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Industrial silos are used for storing a huge range of different materials. In the last decades, many of these structures were damage
among which the earthquakes were the most significant. Indeed, numerous industrial plants have been built in the territories with 
Most of these plants have been designed and built before the latest updates of the seismic design codes took place, hence their current
questionable. In order to avoid future economic, life-safety and environmental troubles that can be caused by the collapse of these non
sible environmental damage, injury or loss of life) conseq
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ability is 
specific retrofitting solutions should be developed and implemented urgently. This paper shows the fea-sibility of the seismic isolation solution on a 
typical case study. Seismic vulnerability of an existing industrial steel silo system has been investigated, and a retrofitting solution has been proposed 
making use of the curved surface single sliding pendulum devices. Incremental dynamic analysis method has been used to compare the performance of the 
original and the retrofitted solutions. Structural benefits of the seismic isolation solution have been quantified in terms of inelastic deformations, base 
shear, inter-story drifts and isolator displacements. The seismic behaviour of the original and the retrofitted structure has been compared by means of 
fragility curves.
1. Introduction
 these structures is very complex and not well assessed so far. 
Yet, their damage or collapse can have very devastating direct 
(the loss of the container and of the stored material, or its contam-
ination) or in-direct (relative replacement costs, clean-up and pos-

t part (over 90% of the 
are the industrial stor-
uences 

[5]. To guarantee human life safety and optimize the use of 
resources, the effort spent for the evaluation of seismic risk for 

olids and liquids such as grain, cereals, chemical agents [1]. Gen-
rally, these structures are made of steel, and they can be both 

ying on a foundation (anchored or unanchored ground supported 
ilos and tanks), or elevated (supported by a structural frame) as 
hown in Fig. 1 [2]. Their shapes can be complex because of the 
ent, lifting and ensilage systems, and several technical details 
uch as conveyor belt, cochlea, symmetrical or unsymmetrical 
opper.
Silos are special structures that are subjected to several loading 

onditions, which may collapse in unusual modes. They have been 
onsidered as ‘‘non-building structures” [4], and the main atten-
ion has been so far paid on their functionality under service con-
itions. Their structural components have not been under focus for 
ccidental loads such as earthquakes. The seismic behaviour of
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the existing buildings and mitigation strategies for its reduction 
[6], should be extended also to the industrial systems.

In ground-anchored storage systems with liquid content, earth-
quake loading generates an extra horizontal pressure on the silo 
wall, which is also influenced by the material characteristics of the 
content. These conventional liquid storage tanks have been studied 
numerically and experimentally by several researchers, to 
understand their seismic behaviour. Housner [7] proposed an 
analytical model simulating the liquid mass portion moving with 
the tank as an ‘‘impulsive” mass, and the sloshing effect on the sur-
face by ‘‘convective” mass. Based on this research, several 
researchers have studied various aspects such as flexibility and the 
effect of axial forces on the tank wall, and the code parameters [8–
10]. On the other hand, concerning the elevated silos with granular 
content, the entire structure and its contents behave like an 
inverted pendulum with a very large supported mass and the
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a. Elevated silos, Porto di Piombino, Italy b. 10,000 ton steel grain stor-
age, Australia [2]

c. SOC silos (ILVA) [3]

Fig. 1. Elevated silo examples.
weaker component under seismic action is usually the supporting 
frame. As the silo height increases, the height of the mass center 
also increases and the moment arm for the lateral load with corre-
sponding overturning moment at the base rapidly rises. In this case, 
the behaviour of the stored material, and its properties, are usually 
less significant than in ground supported silos. Several modelling 
philosophies for the elevated silos have been compared in another 
paper [11], where it was concluded that concentrated mass 
approach provides sufficient degree of reliability to model elevated 
silos filled with granular content. Such approach has been also 
validated by several other researchers [12,13]. A more sophis-
ticated method taking account of the interaction between silo wall 
and content would have a very large number of degrees of free-
dom, for which implementing an incremental dynamic analysis 
with several hundreds of accelerograms would not be feasible in 
terms of computational time and storage of the output data. There-
fore, in this paper, the focus has been given on the seismic perfor-
mance of supporting steel structure of the silo-group systems, 
which represents the main cause of their global collapse.

In many cases, the existing silos in the earthquake-prone areas 
have been constructed before the latest updates of the seismic 
design codes [3,11], hence their current seismic reliability is very 
low. After 2001 El Salvador earthquake, there were three causali-
ties due to a silo collapse. After 1987 Edgecumbe (NZ) earthquake, 
steel milk silos collapsed, and thousands of liters of milk were lost. 
1999 Chi-Chi Taiwan Earthquake caused collapse of silo because of 
the bottom segment and foundation anchorage, leaving the silo 
body without much damage [5]. After 7.2 magnitude Van (Turkey) 
earthquake in 2011, many industrial facilities with a lot of silos 
were seriously damaged, which caused a huge economic loss to the 
small and medium size companies because of both content and 
structure losses (Fig. 2). Almost all elevated cement and wheat silos 
were fully collapsed or seriously damaged during this earth-quake 
[14]. After this event, main collapse modes were due to the rupture 
at the base due to excessive bending and bearing stres-ses, local 
buckling and anchorage failures, and welded connection failure 
[14,15]. These damages from the recent earthquakes high-light the 
vulnerability of elevated silos and the substantial need to find 
efficient retrofitting solutions to avoid the future disasters.

