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ABSTRACT 

 
The INDEPTH Project (INnovative DEvices for seismic protection of PeTrocHemical 
facilities), partially funded by the European Commission (Contract EVG1-CT-2002-00065) 
during the 5th Framework Programme, proposed to study, develop and apply innovative 
seismic isolation and/or dissipation devices for the critical structures present in a 
petrochemical facility. A cost benefit analysis was also performed to evaluate the financial 
impact of the proposed applications. The project met its scope with an integrated approach 
combining numerical analysis and experimental validation. Numerical analyses, with 
different levels of complexity, were performed for the selected structures (LNG tanks, 
cylindrical and spherical tanks) with and without the seismic protection devices developed in 
the framework of the project. Experimental validations were performed both on single 
devices and on scaled and real structures, providing data for calibration of the numerical 
codes. This paper focuses on solutions studied, developed and tested for seismic isolation 
and energy dissipation in the context of LNG and spherical tanks. The isolated solutions 
have been compared with non-isolated alternatives and with a conventional retrofit in the 
case of spheres.  
 
 
1. INTRODUCTION 
 
In the framework of INDEPTH Project (Development of INnovative DEvices for Seismic 
Protection of PeTrocHemical Facilities) structures in petrochemical plants with their seismic 
vulnerability have been studied. The most critical structures have been selected for a 
complete study. Cylindrical (with different aspect ratios) product storage tanks and spheres, 
as well as Liquefied Natural Gas (LNG) tanks have been numerically evaluated at fixed and 
isolated base conditions; for spheres also a retrofit with energy dissipating braces has been 
studied. Tests have been carried out on prototype devices and on a spherical mock-up on a 



 

triaxial shaking table. Results obtained from tests have been used to tune the numerical 
analyses performed both with complex and simplified models. As final effort, the INDEPTH 
partners performed a cost analysis relevant to the studied solutions. 

In this article, mains results obtained for spherical and LNG tanks are summarized. 
Concerning spherical tank two solutions are presented: energy - dissipating braces and 

base isolation devices. Both solutions can be used for retrofitting of existing spheres. Base 
isolation solutions (three different types of devices have been studied) have also been 
experimentally tested on a mock-up of a spherical tank, through a six degrees of freedom 
shaking table. 

Concerning LNG tanks different sizes of tanks have been considered and a parametrical 
analysis with different types of isolation devices are shown. 

For all the cited structures the cost benefit analysis is reported. 
 
 
2. DESCRIPTION OF SELECTED STRUCTURES 
 
Walk down visits allowed to study different layouts of petrochemical plants located in 
Southern Europe Mediterranean area (the highest seismic areas) and to chose the most 
critical structures from the seismic point of view. This paper will deal with problems faced 
for the selected spherical and LNG tanks. 
 
 
2.1. Spherical Tank 
 
The reference configuration is an actual sphere. This spherical tank was constructed in 1999 
and contains refrigerated polypropylene. It was designed to ASME Sect VIII, Div 1 (1995 
with 1997 addenda) with additional design requirements from API 620 [API, 1996]. Seismic 
design for this sphere was based on equivalent static methods with a design spectrum with 
PGA typical of highly seismic areas. It has a capacity of 4200 m3, a 19.6 m diameter and it is 
supported on 11 columns with conventional tension-only braces as the lateral force resisting 
system (Figure 1). 
 
 

  
 
 

Figure 1 Selected sphere and detail of the tension-only bracing system. 



 

2.2. LNG Tanks 
 
The typical configuration of this type of tank is the full containment one. It is composed by 
an-inner, self-standing steel liner with an outer concrete containment. The inner liner is 
cylindrical and open at the top; it is made of cryogenic steel (9% Ni) and normally rests on 
thermal insulation. The outer tank is made of concrete. Typically the cylindrical wall is 
post-tensioned, both in the vertical and hoop directions, and is generally about 80 cm thick. 
The base slab and spherical roof dome are made of reinforced concrete. Adequate thermal 
insulation is provided between the two tanks. 

As reference structures, the analyses took two 60000 and 100000 m3 capacity LNG tanks 
located in a Spanish LNG site (Figure 2). The main geometrical and physical data 
components regarding these tanks are given in [Bergamo et al., 2006]. 

Additionally, a larger generic 160000 m3 LNG tank with standard aspect ratio was also 
considered in the cost benefit final considerations performed for isolated LNG tanks (see 
Chapter 7). This configuration is far more representative of current tendencies in LNG tank 
construction. For the purposes of this study, only the properties of the inner tank have an 
influence on the results. For the 9% Ni steel, the Young's modulus considered is 200 GPa, 
the Poisson's ratio is 0.3 and the density is 7850 kg/m3. 
 
 

  

 
 

Figure 2 100000 and 60000 m3 capacity LNG tanks 
 
 
3. STUDIED SOLUTIONS FOR USE OF BASE ISOLATION AND ENERGY 

DISSIPATION IN TANKS 
 
 
3.1. Spherical tank 
 
Both base isolation and energy-dissipating braces have been studied for seismic protection of 
the sphere. In particular, base isolation has been studied both for new spheres and for retrofit 
of existing spheres. Instead, the use of energy-dissipating braces has been studied mainly for 
retrofit of existing spheres. 



 

Design for base isolation foresaw three different types of rubber devices placed under the 
base frame of the spherical mock-up. 

The three types of devices were respectively: high damping rubber bearings (HDRB), 
lead-rubber bearings (LRB) and fiber reinforced rubber bearings (FRRB), respectively, with 
10 %, 30 % and 10% equivalent viscous damping. 

