
categ
refer

Th
6, w
6b) 
Imm
perfo
BDE
Safe

On
dime
kN 
defic

4. R

Ba
seism
intro

Fig. 5

he modal ana
ation periods 

ng Y, and 38.9%
tributions up t
ctions (equal t

Time-history 

he performanc
ndards (Italian
eeded over th
ic Design Ear
VR probability
of 50 years by
gory T1 (flat
rred to the city
he results of th

where the inter
directions. As

mediate Occup
formance level
E and MCE se
ety performanc
n the other han
ensions of 100
and 85.1 kN,
ciencies were 

Retrofit hypot

ased on the re
mic performan
oducing a diss

Terenzi G

5. Steel columns o

alysis showed
of 0.466 s (Y
% along X. Th
to the thirteen
to 88.7% alon

verification a

ce evaluation 
n Public Work
e reference ti
rthquake (BD
y). The VR per
y a coefficien
t surface), an
y of Florence 
he analysis car
rstorey drifts n
s shown by th
pancy level th
l limitation (d
eismic levels 
ce level by the

and, the axial 
0×8 mm×mm)
, are exceede
found also in

thesis 

esults of the a
nce of the stee
sipative bracin

G, Costoli I, Sora

on the ground and

d two first ho
Y) and 0.46 s 
he above-men
nth mode, by 

ng X, and 85.3

and performan

enquiry was
ks 2008), that
ime period VR

DE, with 10%
riod is fixed a
nt of use Cu e
d B-type soil
are as follows
rried out in cu
normalized to 
hese diagrams
hreshold (di,IO
di,OP=0,33%) o
the drifts are 
e American St
force instabili
), as well as th

ed by a factor
 the cantilever

assessment an
el members bo
ng system in b

a) 

ce S, Spinelli P / 

d the first storey;

orizontal tran
(X), respectiv

ntioned structu
which summ

% along Y). 

nce assessmen

carried out f
t is, Frequent 

VR); Serviceabi
%/VR probabili
at 75 years, w
equal to 1.5, 
l, the resultin
s: 0.065 g (FD
urrent state are

the storey he
s, all values ca
O=0,5%). At t
on the second
neatly below 
tandard ASCE
ity limits com
he diagonal on
r equal to ab
r beams suppo

nalysis in curr
oth locally, by
both directions

b) 

Structural Integr

 

 section (a), later

nslational mod
vely, and effec
ural irregularit

med modal ma

nt analysis  

for the four r
Design Earth

ility Design E
ity); and Max

which is obtain
imposed to sc

ng peak groun
DE), 0.078 g (S
e synthesized,

eights are plott
alculated for 
the same time

d storey, wher
the 2% thresh

E-41.  
mputed for the
nes (L profile

bout 1.5, at th
orting the clad

rent condition
y strengthenin
s in plan, was

rity Procedia 00 (

ral view (b) and c

des along X
ctive modal m
ty in height gi
asses greater 

reference seis
hquake (FDE,
Earthquake (S
ximum Consi
ned by multipl
chool buildin
nd acceleratio
SDE), 0.181 g
, in terms of d
ted for X (dix
the SDE-scale
e, they only s
re the normali
hold suggeste

e vertical profi
s 60×5 mm×m
he BDE, and 
dding panels. 

ns, a retrofit s
ng the steel can
s proposed. Th

c) 

(2018) 000–000 

onstituting profil

and Y, with 
masses (EMM
ives rise to no
than 85% are

smic levels fi
with 81% pr

SDE, with 50%
idered Earthq
lying the nom
gs. By referri
ons for the fo
g (BDE), and 0
displacement r
– Figure 6a) a
ed seismic act
slightly excee
ized drift reac
d for steel str

iles of column
mm), respectiv

about 2, at t

olution aimed
ntilever beam
he intervention

les (c). 

nearly coinc
Ms) equal to 4
ot negligible m
e activated in 

fixed in the It
robability of b
%/VR probabi

quake (MCE, 
minal structura
ing to topogra

four seismic l
0.227 g (MCE
response, in F
and Y (diy – F

ction are below
ed the Operat
ches 0,35%. A
ructures at the

ns (L profiles
vely equal to 2
the MCE. Si

d at improvin
ms, and globall

n on the canti

 5 

iding 
6.5% 

modal 
both 

talian 
being 
ility); 
with 

al life 
aphic 
evels 

E).  
igure 
igure 
w the 
tional 

At the 
e Life 

 with 
298.2 
milar 

ng the 
ly, by 
ilever 



166 Gloria Terenzi  et al. / Procedia Structural Integrity 11 (2018) 161–1686 

beam
dam
syst
acco

 
 
 
 
 
 
 
 

 

4.

