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Abstract. Recent earthquakes such as the one in Fukushima in Japan in 2011 highlighted the
need of providing adequate protection to industrial installations. To answer this need, the on-
going RFCS research project PROINDUSTRY is addressing the question of the development of
innovative seismic protection systems, both for the design of new industrial plants and for the
retrofit of existing ones. This paper presents a specific aspect of the ongoing investigations
within the referred project, namely a case study considering a Gas Tank. The protection systems
under development contemplate both seismic isolation and energy dissipation techniques. For
the presented case study, the base isolation system under development was finally chosen to
improve the seismic performance of the Tank structure. In order to characterize the behavior
of the Gas Tank structure, several numerical simulations were performed comprising modal
analyses, push-over analyses and time-history nonlinear analyses. For the time-history nonlin-
ear analysis ground motions were generated on the basis of available information on ground
motion histories from national, European and Mediterranean Strong Motion Data-bases. Fi-
nally, the efficiency of the base isolation used in the Gas Tank structure is investigated by com-
paring the results of the time-history nonlinear analysis on the protected and the non-protected
structure.
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1 INTRODUCTION

Recent earthquakes such as the one in Fukushima in Japan in 2011 highlighted the need of
providing adequate protection to industrial installations storing a large amount of hazardous
material. In the event of an earthquake, and following accidental scenario, the consequences
may be severe for the neighborhood population, for the economy and for the environment [1].
In particular process plants, like process units, storage units and piping systems are character-
ized by high level of seismic risk [2]. The consequences of an earthquake may be the total
collapse (Fig. 1-a) or a partial damage (Fig. 1-b) of the industrial unit. Consequently, providing
adequate seismic protection to industrial installations is imperative to this construction sector.
In order to answer to this problematic, the on-going RFCS research project PROINDUSTRY
[3] is addressing the question by developing innovative seismic protection systems, both for the
design of new industrial plants and for the retrofit of existing ones. The seismic protection sys-
tems considered in the project programme are the Base Isolation (IS) and the Energy Dissipa-
tion (EDS) types. Emphasis is given to the self-centering capability of these systems, since it is
an essential feature that allows the industrial facility not to discontinue its operations even after
a strong earthquake and that makes eventual repair work easier. The work programme considers
experimental tests on the developed devices, including application in substructures, and numer-
ical modelling of real industrial structures used as study cases to investigate and calibrate the
seismic protection systems developed. The cases studies of real industrial buildings consider
process and storage units which the superstructure is made of steel [4].

— e T
a) Tank collapse (Edgecumbe Earthquake, New Zeeland)  b) Local shell buckling (Emilia earthquake, Italy)

Figure 1: Earthquake impact on industrial units

This paper presents a specific aspect of the on-going investigations within the referred project,
namely a case study considering a gas tank. For this structure, a base isolation system was
chosen to improve its seismic performance. In order to characterize the behavior of the Gas
Tank structure, several numerical simulations were performed comprising modal, push-over
and time-history nonlinear analysis. For the latter, the Ground Motions generated within the
project tasks have been used. The calibration of the foreseen base isolation system is under
investigation and the preliminary results of the time-history nonlinear analysis on the protected
structure are compared with the response of the non-protected structure.
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2 SEISMIC PROTECTION OF INDUSTRIAL PLANTS

2.1 General

In the case of seismic event, the prevention of the collapse of buildings may rely in two strate-
gies: 1) capacity design; ii) seismic isolation and/or energy dissipation (seismic protection). The
PROINDUSTRY research project is focus on the latter. Accordingly, base isolation systems
and energy dissipation systems are under development for the retrofit intervention of existing
industrial structures or the design of new ones. In the case study presented in this paper, the
base isolation system has been selected to improve the seismic performance of the structure
under analysis. Herein, only a brief description of the base isolation system is given. More
detailed information on the base isolation and on the dissipation devices subject of the
PROINDUSTRY investigations may be found in [4].