Fibre reinforced rubber bearings have been studied in the INDEPTH project as an 
alternative to HDRB, aimed at reducing isolators weight and costs [Bergamo & Gatti, 2005]. 

As far as retrofit of existing spheres is concerned, an innovative retrofit design scheme 
has been studied, utilizing energy-dissipating braces to substitute for the existing braces. In 
particular, two types of energy-dissipating braces have been studied, using as energy 
dissipation devices non-linear fluid viscous dampers or buckling-restrained braces. 

The fluid viscous dampers (VD) are piston/cylinder devices that use fluid flow through 
orifices to absorb energy. Orifices are situated in the piston head, which allow the fluid to 
move back and forth between the two chambers. The force generated by these devices is a 
function of the piston velocity via the relationship: F = C V α. The exponent α has been kept 
constant and equal to 0.15, a value that guarantees a very high efficiency of the hysteretic 
loop, very high equivalent viscous damping and thus optimal reduction of displacements at 
the same maximum force [Infanti et al., 2002]. 

The buckling-restrained braces (BRB) are a particular implementation of steel hysteretic 
dissipative devices, charged with the task of assuring a reliable absorption of earthquake 
energy through stable tension-compression yield cycles [Summers et al, 2004]. The 
restraining system considered in this study is that consisting of encasing a steel core, covered 
by a slip interface, into an outer steel tube filled with mortar (Figure 3). 
 
 

 
 
 

Figure 3 Sketch of a Buckling Restrained Brace 
 
 
3.2. LNG tanks 
 
Concerning LNG tanks, three different isolation systems have been considered. 



 

Numerical evaluations have been performed with: High-Damping Rubber Bearings 
(HDRB), Lead Rubber Bearings (LRB) and low damping rubber bearings coupled with 
non-linear fluid viscous dampers, i.e. an isolation system with a global visco-elastic 
behaviour (VE). 

On the largest tank (160000 m3), for the cost benefit evaluations (Chapter 7), two 
solutions for the application of these devices have been studied, related to soil conditions. 
The first solution foresees devices directly placed on the piles, the second the realization of a 
slab below the outer tank on which devices lay. 
 
 
4. SELECTED SPECTRA 
 
Most time history analyses and the tests campaigns were performed using as common input 
an acceleration time history synthesised from the EC-8, 5% damping, Soil C spectrum, with 
PGA = 0.4 g and duration 40 s [CEN, 2002] (Figure 4). Some analyses were carried out 
using EC-8 spectra for other soils, and time histories synthesised from said spectra and 
duration 20 s instead of 40 s. 
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Figure 4 EC8 spectrum of soil C PGA 0.4 g and 5% damping 
 
 
5. PARAMETRIC NUMERICAL ANALYSES 
 
 
5.1. Spherical tank 
 
In order to design the base isolation system or the energy-dissipating braces for the reference 
sphere, a simple finite element model was implemented in the ABAQUS code and several 
parametric numerical analyses were performed to optimize the characteristics of the devices. 
Non-linear time-history analyses were carried out. 



 

The model implemented includes the 11 columns of the tank modelled with linear beam 
elements. In case of 100% filling, the liquid is modelled as a lumped mass at the Centre of 
Gravity (CoG) of the sphere rigidly connected to the sphere, the sphere itself is considered a 
rigid body connected to the top of the columns. In case of partial filling, the impulsive and 
the convective masses are considered as lumped masses connected to the sphere with a rigid 
beam for the impulsive mass and with a beam that has the stiffness necessary to obtain the 
sloshing period for the convective mass. 

The braces are modelled with non linear springs with no compression stiffness to simulate 
the limited buckling resistance of the real braces (see figure 1) in the step by step analysis. 

The viscous dampers are modelled with non linear dashpot elements able to reproduce the 
real force versus velocity relationship. 

The buckling restrained braces are modelled with elastic-plastic trusses. 
HDRB (or FRRB) devices have been modeled using a linear dashpot (to introduce the 

isolator damping of 10 %) in parallel with linear springs (to simulate the isolator stiffness), 
while LRB isolators have been modeled coupling in parallel a spring with an elastic-plastic 
beam to reproduce the hysteretic loop of the lead rubber bearings (equivalent viscous 
damping ratio 30%). 

For the sphere with base isolation, the varying parameter in the analyses was the effective 
horizontal stiffness of the isolators, corresponding to the following six period values: 1.5, 2, 
2.5, 3, 3.5 and 4 seconds. The model parameters are determined with the hypothesis of equal 
cycle area at the maximum design displacement (preliminarily computed using the 
corresponding elastic spectra, with a damping value as the one of the isolators). 

Within the obtained results, the isolation systems with LRB and isolation period T=2 s, 
and HDRB with T=2.5 s have been chosen as optimal. These configurations provide almost 
the same value of acceleration, and consequently, of base shear for the sphere (i.e., 3540 and 
3960 kN, respectively), even though the maximum displacement is much lower for LRB as 
the associated damping value is higher [Bergamo et al., 2006 a]. 

The response parameter chosen for the selection of the design parameters for the dampers 
was the sphere acceleration at the CoG, because both the base shear force (that must be 
resisted by the braces) and the overturning moment (causing compression loads in the 
columns) are directly related to the value of this acceleration. 

Results obtained for the design of the optimal VD device are governed by the choose of a 
proper C coefficient expressed in N/(m/s)� that is the only parameter that can vary, as the 
exponent of the velocity is fixed as equal to 0.15. 