Th
(Fig
first
FV 
illus

 
 
 

D
effe
beh
199

ms consists in
maged welds f
tem in 16 ver
ording to the c

Fig. 6.  C

1. Mechanica

he dissipative
gure 3), on th
t storey. A vi
dampers are 

strated by the 

 

 

 

 
 
 

Fig. 

ifferently from
ects, which re
haviour of FV 
99; Sorace and

𝐹𝐹� = 𝑐𝑐 𝑐 𝑐𝑐𝑐𝑐𝑛𝑛

2)( = xktFne

St
or

ey
 

Terenzi G, 

n welding sh
from the risk o
rtical alignmen
criterion discu

Current condition

al characterist

e braces were 
e ground stor
ew of the fini
installed in p
drawings in t

7.  Finite elemen

m other classe
epresents an e

devices is ch
d Terenzi 2001

𝑛𝑛�𝑥𝑥� (𝑡𝑡𝑡�|𝑥𝑥� (𝑡𝑡𝑡|

0

1

21

(1

)()(






+

−+

F
txk

kktx

SDE 

DL
OP 

FDE   

Costoli I, Sorace

aped plates o
of collapse. Th
nts, all adjace
ussed in the fo

ns. Normalized int

tics of FV dev

incorporated 
rey, and the B
ite element m
pairs at the tip
the same Figu

nt model of the bu

es of dampers
effective prop
aracterized by
1): 

�  

/515
)

)()





t

tx  

  ix 

MCE 

    X Di

BDE 

e S, Spinelli P / St

on the diagona
he global seis
ent to the buil
ollowing sectio

terstorey drift env

ices 

in the B2-B3
B1-C1, B2-B3
model includin

p of the supp
re.  

uilding incorporat

, FV devices 
erty for rathe
y the followin

LS 

irection

a)

Structural Integrity

al profiles ov
smic retrofit st
lding corners.
ons. 

 

velops in X (a) an

, B2-C2, B5-B
, B5-B6, B7-C

ng the seismic
porting diagon

ting the dissipativ

provide a ver
er stiff structu
ng damping an

St
or

ey
 

 

ty Procedia  00 (2

ver their entir
trategy is repr
. The incorpo

nd Y (b) direction

B6, B6-C6, E
C7, E1-F1, E7

c protection sy
nal trusses, wi

ve bracing system

ry high dissipa
ures, like the 
nd elastic resp

DL 
OP

FDE
 SDE 

2018) 000–000 

e length, in o
resented by th
rated FV dev

ns for the four seis

2-F2, E6-F6, 
7-F7, F5-F6, 
ystem is show
ith inverted V

m and installation 

ative action w
case study on

ponse force co

iy

Y Direc

 MCE 
BDE LS 

order to prote
he installation 
vices were des

smic levels. 

F2-F3, F5-F6
F2-F3 bays, o

wn in Figure 7
V-shaped layo

details. 

with small stiff
ne. The mech
omponents (Te

ction 

b) 

ect the 
of the 

signed 

6 bays 
on the 
7. The 
out, as 

fening 
anical 
erenzi 

(1) 

(2) 

 Terenzi G, Costoli I, Sorace S, Spinelli P / Structural Integrity Procedia 00 (2018) 000–000  7 

where: t = time variable; c = damping coefficient; sgn(·) = signum function; 𝑥𝑥� (t) = velocity;  |·| absolute value: α = 
fractional exponent, ranging from 0.1 to 0.2 (Sorace and Terenzi 2001); F0 = static pre-load; k1, k2 = stiffness of the 
response branches situated below and beyond F0; x(t) = displacement. 