The aim of the base isolation system is to mitigate the impact of seismic action on the structure
by decoupling the structure from the shaking ground. The principle of seismic base isolation is
to increase the fundamental period of the structure and modify the mode shape leading to
smaller rigid mass displacements, and consequently reduce the loads due to inertia effects. An
isolator shall provide a combination of vertical-load carrying capability with one or more of the
following functions: 1) lateral flexibility; i1) energy dissipation; ii1) re-centering capability. The
base isolation system implemented in the numerical simulation is the Curved Surface Slider
(CSS) which may present different versions: single CSS, double CSS and triple CSS. Within
the project, an innovative version of this device is under development [4].

2.2 Base Isolation System: Curved Surface Slider

The simple version of the CSS was proposed in [5] and consisted in a single curved surface
slider (Figure 2-a). In concept, the single surface slider is derived from the regular spherical
bearing in which the flat surface accommodating the translation movements is substituted by a
curved concave surface (Figure 2-b). The spherical sliding isolators are consisting of three main
steel parts with inner sliding surfaces. The shape of the internal part is always spherical and
allowing rotation and horizontal sliding displacements. The device transmits vertical loads, pro-
vides horizontal flexibility and dissipates energy simultaneously. The concave surface intro-
duces the re-centering capability into the isolator: the slide moves up the concave surface (under
the seismic excitation), increasing the potential energy, inducing in the bearing a restoring force,
as the building should return to its stable equilibrium point. The theoretical behavior of the
device is characterized by hysteretic bilinear relationship between horizontal force — horizontal
displacement (Figure 3). From the single CSS, a double and triple CSS were developed (Figure
2-¢). These modified versions of the single CSS improve its capacity to accommodate substan-
tially larger displacements and allows the adaptation of device to the earthquake intensity.

a) Flat surface slider b) Single CSS c) Double CSS
— — AL,
N 3 = | 21 )
! | = i gﬁszh__ - o
AT ITITTTITTIITIIT I I T ITT A TTIH o

Figure 2: Flat and curved surface sliding isolators [4]
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Figure 3: Hysteretic force — displacement relationship of the CSS [4]
3 CASE STUDY: GAS TANK

3.1 Geometric and mechanical properties

The present case study consists in a Gasometer which is used to store Gas AFO (Figure 4) and
was constructed by Ilva s. p. a. in the early eighties. The gas tank is a steel cylinder where the
walls are made with curved steel plates reinforced with circular steel rings (UNP 100) and with
vertical steel columns (IPB 180). The roof is composed by a steel structure using a steel circular
grid made of IPE, L and UNP steel profiles and steel plates. The tank works with a piston-
fender system and a rubber sealing system which allows the variation of the sealed volume. In
Table 1 the main geometric characteristics are summarized and in Table 2 are given the material
properties of the main structural components. The self-weight of the different structural com-
ponents is given in Table 3. Finally, the working pressure in this gas tank is 400mmH20, and
the volume between the roof and the sealed reservoir is full of air at atmospheric pressure.
Detailed information on the tank properties is given in [4].

Table 1: Main Geometric Properties

Height 70m
Diameter 44m
Volume 75000m?
Wall Shell Thickness Smm
Roff Shell Thickness 3mm
Columns IPB180
Ring Stiffeners UNP 100

Table 2: Material Properties

Wall Shell S275 JR
Roof Shell S275 JR
Profiles S235JR

Table 3: Structural Mass

Cylinder 519ton

Roof 153ton
- Piston 712ton
Figure 4: Gasometer Auxiliary Structure 43ton
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3.2 Finite element model

The finite element (FE) numerical model developed considered some simplifications, as only
the main structural components of the tank were modeled. These parts are: 1) wall shell; i1)
columns; iii) wall stiffening rings; iv) roof shell; v) roof structure. In Figure 5 is illustrated the
FE model developed. According to the parts modeled, the following types of finite elements
were used:
= Wall shell and roof shell: the element used is the S4R. This is a 4-node doubly curved
thin or thick shell, reduced integration hourglass control, finite membrane strains. Five
integration points through thickness.
* Columns, stiffening rings and roof structure: the element used is B31. This is a 2-node
linear beam in space.