In general, seismic retrofitting of structures can be done in two 
ways: i) strengthening the structural elements to increase seismic 
resistance of the structure ii) using seismic isolation or dissipation
devices to decouple the superstructure from the ground shaking 
effects. The first method is the traditional one, which requires often 
long construction schedules, and usually partial or full demolition 
and reconstruction that often leads to costly operations [16]. The 
second one has become quite popular and efficient in the mitiga-
tion of seismic effects on the building structures. Many successful 
applications have been reported [17–26], and their functionality 
has been validated under recent earthquake events [27,28].

Worldwide building codes mainly focus on civil structures. For 
industrial systems, the focus is given for the design of new struc-
tures, rather than the seismic rehabilitation of the existing ones. 
Isolation and dissipation devices have been largely investigated for 
civil structures, but there are not any specific indications for the 
application of these devices in the industrial systems. Some 
research has been done to study the effectiveness of the seismic 
isolation devices for the protection of ground-anchored tanks [29–
32]. Elevated silos are treated in EN 1998-4-2006 ‘‘Silos, tanks and 
pipelines” [33], but without any provisions regarding seismic 
isolation.

Seismic protection of silos may be efficiently provided by the 
isolation devices. These devices reduce the seismic accelerations 
suffered by structures, shifting the first mode frequency to a low-
energy range in the response spectrum [3,34] (Fig. 3). In this way, 
structure above the isolators does not get any damage from the 
earthquake, and its functionality is not interrupted for repair 
purposes [34]. After the earthquake, inspections and possible 
replacements are limited to the isolation devices, and not the bear-
ing structure of the silos.

The European Research project PROINDUSTRY (Seismic Protec-
tion of Industrial Plants By Enhanced Steel Based Systems) aimed to 
develop innovative seismic protection systems, both for the design 
of new industrial plants and for the retrofit of existing ones, based 
on seismic isolation and energy dissipation techniques 
[3,12,13,35,36]. This paper presents the efficiency of curved surface 
sliders for an elevated silo structure studied in the PROINDUSTRY 
project. An existing elevated silo group located in Italy is selected as 
a case study. Its three-dimensional model has been developed 
using nonlinear plate elements for silos, and fiber-based dis-
tributed plasticity beam elements for structural components (all 
beams, columns and bracings). A total of 297 nonlinear dynamic 
time-history analyses have been performed, incremental dynamic 
analysis (IDA) [37] curves have been plotted for low-to-moderate



a. Supporting concrete failure [14] b. Collapse due to brittle welded connection fail-
ure [14] 

c. Local buckling and anchor-
age failure [14] 

Fig. 2. Examples of elevated silo damage and collapse after Van Earthquake [14]. (With permission from Springer, Uckan et al. Seismic performance of elevated steel silos 
during Van earthquake, October 23, 2011. Nat Hazards, Figs. 4, 7 and 9).

a. Fixed base structure b. Base isolated structure

Fig. 3. Schematic behaviour of a non-isolated and of a base isolated structure.
and high seismicity actions. Performance of the structure before
and after retrofitting has been reported by means of inelastic
deformations, base shear, inter-story drifts, isolator displacements,
and residual inter-story drifts. To represent the level of structural
damage as a function of the ground motion intensity, fragility
curves have been plotted for both cases.

2. Case study

The benchmark case study is an elevated silo group, inside the 
large industrial complex of SOLVAY site at Rosignano (in the pro-
vince of Livorno – Italy) (Fig. 4). The silos, designed and built 
towards the end of the 80 s, are currently used as storage for chem-
ical material sodium percarbonate with a density of 1200 kg/m3. 
The silo group consists of 3 steel silos, each one with an outside 
diameter of 3.5 m. The wall thickness changes from 12 mm to
8 mm along the silo height of 13.35 m. The silo sub-structure is 
made of Fe360 steel with E = 210,000 MPa and density of 7850 kg/
m3. This benchmark represents a typical silo group widely used in 
industry. Moreover, its asymmetric structural plan requires a more 
challenging retrofitting design.

The geometry of the structure and the materials are known 
thanks to the design drawings received in the context of the 
research project PROINDUSTRY from the archive of the project 
partner Solvay [3]. Fig. 5 shows the front and side views of the 
structure, where another 2-silo group can be noted. This study 
focuses on the group of 3-silos, disregarding the adjacent silo 
group, for the sake of simplicity.

The substructure consists of a steel frame composed of 6 col-
umns on 2 levels for a total height of 8,94 meters. The second 
structural level on one side (y = +0 mm) has a concentric X-bracing 
with UPN200 profiles connected in the mid-section



Fig. 4. Case study.
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Fig. 5. Front and side views of the
(Fig. 6.a, Fig. 7.a), on the other side (y = +4000 mm) a chevron (V) 
bracing with HE240B profiles placed between the two columns (Fig. 
6.b, Fig. 7.b). Horizontal planes are shown in Fig. 8 and Fig. 9.The 
braces are connected to the beam-to-column joints with bolted 
connections, while all the beam-to-beam connections and beam-
to-column joints have been made with flanged end plates.