A summary of the results of the analyses of the sphere with viscous dampers is shown in 
Table 1, where the Fmax is the maximum force on the single device, Acc is the sphere’s 
acceleration at the CoG and Smax is the maximum displacement of the device. The values in 
bold are those finally selected as optimum, giving the minimum acceleration at the CoG. 
(Actually, above a certain value of C, the variation in the CoG acceleration is very small, 
thus the optimal value for C can be selected in a quite wide range of values, taking into 
account costs). 

It is worth noting that the optimal value of the acceleration at the CoG of the sphere, i.e., 
0.22 g, is much lower than the PGA (0.4 g). This shows that the braces with VD give to the 
sphere a global behaviour similar to that of base isolation, i.e. a strong reduction of the 
acceleration instead of an amplification of the acceleration as in the conventional sphere. 

In the parametric analyses aimed at selecting the optimal BRB device, the following 
parameters have been considered: 

Fy = yield force; 
Kel = elastic stiffness; and 



 

Kpl/ Kel = plastic - elastic stiffness ratio. 
Preliminary analyses led to the selection of a fixed value of 0.015 for Kpl/ Kel. Kel is 

related to the material used for the core element of the BRB, as well as to its other design 
parameters (Fy, Smax), and can vary only in a limited range. In general, the analyses show that 
the highest value of Kel for each value of Fy gives the best results in terms of reduction of the 
sphere’s acceleration.  
 
 

Table 1 Summary of the results obtained from analyses performed with VD braces. 
 

C [N/(m/s)αααα] Fmax [kN] Acc [g] Smax[mm] 
1.00E+05 87 0.42 94 
2.00E+05 170 0.32 66 
3.00E+05 243 0.25 48 
4.00E+05 314 0.22 38 
5.00E+05 385 0.22 32 
6.00E+05 454 0.22 28 
7.00E+05 517 0.23 26 

 
 

Table 2 Summary of the results obtained from analyses performed with BRB braces. 
 

Fy [N] Fmax [kN] Kel [N/m] Acc [g] Smax [mm] 
1.00E+05 126 1.80E+07 0.45 101 
2.00E+05 231 3.70E+07 0.36 71 
3.00E+05 338 5.30E+07 0.31 54 
4.00E+05 451 7.10E+07 0.34 53 
5.00E+05 554 8.90E+07 0.33 46 
6.00E+05 648 1.07E+08 0.33 38 
7.00E+05 747 1.26E+08 0.32 35 
8.00E+05 848 1.44E+08 0.33 28 
9.00E+05 949 1.62E+08 0.34 26 

 
 

In Table 2, a summary of the results is reported, for different values of Fy. The values in 
bold are those finally selected as optimum, because they give the minimum acceleration at 
the CoG.. The selected value of Fy is 300 kN. As already observed for the C constant of the 
viscous dampers, the sphere CoG acceleration remains quite close to its minimum value in a 
wide range of Fy (from 300 to 900 kN the max acceleration varies only about 10%). Since 
the dimensions and thus the cost of the devices generally follow the Fy value, the best 
solution from the cost- benefit point of view, is the one that corresponds to the lowest value 
of Fy amongst those giving almost equivalent acceleration. As already observed for viscous 
dampers, for almost all the values of Fy, the acceleration at the CoG is much lower than the 
PGA, with the reduction of acceleration being a measure of the effectiveness of BRBs in 
improving the seismic response of the sphere. 

It is worth noting that the optimum response in terms of minimum acceleration at the 
sphere CoG does not corresponds to that in terms of minimum displacement in the dampers; 
from the last column in Table 2, it is evident that the minimum displacement is obtained with 



 

the maximum value of the yield force. 
Figure 5 shows a comparison among the values of acceleration at the sphere centre of 

gravity obtained with different innovative retrofit strategies, calculated with the reference 
spectrum. The best results in terms of reduction in acceleration is offered by the two base 
isolation solutions, but the dissipative braces, in particular the viscous dampers, give a 
response very similar to that of base isolation. This result is of particular interest, because the 
retrofit of an existing sphere using dissipative braces is much easier to implement than 
seismic isolation. Other comparison of results amongst the different retrofit strategies studied 
in the project are reported in [Castellano et al., 2006]. 
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Figure 5 Comparison among accelerations at the sphere centre of gravity 
 
 

Further numerical analyses on a more detailed model of the sphere were carried out, 
within the framework of INDEPTH project, considering the dampers selected as optimum 
from the parametric analyses described above [Drosos et al., 2005]. 
 
 
5.2. LNG tanks 
 
The simplified FEM model used for the parametric analyses aimed at comparing the 
different isolation systems is based on beam elements and represents the following quantities 



 

in the simplest manner compatible with the physical characteristics of the structures: 
• Inner steel tank; 
• Outer concrete tank; 
• Foundation slab (as lumped mass); 
• Dome (as lumped mass); 
• Convective and impulsive mass of LNG; 
• Soil stiffness and damping. 

An element representing the isolation system in the horizontal direction was included in 
the model instead of soil stiffness and damping. 

For all the models a direct-integration seismic analysis was carried out using the 
time-history described in § 4. 

As already described, three different types of isolation systems have been studied, 
following this scheme: 

• High-Damping Rubber Bearings – modelled both with a linear equivalent model 
(LIN) and with a non-linear model (HDRB); 

• Lead Rubber Bearings (LRB); 
• Isolation system with a global visco-elastic behaviour (VE), obtained combining 

low damping rubber bearings and non-linear viscous dampers, with C factor 
selected so as to get an equivalent viscous damping value of 40 %. 