Figure 5: FE model developed

In order to consider the total mass of the tank, as the non-structural elements were neglected in
the modelling, additional masses were introduced as non-structural masses. In Table 4 are de-
scribed the additional masses considered. The total mass of the tank model, including structural
and non-structural elements, is 1427ton. The connections between the different structural mem-
bers have been considered continuous, even in the case of the wall shell-column. These two
members are connected using rivets along the total height of the columns, as depicted in Figure
6. In what concerns to the supports, connection to the ground, the column base were modeled
as pinned connections. For the material mechanical behavior, an elasto-plastic with hardening
constitutive law was used. Finally, it should be noticed the following:
* In the non-linear analyses, both material and geometrical nonlinearities are considered.
= As the working pressure (400mmH>0O =~ 0,039atm =~ 3,92kPa) is relatively low; the
mass of the gas was neglected.
= No geometrical imperfections and residual stresses were considered (analysis on perfect
structure).
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Table 4: List of non-structural masses considered in the FE model

Member Additional Mass [ton] Comments

Mass of the non-structural

elements distributed along

0.25 the total height of the col-
umns.

Piston mass applied at high-
Columns est possible position. The
mass is distributed amongst
all columns and along ~6m
of the column length so that
the resultant is at the highest
working position.

713.0

Additional mass due to non-
structural elements and dis-
Roof Structure 2.52 tributed along the total
length of the roof structure
members.

a) Connection detail b) FE model detail

Figure 6: Connection between Column and Wall
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3.3 FE model failure criteria

In order to identify a possible failure of the structure during the analysis, the failure criteria in
Table 5 have been specified.

Table 5: List of failure criteria

Criterion Description
1 — Limit of plastic strains eu=0.2

2 — Global or local instability Global‘loss qf .stablhty of the structure or lo-
cal instability of parts of the structure.
3 — Resistance of the column bases connec-  Exceedance of the resistance of the column
tion bases connection to uplift loads.

In order to avoid the complexities related to the modelling of the column bases connection, the
third criterion is verified in the post-processing of the numerical results, comparing the uplift
forces with the column base resistance. The resistance of the column bases was determined
according to the design rules given in [6] and [7]. For the present case study, the resistance is
315KkN.

In what concerns the wall shell of the gas tank, though at first one may regarded the tank struc-
ture as a shell structure reinforced by the columns (usually called stringers in shell structures),
their resistance to buckling is barely inexistent. The resistance of the shell was estimated ac-
cording to [8] and [9]. The tank structure stability is then guaranteed by a “classic” structure
composed of columns and beams, being the main function of the wall and roof shells the re-
sistance to the internal and external pressures, and consequently distribute these pressures to
the main structural members. The second function of the wall shell is to contribute to the global
lateral stiffness of the structure.

4 SEISMIC PERFOMANCE OF NON-ISOLATED STRUCTURE

4.1 General

In a first stage, the performance of the original gas tank structure to seismic actions was evalu-
ated. Several numerical simulations were conducted in order to characterize the structure re-
sponse to dynamic actions, developing inertia forces on the structure, and to evaluate the
seismic performance of the non-isolated structure. The performed simulations considered the
following types:

* Modal Analysis

» Push-over Analysis

* Time-History Nonlinear Analysis = Incremental Dynamic Analysis
For the Time-History Nonlinear Analysis, and Incremental Dynamic Analysis, and within the
scope of the PROINDUSTRY project [4], two sets of 11 Ground Motions (GM) have been
generated on the basis of available information on ground motion histories from national, Eu-
ropean and Mediterranean Strong Motion Data-bases. One set is representative of areas with
low-medium seismicity and another set is representative of areas with high seismicity. ground
motions were

5902



J. Henriques, F. Morelli, B. Vandoren, W. Salvatore and H. Degée

4.2 Modal analysis

In order to obtain the natural vibration modes, a modal analysis was executed. The procedure
used consists in the Lanczos method. The range of frequencies in the calculation was limited to
20Hz. Within the range of frequencies between OHz and 20Hz, only two global modes were
observed and these correspond to the same mode though, for each orthogonal direction. Many
local modes (percentage of mass participation is almost zero) were obtained. The first natural
frequency is 2,64Hz with a total mass participation of 88,65% in the main direction and nearly
0% in the other orthogonal direction. Figure 7-a) presents the shape of the 1% natural frequency.
The local deformation at approximately 2/3 of the height is due to the consideration of the piston
mass at this position (highest position possible). Figure 7-b) presents the first mode obtained in
the calculations which represents a local mode.