The silos are connected to the steel sub-structure by means of 
stiffener plates (Fig. 10). 24 stiffener plates are welded to the silo 
wall, equally spaced around its perimeter. These stiffener plates 
are then welded to the ring beam with 150 � 30 mm cross section. 
The ring beam is bolted to the support structure beams.
2.1. Numerical model – original structure

Three dimensional behaviour of an elevated silo can be quite 
complicated, and the best way to simulate it would be by means of 
3D solid finite elements making use of the convective and 
impulsive mass components as developed by Housner [7]. In this 
paper, since the most vulnerable component is expected to be the 
supporting structure of the elevated silo, a simplified approach has 
been used, where the silo wall elements have been modelled by 
plate elements and the steel profiles have been modelled by beam 
elements. The granular content of the silo has been assumed to 
have no sloshing effects, therefore, a spring mass model has been 
developed simulating only the impulsive component.

To study the simplified global nonlinear response of structures, 
most common alternatives are the concentrated plasticity and 
fiber-based modelling approaches. Concentrated plasticity 
approach limits the inelastic deformations in the individual parts
weivediS.b

case study – original drawings.
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Fig. 6. Cross-sections – original drawings.
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Fig. 7. Steel profiles – Cross-sections.
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Fig. 8. Structural plans – original drawings.

mm4398+=z.bmm0584+=z.a

Fig. 9. Steel profiles – Plans.



a. Silo in elevation b. Ring beam etalpreneffitS.cweivpot–

Fig. 10. Ring beam-silo connection detail – original drawings.
of the structural system (as plastic hinges) with the rest of the 
structure remaining elastic. Fiber-based modelling on the other 
hand, distributes plasticity by numerical integrations through the 
member cross sections and along the member length, and with a 
‘‘plane sections remain plane” assumption [38–42]. Uniaxial mate-
rial models are used to capture the nonlinear hysteretic axial 
stress-strain characteristics in the element cross sections. Fibers are 
numerically integrated over the cross section to monitor the axial 
force and moments, incremental moment-curvature and axial 
force-strain relations. The cross-section parameters are numeri-
cally integrated at several sections along the member length, using 
displacement or force interpolation functions. A possible configu-
ration of the elastic-plastic response of a H-section divided into 
fibers is shown in Fig. 11 [42].

Fiber-based modelling approach with distributed plasticity 
offers a good compromise in terms of accuracy and computational 
time to model hysteresis behaviour of steel struts [43,44]. There-
fore, the beam elements in this study have been simulated using 
this approach, by means of Straus7 software [45]. Silo bodies, steel 
plate elements and rigid links that connect silo bodies and steel 
structure have been simulated by plate elements. Bracing elements 
are given initial imperfections according to EN 1993-1-1 [46]. Out-
of-plane initial imperfections have been applied at the mid-nodes 
of the elements, according to table 5.1 of EN1993-1-1 [46], consid-
ering buckling curve c for UPN cross-section (Fig. 12.a.). To activate
Fig. 11. Fiber based distribut
initial imperfections in the nonlinear analysis, first a linear static 
analysis has been run. The initial deformation of the frame at the 
first step of nonlinear dynamic analysis is shown in Fig. 12.b.

Connection between the silos and the steel frame has been 
modelled with plate elements (defined with a general membrane 
and bending thickness equal to the thickness of the silo wall), dis-
cretized by a mesh denser than the silo wall elements to have a 
more accurate solution within stress concentration zone. A view of 
the silo group and connection zone are shown in Fig. 13. The 
eccentric connection between silo and the steel frame has been 
modelled by means of a rigid link (Fig. 13.c)

The boundary conditions of column and beam elements have 
been defined according to the available connection detail drawings 
of the existing structure; the rotation degree of freedom of the 
bracings and the beams in the braced direction have been released, 
and the column bases have been considered fixed (restrained in all 
6 degree of freedoms). The top of the silo has been modelled by 
means of rigid links, as shown in Fig. 14. The different modelling 
approaches described here have been validated and presented 
elsewhere [11].

In the analysis, the silos have been assumed to be completely 
full in order to simulate the case with the highest seismic mass. 
The total mass of 131 tons have been distributed at different levels 
along the height of silos by means of lumped masses connected to 
the silo wall by means of rigid links, as shown in Fig. 15.a. This
ed plasticity model [42].



a. Initial imperfections applied at X-bracings b. Deformed shape of the
structure with initial imperfections 

Fig. 12. Application of initial imperfections.

a. Silos modeled by
plate elements

b. Connecting plates between silos and
the steel frame 

c. Rigid link connection

Fig. 13. Model of silos.

Fig. 14. Rigid links at the silo top.
lumped mass model for the silos containing granular material has
been validated in another paper, where comparisons have been
made between a complex modelling approach using three dimen-
sional soil type brick elements, and a simplified approach in which
ensiled material has been simulated by means of distributed
masses [11]. Calculated masses of silo content have been shown 
in Table 1. In addition to these masses, the software adds the 
self-weight of the silo wall (10 tons/silo) and structural steel ele-
ments (31 tons).

Msilo ¼ HW þ SC10 þ SC8 þ US ¼ 131t



a. Lumped masses b. X-bracin edisgnicarb-V.cedisg

Fig. 15. Numerical Model (original structure).

Table 1
Mass values.

Component Mass (tons)

Hopper weight (HW) 12
Silo content within 10 mm wall thickness (SC10) 16
Silo content within 8 mm wall thickness (SC8) 100
Upper part of silo (US) 3
Mtotal ¼ 3 � Msilo þ Self weight of steel ¼ 454 tons

In order to explore the situation of the existing structure at 
fully-loaded condition, a static analysis has been performed only 
under gravity loads. From Fig. 16 it can be observed that at this 
condition, beam fiber and plate stress values are below the mate-
rial yield limit.