4.2. Sizing design procedure of the FV dampers and performance verification in retrofitted conditions 

The design procedure applied for preliminarily sizing the FV devices is based on the assumption that, as observed 
above, for relatively stiff frame structures a substantial improvement of seismic performance can be reached by 
incorporating a supplemental damping system with limited stiffening capacity. For more deformable structures, a 
supplemental stiffness contribution helps control lateral displacements better, prevents over-dissipation demands to 
the protective technology adopted (Sorace et al. 2016, Terenzi 2018). The FV dampers were designed based on the 
sizing procedure proposed in Terenzi (2018), by referring to its implementation for structures with poor shear and/or 
bending moment strength of constituting members. The procedure starts by assuming prefixed reduction factors, αs, 
of the most critical response parameters in current conditions, which are evaluated by means of a conventional 
elastic finite element analysis. Simple formulas relating the reduction factors to the equivalent viscous damping ratio 
of the dampers, ξeq, allow calculating the ξeq values that guarantee the achievement of the target reduction factors. 
Finally, the energy dissipation capacity of the devices is deduced from ξeq, finalizing their sizing process.  

The application of this procedure to the case study school building is aimed at checking the effectiveness of the 
method also in the special case of steel structures with instability problems in the constituting members. 
Furthermore, as the columns are of reticular type, the αs calculation must be related to the axial force in the vertical 
trusses. Therefore, said 𝑁𝑁���  the maximum axial force evaluated in current condition for the most stressed truss 
constituting the columns in the j-th interstorey, and 𝑁𝑁�� the corresponding critical force value, the corresponding αs 
ratio is given by: 

𝛼𝛼� =
����
���    (3) 

By introducing this relation in the ξeq equation (Terenzi 2018): 

�� =
�������
���

  (4) 

and substituting ��in the dissipated energy expression 

𝐸𝐸� = 2�𝐹𝐹���𝑑𝑑�����  (5) 

where: Fe = elastic base shear of the structure, and dd,max = maximum displacement of the devices, it can be 
estimated the energy dissipation capacity of the dampers, ED, and then selected the devices with the nearest 
mechanical characteristics, as identified from the manufacturer’s catalogue (Jarret 2018).   

The verification analysis in current conditions highlights the most critical axial force in the corner columns B-1, F-
1, B-7, F-7, in both storeys and for both directions. For the MCE-scaled seismic action 𝑁𝑁���  reaches 653 kN (first 
storey) and 450 kN (second storey) in the F-7 column. Thus, the corresponding stress reduction factors αs are as 
follows: αs1 = 2.19; αs2 = 1.5. Based on these values, the equivalent viscous damping ratios of the set of FV dampers 
to be installed on the two levels, calculated by means of relation (4), are: ξeq,1 = 0.345; ξeq,2 = 0.21. 

Then, the ED energy dissipation capacity of the spring–dampers is calculated by (5), assuming the following values 
of the elastic limit shear of the j-th level in X, Fej,X, and Y, Fej,Y (i.e., the sum of the elastic limit shear forces of the 
columns in the j-th storey), and the corresponding maximum drifts ddj,max,X, ddj,max,Y: Fe1,X = Fe1,Y = 4076 kN; Fe2,X = 
Fe2,Y = 114.3 kN; dd1,max,X = 27.1 mm; dd1,max,Y = 28.4 mm;   dd2,max,X = 10.3 mm; dd2,max,Y = 12.8 mm. Introducing these 
values, as well as the above-mentioned αsj and  ξeq,j values, in (5), the following ED estimate is derived for each 
direction and level: ED1,X = 524 kJ; ED1,Y = 549 kJ; ED2,X = 2.3 kJ; ED2,Y = 2.9 kJ. The extreme difference in the 
dissipation demand for the two storeys depends on relevant seismic masses, equal to 831 kN/g (first storey – m1), 
and 233 kN/g (second storey – m2), respectively, as a consequence of the significantly different distribution of the 



 Gloria Terenzi  et al. / Procedia Structural Integrity 11 (2018) 161–168 1676 

beam
dam
syst
acco

 
 
 
 
 
 
 
 

 

4.

Th
(Fig
first
FV 
illus

 
 
 

D
effe
beh
199

ms consists in
maged welds f
tem in 16 ver
ording to the c

Fig. 6.  C

1. Mechanica

he dissipative
gure 3), on th
t storey. A vi
dampers are 

strated by the 

 

 

 

 
 
 

Fig. 