Each isolation system model is characterized by different parameters. The period 
corresponding to the elastic stiffness for linear models and to the post-elastic stiffness for 
non-linear models was selected as a common parameter for all models. Five different values 
of this period were fixed for the analyses (note that said period for non-linear systems is not 
the effective period of the isolation system): 

• 1.5 s (i.e. 0.67 Hz); 
• 2.0 s (i.e. 0.5 Hz); 
• 2.5 s (i.e. 0.40 Hz); 
• 3.0 s (i.e. 0.33 Hz); 
• 3.5 s (i.e. 0.29 Hz). 

In the following, for the 100,000 m3 tank, the most representative response quantities are 
shown, to wit: 

• Displacement of the foundation slab: it is the displacement for which the 
isolation system shall be designed, and which all the pipes connecting the tank to 
the surrounding ground shall accommodate.  

• Acceleration at the top of the steel liner: the comparison to the maximum input 
acceleration (0.4g) gives an indication as to the efficiency of the isolation system, 
relevant to the most delicate structural component of the LNG tank 

• Overall overturning moment at the base of the LNG tank 
• Overall total shear force at the base of the LNG tank. 

Of course the last two response parameters are those that most represent the effectiveness 
of the isolation system and can be a guide to the selection of an isolation system amongst the 
different systems considered as well as amongst the different isolation periods studied. 
However, it should be noted that Slab Displacement is an important parameter in terms of 
the cost of the isolation system. Generally, the higher the displacement the greater the cost is. 
Thus, the evaluation of all said parameters can help in the selection of an isolation system 
based also on a cost-effective approach. 

The results for the 60000 m3 tank, qualitatively very similar to those for the 100000 m3 
tank, as well as major details, can be found in [Bergamo et al., 2006b]. 
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Figure 6 Slab displacement vs global stiffness of the isolation system. 
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Figure 7 Top liner acceleration vs global stiffness of the isolation system. 
 
 



 

0

500

1000

1500

2000

2500

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Klin [MN/mm]

[M
N

m
]

HDRB

LIN

LRB

VE

 
 
 

Figure 8 Overturning moment vs global stiffness of the isolation system. 
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Figure 9 Total shear force vs global stiffness of the isolation system. 



 

As expected, a comparison of slab displacements (Figure 6) shows a strong reduction in 
displacements for the isolation systems with higher values of damping (LRB and VE) with 
respect to HDRB. The HDRB linear model (LIN) yields larger displacement values than the 
non-linear model (HDRB). This confirms the fact that the use of a linear model for an HDRB, 
allowed by practically all seismic codes, is for the sake of safety.  

Both the total base shear (Figure 9) and the overturning moment (Figure 8) increase with 
linear stiffness: the lowest values are obtained with the lowest value of the linear stiffness 
associated with the highest value of the displacement. It is evident that the selection of an 
isolation system is a compromise between the opposite needs of reducing base shear and 
overturning moment and reducing isolator displacement. The total shear force at the lowest 
value of the linear stiffness is almost independent from the type of isolation system. 

The calculations performed for the cost - benefit analysis involve the response of an 
isolated tank and that of a non-isolated tank for progressively increasing levels of the 
spectrum [Crespo et al, 2006]. Thus the PGA is taken as a continuously varying parameter, 
descriptive of the hazard level at the site. The spectral shape for the vertical motion has been 
obtained multiplying by 0.7 that of the horizontal motion. The non-isolated tank is assumed 
to rest directly on reasonably competent ground; otherwise it would not have been able to 
fulfil the requirements that BSI [1993] imposes on differential settlements. Specifically, a 
soil with an effective shear modulus of 250 MPa and a density of 2000 kg/m3 is assumed 
with a shear wave velocity of 350 m/s. The isolated tank is assumed to be supported on 
HDRB devices that are vertically rigid and take the first horizontal period of the tank to 2.5 s 
with 15% damping. For both tanks, the following tasks are carried out: 

– Determination of the liquid masses (impulsive and convective), mobilized in relation 
with the horizontal response of the tank, on the assumption of a full inner tank. 

– Determination of the liquid masses (responding rigidly and in the first breathing 
mode), mobilized in relation with the vertical response of the tank, on the assumption 
of a full inner tank. 

– Determination of the lower natural frequencies of the inner tank, for both horizontal 
and vertical excitation. 

– Use of the response spectrum method, with suitable combinations of the horizontal 
and vertical components, in order to determine the need for increasing material 
quantities, as well as the points beyond which the design is no longer possible. 

The methodology followed in the calculations is described in [Crespo et al, 2006]. 
LNG tanks are considered to be high responsibility structures due to the chemical energy 

that they store. As a consequence, their design requirements are fairly stringent. As an 
example, they take into account an Operating Basis Earthquake (OBE) with a return period 
of 475 years and a Safe Shutdown Earthquake (SSE) with a return period on the region of 5 
to 10 thousand years, depending on the specific standard being used. They also include many 
other requirements and postulated accidents. 

The design must finally satisfy all of the requirements imposed. However, seismic 
considerations govern only certain specific aspects of the design, their implications 
obviously growing as the design motions increase. But for many of the tanks’ characteristics, 
the design is largely unaffected by the seismic specifications. 

An increase in the input motions leads to larger seismically generated stresses, liquid 
pressures, forces and displacements. In principle, this type of consequences can be handled 
by simply increasing material quantities. The seismic effects on quantities and costs are 
therefore gradual, growing with the size of the design motions. However, there are 
thresholds beyond which, the strengthening process cannot be pursued continuously; at those 



 

points, either a new feature must be incorporated or, perhaps, the design is simply not 
possible any longer. 