From the gravity loading analysis, the base reactions have been 
obtained at each node (Fig. 17). This information will be needed for 
the design of the seismic isolation system at the retrofitting case.

The results of the modal analysis are reported in Table 2. From 
Fig. 18 it can be observed that in the second fundamental mode 
that is supposed to be a longitudinal one, there is also a global tor-
sional component, which is the result of the asymmetric structural 
plan of silo group.

To achieve ground motion variability, the structure has been 
analyzed before and after retrofitting, under two sets of 11 spectra-
compatible natural time-acceleration history inputs. The first set is 
characterized by low-to-moderate seismicity (Table 3), while the 
second set is characterized by high seismicity (Table 4). The hazard 
curves have been estimated within the PROINDUSTRY project 
[3,36] according to the Italian Building Code [48].

For each group of accelerograms, 9 scale factors (SF) have been 
defined, which are associated with peak ground acceleration values 
of annual probability of exceedance. Scaled ag values are reported in 
Table 5 and Table 6 for low-to-moderate and high seismicity data 
[36]. Probability curves for both sets are shown in Fig. 19.
2.2. IDA results – original structure

In the original structure, even in the analysis with low scale fac-
tors, yielding took place at the column bases. When the accelera-
tion intensity has been increased, the inelastic deformations have 
expanded also to the column ends, bracings, and to the connections 
between silo and supporting structure (Fig. 20).

Fig. 21 shows that the numerically obtained failure mechanisms 
represent common structural damages that can be observed after 
strong earthquakes, such as Van Earthquake [14]: high stress con-
centrations in the silo-structure connections, inelastic deforma-
tions at the column bases and at the first level column ends which 
induces soft story collapse mechanism, and yielding at the bracings. 
Therefore, the seismic retrofitting solution should address these 
criticalities.

The seismic vulnerability assessment of the structure has been 
made by means of incremental dynamic analysis (IDA) as an effi-
cient seismic assessment tool widely used in the field 
[12,13,37,49,50]. The global capacity curves of the structure have 
been plotted in terms of peak ground acceleration (PGA) and three 
response parameters (top displacement, inter-story drift ratio and 
base shear). Plotted from the structure’s elastic state until the glo-
bal collapse, the capacity curves provided both qualitative and 
quantitative insights for the nonlinear response of the structure 
and its dynamic capacity for a range of selected natural ground 
motion data. Using this data, fragility curves have been plotted 
according to the damage states defined for different inter-story 
drift levels, which showed the probability of reaching a defined 
limit state as a function of the peak ground acceleration.

From all the analyses, base shear, displacement and inter-story 
drift response parameters have been obtained, and IDA curves have 
ben plotted. Results of the IDA analysis based on high and low-to-
moderate seismicity accelerograms are shown between Fig. 22 and 
Fig. 25. For peak displacements (Fig. 23), the control node is taken 
as the center of gravity of whole system. Global nonlinear beha-
viour caused by inelastic deformation in the structural elements



a. Stresses X-bracing side b. Stresses V-bracing side

Fig. 16. Stresses at the structure under gravity loads (original structure).

Node Fz [kN] 

1 358,3 

5 777,8 

6 798,8 

7 340,2 

20 1090,2 

21 1080,7 

seulavnoitcaeresaB.bsrebmunedonesaB.a

Fig. 17. Base reaction values under gravity loading (original structure).

Table 2
Modal analysis results (PF-x, PF-y, PF-Rz respectively represents translational X and Y
and rotational Z mass participation).

Mode T [s] PF-x (%) PF-y (%) PF-Rz (%)

1 1,21 0 97.9 18.5
2 1,05 90.2 0 0
3 0,84 7.4 0 9.4
is evident in high-seismicity diagrams. The base shear in the longi-
tudinal direction x is in the range of 700–1100 kN. In the trans-
verse direction y, the recorded base shear values are much more 
dispersed among different accelerograms, and reach 1500 KN 
(Fig. 24).

By plotting the base shear versus global displacement, the glo-
bal seismic behaviour of the structure becomes more obvious. In 
both x and y directions, elasto-plastic behaviour of the capacity 
curve is evident. High inter-story drifts (IDR) are evident at the first 
floor (Fig. 25), which indicates a soft-story collapse risk.



a. 1st 2.bedom nd 3.cedom rd mode

Fig. 18. First three fundamental modal shapes (original structure).

Table 3
Low-to-moderate seismicity earthquake data [36].

ID Earthquake Name Magnitude Soil type

ED147 Friuli (aftershock) 6 B
ED133 Friuli (aftershock) 6 C
ED378 Lazio Abruzzo 5,9 C
ED600 Umbria Marche 6 C
ED181 Tabas 7,3 B
ED479 Manjil 7,4 C
ED1911 Komilion 5,4 C
ED4343 Izmit 7,6 C
ED6978 Izmit (aftershock) 5,8 C
IN318 EMILIA_Pianura_Padana 6 C
IN381 Christchurch 5,3 C

Table 4
High seismicity earthquake data [36].