a) 1* global mode b) 1* local mode

Figure 7: Natural vibration modes of the gas tank structure

4.3 Push-over analysis

The push-over analysis consisted in applying a horizontal force at the center of mass of the tank.
Given the magnitude of the piston mass, the position considered was the highest working height
of the piston, approximately 2/3 of the gas tank height (see Figure 8). The load was applied
directly to the columns, as these members are the vertical support of the piston. The load was
distributed within a length which approximates the length of the piston structure inside the tank.
The load was increased until one of the following failure criteria was achieved: 1) plastic limit
strain attained; ii) local or global instability detected by the numerical calculation. In this anal-
ysis the column bases connections resistance was disregarded.

In Figure 9 is presented the force-displacement curve obtained from the push-over analysis.
The force corresponds to the base shear and the displacement is the displacement measure at
the top of the gas tank structure (at the top of the columns). The maximum load is identified by
a peak in the force-displacement curve. A sudden loss of resistance after this peak load is ob-
served which is due to loss of stability of the gas tank structure. Then, there is an increase of
resistance after equilibrium is recovered. The ultimate strain is attained in the tank structure
members later for a significant lateral displacement.
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Figure 8: Location of the Figure 9: Force-displacement curve obtained from the push-over analysis
loading in the push-over
analysis

4.4 Incremental dynamic analysis

The nonlinear time-history analysis, basis of the incremental dynamic analysis (IDA), were
performed using the general nonlinear dynamic analysis available using implicit time integra-
tion to calculate the transient dynamic or quasi-static response of a system.

The procedure used consisted in imposing base acceleration at the support nodes of the gas
tanks structures. The base acceleration applied represent the ground motions generated within
the project and referred above. These ground-motions are characterized by a time-history ac-
celeration for each orthogonal direction (X, Y and Z). In the performed calculations, the ground
motions (base accelerations) for each orthogonal direction were applied simultaneously. Two
sets of ground motions were considered; one representative of low-medium seismicity areas,
and one representative of high seismicity areas. In Table 6 are listed the spectral accelerations
and the corresponding scale factors considered in IDA analyses.

Table 6: List of spectral accelerations used in the IDA

Low Seismicity Areas High Seismicity Areas

Pvr Tr ag S. F. Pvr Tr ag S. F.
% Yrs g \ % Yrs g \

4 2475 0.199 2.78 4 2475 0.512 1.43
5 1950 0.1854 2.592 5 1950 0.4687 1.307
10 949 0.1501 2.098 10 949 0.3586 1.000
22 402 0.1140 1.593 22 402 0.2502 0.698
30 280 0.1016 1.420 30 280 0.2122 0.592
39 202 0.0916 1.280 39 202 0.1829 0.510
50 144 0.0812 1.135 50 144 0.1552 0.433
63 101 0.0715 1.0 63 101 0.1292 0.360

In all executed calculations, the time-history was completed. Consequently, the two first failure
criteria specified in Table 5 were not violated. In order to evaluate the global deformation of
the structure, the relative displacement of the roof was computed. In Figure 10 are presented
the results for both sets of GMs, High and Low-Medium seismicity areas, and for one of the
orthogonal directions in the ground plane. The values represent the maximum values obtained
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through the time-history simulation. For almost all cases the structure is on the linear range.
Local yielding is observed however; this is not reflected on the global response. The maximum
value is 150mm. Taken into account the height of the gas tank and that in the vicinity, at least
2m separate this gas tank from other structure, the values is barely insignificant.