The outer tank undergoes few, if any, impositions from earthquake considerations. On the 
other hand, the inner tank is simply designed for containing the liquid gas, already protected 
from most external events by the outer tank. It is therefore much more sensitive to the 
earthquake effects, since they are practically the only ones (beyond operating conditions) for 
which the outer tank provides little protection [Crespo et al, 2006]. 

For the purpose of the present study, the following problems and solutions, if they exist, 
are considered: 

– Increased liquid pressures and increased compression of the wall: solved by increased 
steel thickness or stiffening. 

– Corner uplift: solved by providing sufficient anchor straps. 
– Gross sliding of the tank: fatal, no solution. 
– Required thickness of inner tank exceeds about 50 mm: fatal, no longer weldable. 
– Global uplift of the tank: fatal, no solution. 
The first two items above are not fatal, they simply require additional expenditure. The 

last three, however, have no known solution in current practice; hence, when those 
thresholds are reached, the tank can no longer be designed while keeping the conditions that 
lead to the violations mentioned. 

The listing provided above will allow comparing how the additional costs evolve with 
increasing seismic demands in the various hypotheses, particularly with/without seismic 
isolation and in sites where a pile foundation is/is not required. It will also allow determining 
when a given design concept is no longer feasible. 

Figure 10 presents the SSE accelerations triggering each of the problems that can affect 
the “good behaviour” of the structure during earthquake for the non-isolated case and for 
each of the four tank configurations considered and spectrum SC. Figure 11 shows the 
corresponding accelerations for the isolated cases. 

The following milestones are of particular significance for the 100,000 and 160000 m3 
tanks: 

– For a non-isolated tank when the peak ground acceleration (PGA) reaches: 
– 0.25 - 0.30 g: there is corner uplift unless anchorage is provided 
– 0.40 - 0.50 g: the inner tank starts to slide during the earthquake 
– around 1.00 g: there is global uplift of the inner tank 

– For an isolated tank when the peak ground acceleration (PGA) reaches: 
– 0.80 - 0.90 g: the inner tank starts to slide during the earthquake 
– around 1.00 g: there is global uplift of the inner tank 

The presence of isolation does not introduce any difference in the tank response to the 
vertical excitation. The little difference in the accelerations that produce global uplift, which 
are slightly higher for the non-isolated case (see Figures 10 and 11), is due to the thinner 
shell thickness required in the isolated case. 

As a function of the peak ground acceleration, the following occurs: 
– Up to 0.25 - 0.30 g: isolated and non-isolated tanks are possible without anchorage 
– From 0.25 - 0.30 g to 0.40 - 0.50 g: the isolated tank is still possible without 

anchorage, but the non-isolated tank requires anchorage. 
– From 0.40 - 0.50 g to 0.80 - 0.90 g: only the isolated tank is possible which can still 

be unanchored. 
– From about 0.90 g onwards: the tanks cannot be built with the current standards and 

methodology; even an isolated tank will undergo gross sliding during the earthquake. 



 

For the 60000 m3 tank the thresholds are somewhat lower, mainly due to the different 
aspect ratio of the reference tank, quite uncommon nowadays. 
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Figure 10 Onset of problems for non-isolated tanks. 
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Figure 11 Onset of problems for isolated tanks. 



 

6. SHAKING TABLE TESTS 
 
Shaking table tests were carried out on a mock-up of a sphere. The mock-up was designed to 
reproduce the same fundamental frequency of the actual sphere. The scaling down of the 
dimensions (i.e., the construction of a real physical model) would have been rather 
impossible (especially for columns and thickness of the sphere). So, the design of the 
mock-up aimed to reproduce the dynamic characteristics, rather than the stresses, of the real 
sphere. Real acceleration time-histories, without any scaling, have been used both for the 
mock-up design and for the tests. 

The mock-up was designed to be as large as possible within the limits of the shaking table, 
for seismic input up to PGA=0.4 g. The test sphere is supported by four columns bolted at 
both ends. The horizontal stiffness is given by the bending stiffness of the columns; there are 
no braces (Figure 12). The main dimensions are sphere diameter 3.5 m (5 mm thickness), 
columns fabricated from 5-inch Schedule 40 pipe (external diameter 141 mm, thickness 
6.55 mm) with a length of 2.188 m and a centre of gravity 2.5 m [Bergamo & Gatti, 2005; 
Bergamo et al., 2006]. 
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Figure 12 Sphere mock-up on CESI shaking table during test campaign. 
 
 

The isolation system for the mock-up reproduces the two isolation configurations selected 
as reference cases in the parametric analyses of the full scale sphere, i.e. HDRB with T=2.5 s 
and LRB with T=2 s (see § 5.1). Due to the small scale of the mock-up, and in particular its 
small mass, it would have been practically impossible to put one isolator under each column, 
as it is in the actual sphere, because the isolator stiffness would have been too low. 
Consequently, the isolation system used for the shaking table tests consists of only one 



 

elastomeric isolator (HDRB or LRB, see Figure 13 a), that does not resist vertical load, but 
provides the required force versus displacement constitutive behaviour. Further, under each 
column there is a rolling bearing that transfers the vertical load without contributing 
significantly to the horizontal force due to its very low friction (Figure 13 b). The isolator 
diameter is 250 mm and 150 mm, respectively, for HDRB and LRB.  

The isolated spherical mock-up was mounted on CESI shaking table with two pipe 
flexible joints manufactured by IWKA connecting the mock-up to the shaking table 
[Bergamo, Gatti, 2005]. The latter were included to verify whether properly designed joints 
can withstand the high displacements of an isolated sphere.  
 