ID Earthquake Name Magnitude Soil type

ED6349 South Iceland (aftershock) 6,4 A
ED196 Montenegro 6,9 B
ED535 Erzincan 6,6 B
ED74 Gazli 6,7 D
ED1257 Izmit 7,6 C
IN113 South Iceland 6,5 A
IN466 Duzce 7,1 C
IN331 Darfield 7,1 C
IN445 Imperial Valley 6,5 C
IN451 Loma Prieta 6,9 B
IN461 Northridge 6,7 C

Table 5
Low-to-moderate seismicity scale factors [36].

Return period (yrs) Pvr ag (g) Scale factor

2475 4% 0199 2,78
1950 5% 01854 2,59
949 10% 01501 2,09
402 22% 0114 1,59
280 30% 01016 1,42
202 39% 00916 1,28
144 50% 00812 1,14
101 63% 00715 1,00
60 81% 00583 0,82

Table 6
High seismicity scale factors [36].

Return period (yrs) Pvr ag (g) Scale factor

2475 4% 0512 1,43
1950 5% 04687 1307
949 10% 03586 1,00
402 22% 02502 0698
280 30% 02122 0592
202 39% 01829 0,51
144 50% 01552 0433
101 63% 01292 0,36
60 81% 00987 0275
In the low-to-moderate seismicity context, the global behaviour 
of the structure remains mainly elastic, except for very high scale 
factors (Figs. 26–29). Therefore, seismic isolation device will be 
designed to considering only high-seismicity context.

3. Retrofitted solution

To retrofit the original structure, a single curved surface slider 
has been designed [3,34]. These devices mainly consist three main 
steel parts with inner sliding surfaces, where the internal part is 
spherical and allows rotations and horizontal sliding displace-
ments. The devices have been placed between the column bases 
and the ground, with the objective of limiting the horizontal accel-
erations transmitted to the elevated silo group. Isolating the struc-
ture at the base was the most straight-forward solution from the 
constructional point of view (an investigation of another case study 
isolating it at the 1st and 2nd story to reduce the overturning 
moments on the isolators and to decrease the displacement 
demand is underway, and will be published in another paper). 
From the operational point of view, the creation of a rigid plane at 
the base may create problems for the free transit of truck under the 
silos. However, this problem can be solved, adopting a steel 
connecting platform placed just above the steel elements forming 
the rigid plane. Attention should be given to the proper design of 
gaps between the steel platform and the steel column or concrete 
foundations to avoid any obstacles to the free sliding of the isolated 
structure. Different from elastomeric isolators, the isolation period 
of the curved surface sliders is independent of the weight of the 
super-structure and depends only on the radius of curvature of the 
isolation device [51]. This can be an advantage for the elevated silo 
systems where the total weight is relatively low (with respect to 
the multi-story building systems). Besides, their re-centering 
capabilities are superior with respect to the other conventional iso-
lation devices. In this study, single sliding pendulum isolator device 
has been chosen since it represents the most economic option 
among various curved surface slider devices. The obtained results 
can be extended to the systems with double or triple curved surface 
sliders, thanks to which the horizontal displacements of the 
isolated structure can be further reduced with increased device 
cost.

A static diagram of the forces acting in a single curved surface 
slider is shown in Fig. 30.a, while the force-displacement relation-
ship is displayed in Fig. 30.b [51].

The equations governing the behaviour of the isolator are the 
following:

Response period of the Isolator T ¼ 2 � p �
ffiffiffi
R
g

s
ffi 2 �

ffiffiffi
R

p
ð1Þ

Effective stiffness keff ¼ W
R

þ l �W
D

ð2Þ

Effective response period Teff ¼ 2 � p �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R
Keff � g

s
ð3Þ
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Fig. 19. Probability curves [36]

PoE 81% PoE 61% PoE 81% PoE 61% 
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Yield  
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Fig. 20. Failure mechanisms of the original structure (record ED74).
Damping due to friction beff ¼
2
p
� l
D
R þ l

ð4Þ

In these equations, W is the vertical load acting on the isolator 
agent, F is the horizontal force observed in the isolator, l is the 
dynamic friction factor, D is the expected maximum isolator dis-
placement, R is the radius of curvature and T is the isolation period. 
The friction coefficient l is a function of the vertical pressure and 
the sliding velocity. Since the horizontal stiffness is related to the 
load acting on the isolators, in an optimal design a different isola-
tor should be adopted for the design vertical load of each isolator.
3.1. Numerical model – retrofitted structure

The curved surface slider isolation device has been modelled by 
means of ‘‘contact” and ‘‘connection” elements of the Straus7 non-
linear FE package [45], acting in parallel. The contact element sim-
ulates the slip point by means of a friction coefficient and vertical 
stiffness, providing the compression stiffness immediately when
its connection nodes come into full contact. Its elliptical yield sur-
face ensures that the slip point is the same in all directions, and 
permits the simulation of the friction behaviour in all principal 
directions. Thanks to the plastic friction model incorporated in 
the contact element, when the direction of frictional motion 
changes, the frictional force reduces and changes sign as soon as 
the amount of reverse motion exceeds the small elastic force-
displacement section of the contact element, which is related to 
the contact stiffness. In this way, frictional hysteresis can be simu-
lated. On the other hand, the connection element provides the hor-
izontal stiffness of the isolation device for a given weight and 
radius of curvature. The length of these elements does not have 
an influence on the isolator behaviour, therefore an approximate 
height has been defined to represent the isolator device dimen-
sions, and they have been placed between the ground and the bot-
tom column nodes as shown in Fig. 31.b. The model considers 
explicitly the uplift potential, which has been incorporated in the 
definition of the contact element (tension forces in the isolators 
are automatically released during the analysis). Therefore, the con-



a. Failure mechanisms obtained from numerical analysis (ED74) b. Example of damages observed on the structure [14]