o ED74 Uy --ED133
___________________________________________________ -2-ED19%6 -=-ED147
ED535 — —ED181
——ED1257 i /'-': 2 —-ED378
"""" [odB” 5 -
--EDG6349 V. L --ED479
z INO113 Pk EDG600
"""""""""""" IN0331 = ED1911
—IN0445 -a-ED4343
' INO451 ~<EDG6978
150 INO461 100 150 IN0318
NO466 d [mm] IN0381

a) High seismicity areas b) Low seismicity areas

Figure 10: Gas tank roof relative displacements result of IDA calculations on non-isolated structure

In Figure 11 is plotted the parameter which expresses the plastic strains, the equivalent plastic
strain (PEEQ). These plastic deformations are located in the members, mainly in columns and
ring stiffeners, in the region of the piston mass and consequently, the region were the inertia
forces are greater. In Figure 11 only the maximum values are shown, for each time-history
simulation of the IDA analysis. Since for Low-Medium Seismicity GMs these are barely inex-
istent, only the values for the High Seismicity GMs are presented. In the chart is included the
limit strain considered in the numerical models (0.2). It can be observed that not only this limit
was not exceeded, but the maximum equivalent plastic strain is approximately half of this limit.
Up to a scale factor of 1.0, an almost linear relation between the peak ground acceleration char-
acterizing the GMs and this parameter is obtained. For higher scale factors, for some cases this
linearity is lost. This may be due to the damping effects when the plasticity becomes higher.
However, in general this is not significantly reflected in the global response, as discussed above.
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Figure 11: Maximum PEEQ result of IDA calculations on non-isolated structure (only High Seismicity areas
GMs)

In order to verify the third failure criterion, the uplift forces on the column bases and the re-
spective resistance were compared in Figure 12. These forces are due to the tank overturning
and the vertical component of the seismic action. It can be seen that this is clearly a critical
point of the structure. Only for few cases, amongst all GMs representing both seismicity’s areas,
and for the lowest scale factors, this resistance was not exceeded. In the case of the High Seis-
micity areas, the maximum values are considerably high, approximately 10 times greater, and
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almost impossible to overcome with improvement of the connection and therefore, seismic pro-
tection is required.
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a) High seismicity areas b) Low seismicity areas

Figure 12: Column bases uplift forces results of IDA calculations on the non-isolated structure

5 EFFICIENCY OF THE SEISMIC PROTECTION SYSTEM: BASE ISOLATION
SYSTEM

5.1 Model of the base isolation system

For the base isolation system of the gas tank structure 28 units (isolators), one under each col-
umn, are foreseen. Note, that this should be placed in the same vertical position of the columns,
not directly under the columns, but between a “Support” slab and the foundation (isolation
interface), as illustrated in Figure 13. The incorporation of the isolators on the FE model con-
sisted in a system that combines a spring element and an elastio-plastic element (or friction
element) working in parallel. The spring element has a pure elastic linear behavior which rep-
resents the isolator stiffness to slip (dynamic friction). The friction element, incorporates the
friction force (static friction) developed between the slider and the concave surfaces. The fric-
tion force is proportional to the superstructure mass (M). It is usually assumed that the behavior
of this element is rigid until the static friction is exceeded. Then, free deformation of this ele-
ment is considered.

“Support” Slab ‘

[Fomdnion |

Figure 13: FE model of the base isolated gas tank structure
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To model the behavior of the isolation system, the following parameters are determined:
» The total weight (W) and mass (M) of the superstructure and of the “Support” slab above
the isolation system.
» The friction coefficient (i) between the slider and the concave surfaces.
» The fundamental period of the device. This values are usually between 3,5s and 4s (T).
» The stiffness of the Isolator which may be approximated by the following equation:

2
kisor = M—- (1

In Table 7 are presented the values of the parameters described above and assumed in the pre-
sent case study. In Figure 14 is illustrated the force-displacement response of the isolation sys-
tem.

Table 7: Properties of the base isolation system of gas tank structure

M W 58 T Kiso,system
[ton] [kN] [-] [s] [kN/m]
1581.1 15495.3 0.3 3.5 5095.6

The determination of the properties of each isolator unit is obtained through “decomposition”
of the equivalent isolation system properties described above. Remember, that in this case 28
individual isolators are considered. Given the symmetry of the structure, these 28 isolators have
equal properties. Thus, the equivalent isolation system reproduces the behavior of 28 parallel
isolators and accordingly the properties of each isolator unit are obtained: the elastic spring
stiffness and friction element maximum force are divided by 28. In Figure 15, the properties of
these two elements representing an isolator unit are shown.