 

  
 
 

Figure 13 One of the tested isolation systems for the sphere mock-up. 
 
 

Different configurations of the mock-up were tested, with fixed base and with different 
types of isolators. Each configuration was tested for two time histories (soil B and C, see § 
4) at increasing level of seismic input and at three different fill levels of the sphere (empty, 
20% and 90% filled). The complete series of tests performed is described in [Bergamo, Gatti, 
2005] where time-histories of the main response parameter are reported. Further results in 
terms of peak values of most important response parameters are given in [Bergamo et al, 
2006] and summarised here below. 

Figure 14 shows the peak acceleration values measured by the different accelerometers 
along the height of the mock-up, i.e., on the table (AT), just above the isolation system (A1), 
and at the top of the columns (A2≈A3, see Figure 12). The comparison with test results for 
the fixed-base sphere is given at the lower levels of seismic input and for the lower level of 
filling (Figure 14). The amplification in the fixed-base sphere is much higher than that for 
the isolated sphere; namely, the acceleration at the top of the columns for the fixed-base 
sphere tested at PGA=0.15 g is of the same order of magnitude (0.40 g) as that obtained at 
the same position in the sphere isolated with HDRB, but tested at PGA=0.42 g, i.e., with a 
seismic input 2.8 times larger. 

As expected, the benefits of seismic isolation are even more evident at the higher levels of 
filling and seismic input, for which the isolation system was designed. Figure 15 shows that, 
for 90% filling and the maximum intensity test (PGA≈0.4 g), the peak acceleration A2 for 
the sphere isolated with LRB and HDRB is only 41% and 44% of the peak table acceleration, 
respectively. Figures 14 and 15 also allows a comparison between the two types of seismic 



 

isolators considered. As expected, in most cases the structural response is very similar, in 
particular for 90% filling. 

Results also show the capability of both seismic isolation systems to reduce deformations 
in the columns (and consequent stress values) in comparison with the fixed base 
configuration [Bergamo et al, 2006]. The flexible pipe joints demonstrated their capabilities 
to absorb all relative displacements between the isolated tank and the shaking table. 
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Figure 14 Acceleration at different points along the height of the sphere, for 20 % filling, and different 
intensity of the seismic input. 
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Figure 15 Acceleration at different points along the height of the sphere, for 90 % filling, and different 
intensity of the seismic input. 



 

7. COST – BENEFIT EVALUATIONS 
 
 
7.1. Spherical tank 
 
7.1.1 Retrofit 
 
Both conventional retrofit and retrofit with energy-dissipating braces was performed. For the 
conventional retrofit, two different damage levels can be assumed: minimal damage with 
response modification factor, R, approximately equal to 1.5 and code-based design with R 
approximately equal to 4.0 (damage permitted). For the retrofit with energy-dissipating 
braces, the devices were optimized for each PGA level, and accordingly, it is postulated that 
there would be minimal, if any, damage in the structure. 

Retrofit options include replacing the existing braces with conventional steel pipe braces 
or energy absorbing dissipative braces. For the energy absorbing braces, both the design and 
cost estimate for buckling restrained braces and non-linear viscous dampers are presented. 
Due to the significant high cost to retrofit existing steel columns and foundations, retrofit 
options are generally only considered up to the governing capacities of the columns and piles. 
In this regard, braces that absorb energy and exhibit higher damping, such as those utilizing 
BRBs and VDs, can offer considerable advantage over conventional ‘all-steel’ braces. 

One final comment is that, although not considered explicitly in the cost-benefit analysis 
below, it is also possible to retrofit with isolators, as already said. However, this will involve 
additional operational downtime for the sphere while each column is sequentially cut, the 
sphere jacked up, the isolators inserted and the column connected back in place. The cost of 
such operational issues need to be considered on a case-by-case basis. 

The cost comparison for the different retrofit options for the existing sphere considered in 
the INDEPTH Project is presented in Figure 16. In the analysis, peak ground acceleration 
ranges from 0.2 to 0.6 g with an increment of 0.2 g. 
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Figure 16 Cost comparison among the proposed retrofit solutions. 



 

Both horizontal seismic loads and vertical seismic loads were considered in the analyses. 
It should be noted that the 'tension-only' bracing members are generally not suitable for high 
seismic demand (due to lack of ductility). The cost estimate was prepared in order to 
compare conventional retrofit and retrofit with energy-dissipating braces. The cost of 
energy-dissipating braces varies with size, i.e., increases with increasing PGA due to 
increasing displacement and load demands. 

For PGA values greater than 0.2 g, piping re-route plus flexible connections for a 16 inch 
(406.4 mm) liquid outlet line at base of sphere is recommended. 

For the retrofit using dissipative braces, the cost of buckling restrained braces is 
somewhat less than that of viscous dampers. Also, the cost for the 11-brace configuration is 
less than that for the 22-brace configuration. However, the 11-brace configuration is not 
generally recommended due to potential torsional response in the system and increased 
column bending effects. Furthermore, there is a distinct lack of redundancy in the 11-brace 
system compared to the 22-brace system. 