Fig. 21. Structural damages observed in Van Earthquake and numerically obtained failure mechanisms in the original structure. (Fig. 21b (With permission from Springer,
Uckan et al. Seismic performance of elevated steel silos during Van earthquake, October 23, 2011. Nat Hazards, Figs. 5 and 13)).

a. X-direction b. Y-direction

Fig. 22. Base shear vs ag (g) – high seismicity (original structure).

a. X-direction b. Y-direction

Fig. 23. Displacement – ag (g) – high seismicity (original structure).



a. X-direction b. Y-direction

Fig. 24. Base shear vs Displacement – high seismicity (original structure).

noitcerid-Y.bnoitcerid-X.a

Fig. 25. 1st level Inter-story drift vs ag (g) – high seismicity (original structure).

a. X-direction b. Y-direction

Fig. 26. Base shear vs ag (g) – low-to-moderate seismicity (original structure).
sequences of the potential local uplift of the individual forces on
the structural behaviour is explicit.

To verify the isolation device model, a non-linear static analysis
has been carried out, gradually applying a displacement up to
±300 mm to the isolators as shown in Fig. 32.a. A period of 4 s hence 
a sliding stiffness ks equal to 0.187 kN/mm and 4% friction factor 
were assumed for all the isolators. Dependence of the friction 
coefficient on the static pressure has not been considered in



a. X-direction b. Y-direction

Fig. 27. Displacement vs ag (g) – low-to-moderate seismicity (original structure).

a. X-direction b. Y-direction

Fig. 28. Base shear vs Displacement – low-to-moderate seismicity (original structure).

a. X-direction b. Y-direction

Fig. 29. 1st level Inter-story drift vs ag (g) – low-to-moderate seismicity (original structure).
this case, since the advice of the producer of the isolation devices
was to tune the friction material of each device to get a similar
coefficient (�4%) compatible with the static pressure caused by
the vertical loading on each isolator (the authors are aware that
this coefficient may even change during the time-history due to
the changing column axial load, however it has been assumed that
such a change would not have a significant impact on the out-
comes, since the results focus on comparing the isolated and
non-isolated cases). The activation displacement of the isolation
device has been estimated as 1% (Dy) of the total expected dis-
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Fig. 30. Curved surface slider and its parameters.

ledomlabolG.bledomnoitalosI.a device

Fig. 31. Modelling of the isolator in Straus7.
placement (D), which results an initial stiffness (ki) in the order 
between 50–100 times the secant stiffness (ks) as suggested by 
Naeim and Kelly [17]. Analytical calculation of the initial and effec-
tive stiffness result in ki,def and keff,def can be summarized with the 
following equations:

ki;def ¼ lW
Dy � D ¼ 0;04 � 777;8 kN

0;01 � 300 mm
¼ 10;3

kN
mm

ð5Þ
a. Displacements imposed to the isolators b. Co
dis

Fig. 32. Displacements imp
keff ;def ¼ lW
300 mm

þW � 4 � p2

g � T2 �

¼ 777;8 kN
300 mm

� 0; 04þ 4 � 3;142

9810mm
s2 � ð4sÞ2

� 300 mm

!

¼ 0;29
kN
mm

ð6Þ
nstitutive law of the isolator in node 5 in terms force-
placement (period 4 seconds and friction factor 4%)

osed to the isolators.



where,
l: friction coefficient
W: Vertical load on the isolation device.
T: Response period of the isolator
g: Gravity acceleration

The force-displacement response of the isolator in the node 5, 
obtained by the nonlinear static analysis is shown in Fig. 32.b, 
where the displacements are dimensionless.

From the non-linear static model, the initial and post-elastic 
isolator stiffness has been obtained normalized by the maximum 
displacement as respectively ki, ks and keff:

ki ¼ yA � yO
D � ðxA � yOÞ

¼ 30;88 kN
300 � ð0;01Þ ¼ 10;3

kN
mm

ð7Þ
ks ¼ yB � yA
D � ðxB � yAÞ

¼ 86;3 kN � 30;88 kN
300 � ð1� 0; 01Þ ¼ 0;187

kN
mm

ð8Þ
Fig. 33. Retrofitted silo system.

Table 7
Isolator properties and nodal reactions.

Friction 4%

Tis 4 s
k1,7 0,09 kN/mm
k5,6 0,2 kN/mm
k20,21 0,274 kN/mm
kv 3000 kN/mm
keff ¼ yB � yO
D � ðxB � yOÞ

¼ 0;29
kN
mm

ð9Þ

It can be noted that the initial, post-elastic and effective stiff-
ness values obtained from the nonlinear static analysis (Eqs. (7) 
and (9)) coincide with those assumed and analytically calculated 
(Eqs. (5) and (6)). Therefore, it can be stated that the numerical 
modelling of the isolation device represents correctly the analytical 
device behaviour.

As a second step, horizontal stiffness and friction parameters 
have been iterated to find an optimal balance between best struc-
tural performance and acceptable maximum displacements. After 
several iterations, the best solution has been obtained by using 6 
seismic isolators connected by a rigid diaphragm made of as a hor-
izontal steel frame with beams and horizontal bracing elements at 
ground level as shown in Fig. 33. Solutions without a rigid dia-
phragm did not provide feasible results because of excessive global 
torsional behaviour.