2000 1500
Z 1500 =
& 1000
= 1000 Zi
§ 500 § 500
£ 0 £
-— = =
& -300 g
E -1000 g 00 | —Spring
2 -1500 £ 1000 |
:Q -2000 T ——Friction Component
300 200 -100 O 100 200 300 -1500
d =300 -200 -100 0 100 200 300
[mm] d [mm]

Figure 14: Force-displacement behavior of the base  Figure 15: Behavior of the spring and friction element
isolation system representing an isolator

5.2 Impact on the structure response

The purpose of the base isolation system is to reduce the horizontal (soil plane) base displace-
ment of the superstructure. This is achieved through the seismic energy dissipated by the isola-
tion system. At this stage, the isolators properties are in a process of calibration and therefore,
only the time-history nonlinear analysis using the GMs, representing the high seismicity areas,
were used. Furthermore, the simulations only considered the scale factor equal 1. In Figure 16
is shown the time-history tank roof relative displacement for one of the orthogonal direction on
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the base (ground) plane for GM ED74. The chart includes the results for both cases, non-iso-
lated and isolated structure. The impact of the base isolation system is evident. The tank roof
relative displacement on the isolated structure is 26% of the value obtained in the non-isolated
structure. In Figure 17 are presented the maximum tank roof relative displacement, for one of
the orthogonal directions (ground plane) achieved during the time-history nonlinear simulation.
The chart includes all GMs representative of the high seismicity areas. The reduction on the gas
tank roof relative displacement is a constant for all GMs. The results of the different GMs show
that the most demanding GM for the non-isolated structure do not correspond to those for the
isolated structure. This is expected as the isolated structure has a different response due to the
modification on the fundamental period, which corresponds to that of the isolation system.

100 Non-Isolated structure UY
j 140 fmmmmmmmmm s

Isolated structrure

i‘ E B Non-Isclated
- = [ Isolated
R . ]
100 T W o P S = ) = o D
[~ & o uwy S — o I U o D
0.0 20 40 60 80 100 120 140 SR 2gszs g2
T B8 ENnhzzZzZzZz
[s] mom === =B-=
Figure 16: Time-history gas tank roof relative dis- Figure 17: Maximum gas tank roof relative displace-
placements comparing non-isolated and isolated ments comparing non-isolated and isolated structure
structure (all GMs)

In Figure 18 are presented the results of the uplift forces on the columns. Remember that, ac-
cording to the simulations on the non-isolated structure, column bases resistance to uplift forces
are the critical parts of the present structure. A comparison with the results of the simulations
on the non-isolated structure and the theoretical resistance of the column bases to uplift forces
is included. Again, it is evident the impact of the base isolation system. It possible to see that
for the isolated structure only GM ED74 exceeds the theoretical resistance of the column bases.
In the case of the non-isolated structure, all GMs exceeded this value. Though, in the case of
the GM ED74 the uplift forces, on the isolated structure, are greater than the column base re-
sistance, the values are now closer (of the same order). Thus, an improvement of the column
base may solve the problem. The values on the non-isolated structure were impossible to bear
with reasonable modifications. As explained above, the uplift forces arise from two sources:
the vertical component of the seismic action and the structure overturning due the inertia forces.
The base isolation system is capable of mitigate the impact of the latter, but not of the first. In
Figure 19 this is demonstrated. In one simulation, the vertical component of the seismic action
was considered, and in the other neglected. The simulations were performed on the isolated
structure. One can observe that when the vertical component of the seismic action is removed,
the uplift loads are barely inexistent. It also clear that the base isolation system manages to
eliminate almost 2000kN of uplift load showing clearly its efficiency. On the other hand, it
must be noted that the vertical component of the seismic action is real and cannot be neglected.
Therefore, together with the base isolation system, an auxiliary system has to be considered to
transfer these forces.