For the retrofit using conventional braces with minimal damage of R=1.5, the braces can 
only be upgraded to a PGA of approximately 0.3 g. Beyond this level, the piles and columns 
would need to be strengthened at considerably greater expense. Hence, if minimal damage is 
needed beyond the 0.3 g PGA level, the only retrofit option is replacing the existing braces 
with dissipative braces. However, if normal damage can be tolerated (using R=4.0 in a 
conventional code-based design), the least expensive 22-brace retrofit option is replacing the 
existing braces with conventional steel pipe braces.  Note, however, that at approximately 
0.6 g PGA, the 22 BRB option and the conventional (R = 4.0) pipe braces have a similar 
retrofit cost. This implies that better performance (i.e., minimal damage) can be obtained 
using the 22 BRBs for the same cost as conventional pipe braces that have in their design 
basis an implicitly higher level of expected damage. 
 
 
7.1.2 Design of a New Sphere 
 

For design of a new sphere, it is usually conservatively assumed that the sphere is fully 
filled. Both conventional design and design with base isolators can be performed and 
compared. For the conventional design, two different damage levels can be assumed: 
minimal damage with response modification factor, R, approximately equal to 1.5 and 
code-based design with R approximately equal to 4.0 (damage permitted). For the design 
with base isolators, minimal damage with R approximately equal to 1.5 can be selected. In 
the INDEPTH project, peak ground accelerations from 0.1 to 0.8 g have been considered, a 
step increment of 0.1 g has been applied. In the design, 11 columns and 22 braces are 
assumed. 

The damping factors have been selected: 5% of the critical damping for the conventional 
design and 15% damping for the design with isolators (HDRB). The corresponding response 
spectra have been used in the design (soil Type SC, see § 4). Both horizontal and vertical 
seismic loads have been considered.  

For the conventional design, the structural period for a braced frame system usually falls 
on the plateau (peak) of the spectrum. This assumption should be verified to be valid after 
the braces are designed. For the design within the INDEPTH project of new spheres with 
base isolators, used for the cost-benefit analysis, the structural natural period was selected to 
be 2 seconds. High damping rubber isolators matching this requirement, and that of 15 % 
equivalent viscous damping, have been designed. 



 

For pile design, a factor of safety of 1.5 on ultimate is used for the combined dead load 
and seismic load. For the purposes of cost comparison, the soil was assumed to have a sandy 
profile with the groundwater level about 3 m below grade. The soils ranged from medium 
dense silty sand at the ground surface, gradually increasing in strength with depth, and 
becoming dense sand at a depth of 30 m. 

A cost estimate for the support structure has been prepared in order to compare 
conventional and base isolated new spheres. The support structure cost estimate was based 
on the quantities of the following items: excavation, concrete (pile cap and ring beam), piles 
(steel pipe piles), braces, columns, and if any, base isolators, and flexible piping connections. 
As far as braces are concerned, it is worth noting that “tension-only” braces have not been 
used, due to lack of ductility. 

The support structure cost comparison for the new sphere design with and without base 
isolators is presented in Figure 17. Further details on cost assumptions are given in [Bergamo 
et al, 2006 a]. It can be seen that the sphere with base isolators has apparent cost advantage 
over conventional designs when the PGA exceeds approximately 0.25 g and the cost for the 
conventional design with minimal damage is significantly higher than the design with base 
isolators. It is important to note that the costs provided are not the total construction cost. 
Rather, they are representative of relative support structure costs. 
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Figure 17 Cost comparison for new sphere with and without base isolation. 
 
 
7.2. LNG tanks 
 
By combining the structural and cost information, it becomes possible to compare the 
different situations and design strategies. Three cases are considered: 
– a conventional design, without seismic isolation, whether supported on a surface slab or 

on piles 
– a seismically isolated tank, which already required a pile foundation in any case and has 

an isolating device per pile 
– a seismically isolated tank, which did not require a pile foundation for other reasons and 

therefore had to be provided with a double slab and pedestals for placing the devices. 



 

The costs being considered are costs incurred as a consequence of the seismic demands 
and only if such costs vary between the three cases considered. For example, if a larger 
earthquake implies greater sloshing heights and therefore an increased height of the inner 
and outer tanks, the costs of this increase would be taken into account only if they differed 
between the three cases studied; since they do not, they are not included. This means that the 
curves depicting the cost evolution with increased seismic demands are only significant in 
what concerns the differences between the curves, not their absolute values, since there are 
some other costs which would be common to all the curves and are therefore not included. 

To clarify matters, the costs accounted for in each one of the three cases considered are: 
– non-isolated tank: 

– increased thickness of inner tank 
– anchorage of inner tank 

– isolated tank with piles: 
– isolation system 
– flexible pipe connections 
– increased thickness of inner tank 
– anchorage of inner tank 

– isolated tank on surface slab: 
– dual slab and pedestals 
– savings in heating system and energy 
– isolation system 
– flexible pipe connections 
– increased thickness of inner tank 
– anchorage of inner tank 

The results are combined and compared in Figure 18 for the 160000 m3 tank, spectrum 
SC and the slab foundation and in Figure 19 for the pile foundation. 
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Figure 18 Cost evolution with seismic demand. Slab Foundation. 
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Figure 19 Cost evolution with seismic demand. Pile Foundation. 
 
 
The curves reflect the progressive increases in material quantities being imposed by the 
larger seismic demands. 

In the non-isolated case there is a point (red triangle in the graphs) beyond which 
something must be done to avoid damage by corner uplift. 

A possible solution is to anchor the tank: the discrete jump in one of  the “non isolated” 
curves is associated with the introduction of this anchorage. The other “non isolated” branch 
represents the case where the problem is tackled by increasing the thickness of the inner tank. 
The cost of increasing the thickness is higher than that of providing anchorage. 