Table 7 shows the most suitable isolator properties obtained 
after several iterations. Different horizontal stiffness values have 
been used for different supports, which are calibrated according 
to the vertical reaction force under full-silo gravity loading condi-
tion. The positions of the nodes 1, 7, 5, 6, 20 and 21 were shown in 
Fig. 17.
3.2. Nonlinear analysis results – retrofitted structure

The results of the modal analysis are reported in Table 8. From 
Fig. 34 it can be observed that in the second fundamental mode, 
there is no more a global torsional component, which means that 
with the designed base isolation system, the asymmetry problem 
of the original structure has been solved.

To quantify the performance of the selected isolators, seven 
nonlinear time history analysis have been performed. Max/min and 
average values of isolator displacements and residual displace-
ments obtained from each accelerogram are shown in Table 9. The 
dispersion of the results can be noted from the comparison of the 
individual and the average values. Although the European seismic 
codes permit considering the average value of seven earthquake 
time history analyses, from the practical point of view, such a large 
dispersion between the isolator displacements should be paid 
attention while choosing the final dimensions of the isolation 
device to accommodate larger than average displacements.

Max/min and average values of base shear and relative dis-
placements of the structure’s mass center obtained from each 
accelerogram are shown in Table 10. Significant reduction in the
average base shear thanks to the seismic isolation system can be 
observed from Fig. 35.

To make a comparison in terms of displacements between the 
original and the retrofitted structures, the average displacements of 
the retrofitted structure obtained from the nonlinear dynamic 
analysis have been multiplied by a reliability factor of 1.2 as rec-
ommend in EN1998-1-1 section 10.3.(2)P [47]. Table 11 compares 
the maximum displacements obtained at the gravity center of the 
structure, which are reduced by 53% and 27% respectively in x and y 
directions, thanks to the seismic isolation system. Reducing the 
displacements of the silos therefore reduces the possibility of rock-
ing effect and local instabilities between the supporting structure 
and the silos.

Comparisons in terms of inter-story drifts are shown in Fig. 36 
and Table 12. The weaker floor in the longitudinal direction of the 
structure is the first one, as the second floor is braced. The vulner-
ability of the 1st floor to the soft-story mechanism is significantly 
reduced. In the x-direction (braced), the inter-story drift is reduced 
to 1.24% from 3.49% (approximately 64% reduction thanks to the 
isolation system). In y-direction (non-braced), a reduction of 35%for 
the first floor and 53% for the second floor have been observed.

The inelastic deformations observed in the structural elements 
have been represented by means of a yield index (changes between 
0 and 1.00, being 1.00 fully plastic cross section). The comparison 
between the original and retrofitted structure is shown in Fig. 37,



Table 8
Modal analysis results (PF-x, PF-y, PF-RZ respectively represents translational X and Y and rotational Z mass participation) (retrofitted structure).

Mode T [s] PF-x (%) PF-y (%) PF-Rz (%)

1 4.5 0 99.9 18.9
2 4.17 99.9 0 2.3
3 3.45 0 0 8.6

edomdr3edomdn2edomts1

Fig. 34. First three fundamental modal shapes (retrofitted structure).

Table 9
Max/Min and average displacements (retrofitted structure).

Seismic Input Max displacement of isolators [cm] Max residual displacement of isolators
[cm]

x y x y

ED74 14,0 24,5 3,72 4,21
ED196 3,8 2,6 1,14 1,64
ED535 34,5 29,0 0,84 1,13
ED6349 5,6 29,0 1,43 1,45
IN113 21,2 11,9 3,23 2,21
IN331 29,3 41,2 1,58 2,31
IN461 21,3 33,9 0,79 2,06
Avg 18,5 24,2 1,86 2,12

Table 10
Max/Min displacements and base shear (retrofitted structure).

Seismic Input Base shear [kN] Relative displacements of structure mass
center [cm]

x y x y

ED74 374,5 287,3 5,1 9,4
ED196 272,0 138,4 3,8 5,2
ED535 538,7 303,3 8,8 9,3
ED6349 165,1 419,0 2,2 11,1
IN113 487,1 167,4 7,1 5,8
IN331 607,8 513,3 11,6 17,4
IN461 480,1 448,2 7,4 14,4
Average 417,9 325,3 6,6 10,4

Fig. 35. Average base shear comparison between original and retrofitted structure.

Table 11
Comparison of maximum displacement of the mass center.

Direction Original
structure
(absolute
displacement)

Retrofitted structure (average
relative displacement
multiplied with reliability
magnification factor [47])

Reduction

x 16,7 cm 7,9 cm 53%
y 17,1 cm 12,5 cm 27%
with reference to the ED74 accelerogram. In this case, the retro-
fitted structure did not have any inelastic deformation.

In the analyses, under some of the accelerograms that are creat-
ing particularly high seismic demands, uplift has been observed.
From the inelastic deformation index of the isolated structures, it
seems that the local uplift observed in some of the isolators did
not overstress the structural elements. Although with traditional



Table 12
Comparisons in terms of inter-story drifts.

Level Direction Fixed-base structure Retrofitted structure Reduction

1 x 3,49% 1,24% 64%
y 1,86% 1,20% 35%

2 x 0,10% 0,05% 50%
y 1,98% 0,94% 53%

a. X-direction b. Y-direction

Fig. 36. Inter-story drift comparisons between the original and the retrofitted structures.