ifferently from
ects, which re
haviour of FV 
99; Sorace and

𝐹𝐹� = 𝑐𝑐 𝑐 𝑐𝑐𝑐𝑐𝑛𝑛

2)( = xktFne

St
or

ey
 

Terenzi G, 

n welding sh
from the risk o
rtical alignmen
criterion discu

Current condition

al characterist

e braces were 
e ground stor
ew of the fini
installed in p
drawings in t

7.  Finite elemen

m other classe
epresents an e

devices is ch
d Terenzi 2001

𝑛𝑛�𝑥𝑥� (𝑡𝑡𝑡�|𝑥𝑥� (𝑡𝑡𝑡|

0

1

21

(1

)()(






+

−+

F
txk

kktx

SDE 

DL
OP 

FDE   

Costoli I, Sorace

aped plates o
of collapse. Th
nts, all adjace
ussed in the fo

ns. Normalized int

tics of FV dev

incorporated 
rey, and the B
ite element m
pairs at the tip
the same Figu

nt model of the bu

es of dampers
effective prop
aracterized by
1): 

�  

/515
)

)()





t

tx  

  ix 

MCE 

    X Di

BDE 

e S, Spinelli P / St

on the diagona
he global seis
ent to the buil
ollowing sectio

terstorey drift env

ices 

in the B2-B3
B1-C1, B2-B3
model includin

p of the supp
re.  

uilding incorporat

, FV devices 
erty for rathe
y the followin

LS 

irection

a)

Structural Integrity

al profiles ov
smic retrofit st
lding corners.
ons. 

 

velops in X (a) an

, B2-C2, B5-B
, B5-B6, B7-C

ng the seismic
porting diagon

ting the dissipativ

provide a ver
er stiff structu
ng damping an

St
or

ey
 

 

ty Procedia  00 (2

ver their entir
trategy is repr
. The incorpo

nd Y (b) direction

B6, B6-C6, E
C7, E1-F1, E7

c protection sy
nal trusses, wi

ve bracing system

ry high dissipa
ures, like the 
nd elastic resp

DL 
OP

FDE
 SDE 

2018) 000–000 

e length, in o
resented by th
rated FV dev

ns for the four seis

2-F2, E6-F6, 
7-F7, F5-F6, 
ystem is show
ith inverted V

m and installation 

ative action w
case study on

ponse force co

iy

Y Direc

 MCE 
BDE LS 

order to prote
he installation 
vices were des

smic levels. 

F2-F3, F5-F6
F2-F3 bays, o

wn in Figure 7
V-shaped layo

details. 

with small stiff
ne. The mech
omponents (Te

ction 

b) 

ect the 
of the 

signed 

6 bays 
on the 
7. The 
out, as 

fening 
anical 
erenzi 

(1) 

(2) 

 Terenzi G, Costoli I, Sorace S, Spinelli P / Structural Integrity Procedia 00 (2018) 000–000  7 

where: t = time variable; c = damping coefficient; sgn(·) = signum function; 𝑥𝑥� (t) = velocity;  |·| absolute value: α = 
fractional exponent, ranging from 0.1 to 0.2 (Sorace and Terenzi 2001); F0 = static pre-load; k1, k2 = stiffness of the 
response branches situated below and beyond F0; x(t) = displacement. 

4.2. Sizing design procedure of the FV dampers and performance verification in retrofitted conditions 

The design procedure applied for preliminarily sizing the FV devices is based on the assumption that, as observed 
above, for relatively stiff frame structures a substantial improvement of seismic performance can be reached by 
incorporating a supplemental damping system with limited stiffening capacity. For more deformable structures, a 
supplemental stiffness contribution helps control lateral displacements better, prevents over-dissipation demands to 
the protective technology adopted (Sorace et al. 2016, Terenzi 2018). The FV dampers were designed based on the 
sizing procedure proposed in Terenzi (2018), by referring to its implementation for structures with poor shear and/or 
bending moment strength of constituting members. The procedure starts by assuming prefixed reduction factors, αs, 
of the most critical response parameters in current conditions, which are evaluated by means of a conventional 
elastic finite element analysis. Simple formulas relating the reduction factors to the equivalent viscous damping ratio 
of the dampers, ξeq, allow calculating the ξeq values that guarantee the achievement of the target reduction factors. 
Finally, the energy dissipation capacity of the devices is deduced from ξeq, finalizing their sizing process.  