5908



J. Henriques, F. Morelli, B. Vandoren, W. Salvatore and H. Degée

B0 o m oo
3500
3000 - 5000 \% """""""""""""""""""""""""
2500 -
= el S —
£ 2000 - Z \
%1500 1 m Non-Tsolated __E‘:")OO """"""""""""""""""""""""
< Slsolated =
1000 k4404480 00 SRS
502 _- - F-F-F-R-B-1_-0_1_ Resistance -100 ________ \ ______________________________________
STEREELZZZEZZEZZE Ac-XYZ Ac-XY

Figure 18: Maximum uplift loads on column bases  Figure 19: Effect of the vertical component of the seis-
(all GMs) and theoretical resistance mic action (GM ED74)

5.3 Performance of the base isolation system

In order to evaluate the isolators performance demands, the results of the numerical simulations,
on the elements of reproducing the devices behavior, are herein discussed. In Figure 20 are
shown the force-deformation curves obtained for two GMs. Remember that the deformation
represents the distance between the superstructure base and the foundation. This has to be ac-
complished through movement of the slider on bottom and upper sliding surfaces. The force
represents the inertia forces developed in the superstructure which have to be transferred to the
supports through the isolators. The two GMs shown represent the extreme cases: the one with
smaller deformations and the one with higher deformations. The values measured are consid-
erably different. In the case of GM ED196 the maximum deformation is approximately 125mm,
while in the case of ED1257, the maximum is of approximately 1500mm. If in the first, the
value is perfectly within the deformation capacity of the isolator, the second overcomes this
limit excessively. The reason for such differences is on the fundamental period of the base
isolation system and on the period at which the ground displacement spectrum attains its max-
imum. As it can be seen in Figure 21, the latter occurs at approximately 3,5s which corresponds
to the fundamental period of the isolators. Thus, a calibration of the isolator properties is re-
quired in order to have an isolator that can also perform in the case of seismic actions as GM
ED1257. This issue is under investigation at the current stage.
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Figure 20: Force-deformation curve on isolators
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Figure 21: Ground displacement spectrum for GM ED1257 in the X direction (in soil plane)

Figure 20 shows that several cycles are accomplished. A quantification of the number was per-
formed and is shown in Figure 22. The chart presents the number of cycles for different ranges
of cycles amplitude. Intervals of 50mm of amplitude were defined. In the chart are included all
GMs representative of the high seismicity areas. The following observations highlight from
these results: 1) the majority of the cycles have a small amplitude; ii) only for few GMs high
amplitude of cycles occur; ii1) the maximum amplitude of the cycles is smaller than the maxi-
mum displacement shown in Figure 20-b) for GM ED1257. The latter shows that cycles may
occur with minimum deformations of the isolators greater than zero (considerably in some
cases). In Figure 23 are quantified the total number of cycles the isolators undergo, inde-
pendently of the cycles amplitude. The maximum number is 35 and this occurs for the GM
ED1257. The minimum is 7 for ED6349.
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Figure 22: Isolator number of cycles for different cycles
amplitude (all GMs)

Figure 23: Total number of cycles on isolator (all
GMs)

6 CONCLUSIONS

This paper presented the work in progress within the RFCS research project PROINDUSTRY
dedicated to the seismic protection of industrial plants. In particular, a case study of a gas tank
was discussed. The behavior of the tank structure was characterized based on several numerical
simulations considering: modal, push-over and time-history nonlinear analysis (in an incremen-
tal dynamic analysis procedure). From the latter, the column bases resistance to uplift loads
have been identified has the critical part of the structure. Subsequently, the investigation con-
sidered the implementation a base isolation system to provide seismic protection to the structure.
The base isolation system considered is the double curved surface slider (CSS). From the nu-
merical simulations, on the isolated structure, has been observed that the seismic impact on the
structure is mitigated using this device. However, for some ground motions, the deformation
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required on the isolation system, to dissipate the seismic energy, is excessive. This happens
because, for some ground motions, the fundamental period of the seismic device is very close
to the peak ground response spectrum. Consequently, a calibration of the base isolation system
is under investigation.
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