.berutcurtslanigirO.a  Retrofitted structure

Yield  
index 

Fig. 37. Yield index of the original and the retrofitted structures.

X-direction Y-direction

Fig. 38. Base shear vs ag (g) – high seismicity (retrofitted structure).



c. X-direction d. Y-direction

Fig. 39. 1st level Inter-story drift vs ag (g) – high seismicity. (retrofitted structure)

Table 13
Damage states corresponding to the inter-story drift.

Ld Damage state Inter-story drift [%] Color/line

0 No structural damage <0,1
1 Slight structural damage 0,1–0,25
2 Low-moderate structural damage 0,25–0,5
3 Moderate structural damage 0,5–1
4 Heavy structural damage 1–1,5
5 Collapse >1,5
curved surface sliders, uplift physically cannot be avoided, the 
problem may be solved with a modification of the isolation device 
to restrain it against uplift, since adding extra weight on the struc-
ture in this case would not be feasible (unlike commonly applied in 
the case of bridges). There are some studies in the literature study-
ing this aspect [52,53].

IDA analyses have been performed in the high-seismicity con-
text. Base shear, displacement and inter-story drift response 
parameters have been obtained, and global capacity curves have 
been plotted (Fig. 38, Fig. 39). While the global elasto-plastic beha-
viour was evident in case of the original structure, retrofitted struc-
ture responds in an almost linear manner to the increase in global 
base shear forces with increasing scale factors.

Fig. 39 shows the reduced inter-story drifts of the first floor in 
case of retrofitted structure. Most importantly, the soft-story beha-
viour observed in the original structure has been eliminated thanks 
to the seismic retrofitting, as can be observed from the very low 
inter-story drift ratios of the first floor.
erutcurtslanigirO.a

Fig. 40. Fragility curves
Finally, fragility curves have been plotted according to the dam-
age states defined for different inter-story drift levels, for the orig-
inal and retrofitted structure. In these curves, peak accelerations
corresponding to the 5%, 10%, 63% e 81% probability of occurrences
have been defined. These curves express the probability of reach-
ing a certain damage state corresponding to the peak acceleration
ag. The probability of reaching a certain level of damage ds corre-
sponding to the peak acceleration ag is estimated by the following
formula:

P½dsjag � ¼ U
1
bds

ln
ag
�ag;ds

� �� �
ð10Þ

where �ag;ds is the average value of peak accelerations for which the
structure reaches the threshold damage ds, bds is the standard devi-
ation of natural logarithm of the spectral displacement for the dam-
age level ds, and U is the cumulative normal standard function 
[16,54].

The damage threshold can be defined in several ways. For build-
ing structures, its definition in terms of inter-story drift ratio 
usually provides reliable results as shown by several researchers 
[16,55,56]. In this paper, based on the inter-story drift ratios, five 
damage states have been defined according to the ‘‘Scala 
Macrosismica Europea del 1998 (EMS, 1998)” [57], with 5 levels of 
Ld, from ‘‘slight structural damage” to the ‘‘collapse”. This is shown 
in Table 13, with the same line legends that are used in Fig. 40. 
Increasing inter-story drift ratios imply higher risk for a global 
collapse caused by a soft-story behaviour, which is considered as 
the most critical situation in the case study under investigation of 

this article.

.b Retrofitted structure

for high seismicity.



Comparison of the fragility curves shows how the retrofitting
solution reduced the seismic vulnerability of the original structure.
The probability of the heavy structural damage is %85 for the orig-
inal structure, 18% for the retrofitted one for an earthquake with a
PoE of 63% in 50 years. The probability of having a structural col-
lapse for an earthquake with a PoE of 5% in 50 years is almost cer-
tain (99%) for the original structure, while this probability is 55%
for the retrofitted structure.
4. Conclusions

In this paper, seismic vulnerability of an existing industrial steel
silo group has been presented, and a specific retrofitting solution
has been proposed by means of base isolation devices. A three-
dimensional model of the original and retrofitted structure has
been developed using nonlinear plate elements and distributed
plasticity approach, and analyzed by means of incremental
dynamic analysis method. Nonlinear time-history analyses have
highlighted the failure zones in the supporting steel structure.
Numerically obtained failure mechanisms represented the typical
damages suffered by elevated silos after the recent devastating
earthquakes, such as high stress concentrations in the connections,
inelastic deformations at the column bases and at the first level
column ends which induces soft story collapse mechanism, and
yielding of the bracings. In order to avoid these criticalities, a single
curved surface slider has been designed and incremental dynamic
analyses have been performed to compare the seismic perfor-
mance before and after retrofitting. Benefits of the base isolation
solution has been quantified in terms of inelastic deformations,
global horizontal shear, inter-story drifts, isolator displacements,
and residual displacements.

All response parameters have been largely reduced after the
silo-group was retrofitted by curved surface sliders. The soft-
story vulnerability of the original structure has been also elimi-
nated, which decreased significantly the collapse risk of under
strong earthquakes, which was observed from the fragility curves
plotted corresponding to the damage states defined for different
inter-story drift levels. In conclusion, base isolation devices repre-
sented an efficient retrofitting solution for the existing elevated
silos, decoupling the superstructure from the strong ground shak-
ing. This study showed the feasibility of this method on an existing
elevated silo group. With an appropriate design compatible with
the geometry of the structure and the content of the silos, the
results can be extended also to other examples.
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