The application of this procedure to the case study school building is aimed at checking the effectiveness of the 
method also in the special case of steel structures with instability problems in the constituting members. 
Furthermore, as the columns are of reticular type, the αs calculation must be related to the axial force in the vertical 
trusses. Therefore, said 𝑁𝑁���  the maximum axial force evaluated in current condition for the most stressed truss 
constituting the columns in the j-th interstorey, and 𝑁𝑁�� the corresponding critical force value, the corresponding αs 
ratio is given by: 

𝛼𝛼� =
����
���    (3) 

By introducing this relation in the ξeq equation (Terenzi 2018): 

�� =
�������
���

  (4) 

and substituting ��in the dissipated energy expression 

𝐸𝐸� = 2�𝐹𝐹���𝑑𝑑�����  (5) 

where: Fe = elastic base shear of the structure, and dd,max = maximum displacement of the devices, it can be 
estimated the energy dissipation capacity of the dampers, ED, and then selected the devices with the nearest 
mechanical characteristics, as identified from the manufacturer’s catalogue (Jarret 2018).   

The verification analysis in current conditions highlights the most critical axial force in the corner columns B-1, F-
1, B-7, F-7, in both storeys and for both directions. For the MCE-scaled seismic action 𝑁𝑁���  reaches 653 kN (first 
storey) and 450 kN (second storey) in the F-7 column. Thus, the corresponding stress reduction factors αs are as 
follows: αs1 = 2.19; αs2 = 1.5. Based on these values, the equivalent viscous damping ratios of the set of FV dampers 
to be installed on the two levels, calculated by means of relation (4), are: ξeq,1 = 0.345; ξeq,2 = 0.21. 

Then, the ED energy dissipation capacity of the spring–dampers is calculated by (5), assuming the following values 
of the elastic limit shear of the j-th level in X, Fej,X, and Y, Fej,Y (i.e., the sum of the elastic limit shear forces of the 
columns in the j-th storey), and the corresponding maximum drifts ddj,max,X, ddj,max,Y: Fe1,X = Fe1,Y = 4076 kN; Fe2,X = 
Fe2,Y = 114.3 kN; dd1,max,X = 27.1 mm; dd1,max,Y = 28.4 mm;   dd2,max,X = 10.3 mm; dd2,max,Y = 12.8 mm. Introducing these 
values, as well as the above-mentioned αsj and  ξeq,j values, in (5), the following ED estimate is derived for each 
direction and level: ED1,X = 524 kJ; ED1,Y = 549 kJ; ED2,X = 2.3 kJ; ED2,Y = 2.9 kJ. The extreme difference in the 
dissipation demand for the two storeys depends on relevant seismic masses, equal to 831 kN/g (first storey – m1), 
and 233 kN/g (second storey – m2), respectively, as a consequence of the significantly different distribution of the 
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cladding panels. The design of the dampers was finally based on the total dissipated energy in the two directions: 
EDtot,X  = 526 kJ; EDtot,Y  = 552 kJ. By dividing these values by the number of spring–dampers placed in X and Y, the 
maximum energy dissipation capacity ED,X,dmax (ED,Y,dmax) that could be assigned to each of the sixteen devices in 
order to reach the target performance at the MCE results as follows: ED,X,dmax = 32.9 kJ (ED,Y,dmax = 34.5 kJ). By 
considering these upper sizing limit, in order to reasonably constrain the dimensions of the devices and the cost of 
the intervention, as a first retrofit hypothesis it was assumed the most performing device model belonging to the 
smallest series in standard manufacturing, with the following mechanical characteristics: En = 14 kJ (i.e. about half 
the upper sizing limit); stroke smax = ±40 mm; damping coefficient c = 14.16 kN(s/mm)γ, with γ = 0.15; F0 = 28 kN; 
and k2 = 2.1 kN/mm.  

Based on this assumption, the seismic performance in retrofitted conditions was evaluated, which showed the 
normalized drift profiles graphed in Figure 8. A satisfactory response is observed, as the drifts do not exceed the IO-
related limit, in both directions, up to the MCE earthquake level. On the other hand, in terms of stress states, the 
axial forces in the vertical profiles of the first storey columns — although remarkably reduced — are approximately 
40% higher than relevant critical values. This is a consequence of the reduced damping capacity of the dissipaters 
assumed, aimed at constraining the intervention costs.  

Further developments of the study will concern the adoption of FV devices with greater sizes, so as to finally 
provide a comprehensive cost/benefit analysis for the seismic retrofit of case study building.  

 
 
 
 
 
 
 
 
 
 

 

Fig. 8.  Retrofitted conditions. Normalized inter-storey drift envelops in X (a) and Y (b) directions for the four seismic levels. 
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