For the pile foundation case, between about 0.25 and 0.50 g, at least in principle, a 
non-isolated tank is possible, providing it is adequately anchored. However, this statement 
needs some clarification for two reasons: 

– Anchorage introduces other “costs” of difficult quantification, beyond the cost of the 
steel. Technically, it creates undesirable stress concentrations at points of the inner 
tank, as well as thermal bridges across the thermal insulation under the bottom. 
Practically, it implies considerable complications and delays in the construction 
schedule because the anchor straps must be left embedded and protruding when 
pouring the slab concrete, on which the perimetral beam, thermal insulation and 
eventually the inner tank will be placed. 

– Even though anchorage is a relatively frequent practice, there are serious questions as 



 

to its reliability during an earthquake. Anchor straps need to be flexible in bending 
when radial displacements of the inner tank take place; but they are therefore 
considerably stiffer for movements in the circumferential direction. For straps being 
deformed in this direction, it is difficult to ensure that they respond in an adequate 
fashion (for example, without suffering a relatively brittle fracture at weld locations). 

As a consequence of these considerations, although it is difficult to offer a precise 
quantification, an isolated tank may be preferable to a non-isolated tank at least in the upper 
part of the 0.25-0.50 g range of peak ground accelerations. 

For a tank on a pile foundation the cost of the anchored tank equals that of a tank with 
isolation at accelerations greater than or equal 0.4 g. However, for tanks on a slab foundation, 
the incremental cost of the isolated tank always exceeds that of the anchored one for the 
same range of accelerations. The reasons for this are: 

– The isolation of a tank on a slab foundation requires building an additional slab and 
pedestals. These extra costs are only partially compensated by the energy savings. 

– The inner tank is somewhat more expensive with a pile foundation, because of its 
stiffer response. 

For a tank on piles, the solution of increasing the inner tank thickness is practically 
always more expensive than that of isolating the tank. For a tank founded on a slab, this is 
the case only beyond 0.5 g an acceleration at which the thickness required at the base of the 
inner tank is about 40 mm. 

Similar calculations have been performed for other combinations of tank configurations 
and seismic input, although results are not presented here. Similar conclusions concerning 
acceleration thresholds and differential costs can be obtained from them. 
 
 
8. CONCLUSIONS 
 
 
8.1. Spherical tank 
 
Amongst the innovative retrofit configurations considered, base isolation was confirmed in 
theory to be the most effective, in terms of reduction of acceleration at the centre of gravity 
of the sphere (and thus, reduction of base shear and overturning moment). However, 
although base isolation can be easily implemented in new spheres, it is much more difficult 
to implement than energy-dissipating braces for retrofit of existing spheres. The substitution 
of existing tension-only braces with energy-dissipating braces has been shown to be almost 
as effective as base isolation, and much more effective than a conventional retrofit, in 
particular when using nonlinear fluid viscous dampers. In effects, the comparison between 
the conventional retrofit with steel braces and the innovative retrofit with dissipative braces 
shows that: 

– When the design PGA is below about 0.25-0.3 g, the retrofit using conventional steel 
braces results in minimal damage (response reduction factor R=1.5). 

– When the design PGA is in the range ofhigher than 0.25-0.3 g to about 0.55-0.6 g, 
using conventional retrofit the piles and columns would need to be strengthened at 
considerably greater expense. Conversely, Rreplacing the existing braces with 
dissipative braces can result in minimal or no damage up to the maximum PGA 
considered, i.e., 0.6 g. 

The cost comparison between the conventional retrofit with steel braces and the 



 

innovative retrofit with dissipative braces shows that: 
– when the design PGA values are higher than about 0.25 g, seismic isolation permits 

the sphere to remain relatively undamaged at lower costs than conventional designs. 
– when significant damage can be tolerated (R=4.0), in general the least expensive 

retrofit option consists in replacing the 22 existing braces with conventional steel pipe 
braces. 

– However, at the highest earthquake intensity considered (PGA=0.6 g), better 
performance (i.e., no damage) can be obtained using 22 buckling-restrained braces at 
the same cost of conventional pipe braces with a higher level of expected damage 
implicit in their design. 

The cost comparison between conventional and seismically isolated design of a new sphere 
showed that for design PGA values higher than about 0.25 g, seismic isolation permits the 
sphere to remain relatively undamaged at lower costs than for conventional design. 
 
 
8.2. LNG tanks 
 
Based on the work conducted, some conclusions can be proposed concerning tanks with 
normal aspect ratios (i.e. H/R = 1): 

– When the design peak ground accelerations are below about 0.25-0.30 g, a 
non-isolated tank is perfectly adequate and some two million euros cheaper than an 
isolated tank. 

– When the design peak ground accelerations are in the range of 0.25-0.30 g to about 
0.50-0.65 g, a non-isolated tank is still possible but it needs to be anchored, which 
introduces some uncertainties and involves additional costs of difficult quantification. 
Even neglecting the latter, the cost difference between the non-isolated and the 
isolated tank decreases with increasing seismic demands it even disappears beyond 
0.4 g for the isolated 160000 m3 tank on piles. 

– If the design peak ground acceleration exceeds about 0.50 g, a non-isolated design is 
no longer feasible since it becomes impossible to ensure that the inner tank does not 
undergo gross sliding during the earthquake. Thus, in the range of 0.50-0.65 g to 
0.90 g, only seismically isolated tanks can be proposed. 

– When the design peak ground acceleration exceeds 0.90 g even an isolated tank is not 
feasible due to the inevitability of sliding. 

– Irrespective of other circumstances, global uplift of the inner tank (the tank loses any 
contact with the base) is predicted when the design peak ground acceleration attains 
about 1.0 g in the non-isolated and in the isolated case. 
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