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Abstract 

Liquid storage tanks have proven to be efficiently protected by seismic isolation schemes, which 
manage to reduce the distress of the superstructure. However, strong pulse-like ground motions 
generated by near-fault earthquakes can impose excessive displacement demands on the isola-
tors of tanks located in seismic-prone areas. An efficient solution to this problem is the adoption 
of a hybrid system, i.e., elastomeric or friction-based isolators with supplemental passive en-
ergy dissipation devices. The application of multi-objective optimization approaches is suitable 
for such problems that require to include and handle simultaneously several competing objec-
tives, which can be significantly different (i.e., related to time, cost, performance, etc.). In par-
ticular, the combination of single friction pendulum bearings and linear viscous dampers is a 
case that requires the consideration of many design objectives and constraints. Therefore, the 
main aim of this work is to optimize the critical design parameters by achieving a reasonable 
balance among contradicting objectives. The multi-objective genetic algorithm (MOGA) opti-
mizer will be used for the solution of two optimization problems. The results are presented in 
the typical form of two-dimensional, as well as three-dimensional Pareto fronts, while certain 
optimal design solutions are selected and compared in terms of isolators’ fragility curves and 
tank accelerations. 

Keywords: Multi-Objective Optimization, Liquid Storage Tanks, Seismic Isolation, Seismic 
Vulnerability. 
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1 INTRODUCTION 
Large-scale liquid storage tanks constitute very important infrastructure, as they are widely 

used to safely store and deliver the content of hazardous chemicals and liquids (e.g., water, oil, 
liquefied natural gas). However, in previous earthquakes, such as Northridge (1994), Kobe 
(1995), and Chi-Chi (1999), leakages, explosions and tank wall damages have been observed 
in liquid storage tanks. In general, significant socioeconomic losses, as well as severe environ-
mental problems may result from such failures. Consequently, the maintenance of their struc-
tural integrity in severe earthquakes should be ensured via an efficient seismic design and 
efficient protection methods.  

Base-isolation technology has proven to be an efficient approach to reduce the probability 
of failure of liquid storage tanks [1]. Due to the low horizontal and high vertical flexibility of 
the isolators, although the displacements are increased, while the superstructure’s acceleration 
and stresses are notably reduced. However, the displacement demands may be significantly 
increased when the structure is located in near-fault areas. Two possible solutions can be pro-
posed for the solution of this problem: (a) by selecting isolation devices with large displacement 
capacity (leading to an overconservative and expensive design), or (b) by adding dampers (e.g., 
viscous, friction, etc.) at the base-isolation system [2]. Therefore, if the hybrid system is 
properly designed, an improved seismic performance can be achieved using the latter approach. 

Some relevant studies have examined the multi-objective optimization of the seismic re-
sponse of other type of structures and storage tanks isolated by solely isolators or hybrid sys-
tems. Pourzeynali and Zarif [3] applied multi-objective genetic algorithms (MOGA) to 
optimize base-isolated high-rise buildings. In particular, the main parameters of isolators were 
optimized via non-dominated sorting genetic algorithm (NSGA-II) to minimize the superstruc-
ture and isolators’ displacements. Ozbulut et al. [4] also used a MOGA for the learning process 
of an adaptive neural controller. The scope of this work was to study the adaptive control of 
structures isolated by a hybrid system, consisting of laminated rubber bearings and variable 
friction dampers (VFD). 

Fallah and Zamiri [5] implemented NSGA-II multi-objective optimization scheme to inves-
tigate the seismic response of base-isolated buildings. According to the presented results, the 
optimum values of isolator properties contributed to the substantial improvement of superstruc-
ture’s response. In addition, it was reported that the response of the base-isolated system can be 
improved by the addition of viscous dampers. Labaf et al. [6] examined the multi-objective 
optimal design of a hybrid control system that consisted of a base isolation system and a tuned 
mass damper inerter for the seismic protection of liquid storage tanks. It was shown that impul-
sive and convective displacements, as well as base shear force were reduced more than 80% 
due to the optimal design of the hybrid isolation system. 

In the current investigation, two multi-objective optimization approaches are implemented, 
consisting of three and four objective functions respectively, as well as suitable constraint func-
tions and design variables to deal efficiently with the problem at hand. More specifically, the 
constraint functions are related to isolated system’s damping and period, while the design var-
iables are the friction coefficient, the radius of curvature of isolators and the damping coeffi-
cient of supplemental viscous dampers [9]. Both formulations utilize the multi-objective genetic 
algorithm optimizer, while the results are presented in the form of two-dimensional and three-
dimensional Pareto fronts. The main aim is to optimize of critical design parameters of the 
coupled system by achieving a reasonable balance among contradicting objectives in terms of 
performance and cost.  
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2 BASE-ISOLATED LIQUID STORAGE TANKS 

As aforementioned, the application of base-isolation systems in liquid storage tanks has led 
to the efficient reduction of their seismic distress. However, the numerical modeling of the 
dynamic performance of base-isolated storage tanks is a complex and challenging task. More-
over, it requires a substantial computational effort, especially if the coupled system is simulated 
utilizing detailed 3-D numerical models. For this purpose, the surrogate model initially devel-
oped by Bakalis et al. [7] for fixed-base tanks has been used in this work, as relevant studies in 
the literature (e.g., Guler and Alhan [8]) have proven that simplified models can be efficiently 
used for the dynamic analysis of base-isolated tanks. In this study, two tank geometries are 
examined, i.e., a squat tank with slenderness ratio equal to H/R=0.67 and a slender tank with 
H/R=3. Τhe properties and the implementation of the adopted surrogate models are described 
in authors’ recent work [9]. 

 

  
(a)            (b) 

Figure 1: Numerical models with hybrid isolation of (a) the squat and (b) slender tank. 

As shown in Figure 1, the surrogate model of each tank consists of a beam-column element 
that carries the impulsive mass of the tank. It is supported by rigid beam-spokes, which in turn 
are supported by the hybrid isolation system. The combined base-isolation system consists of 
single friction pendulum bearings (SFPB) and linear viscous dampers. This scheme provides 
an effective way to seismically protect buildings of high importance (e.g., museums, hospitals) 
and other infrastructure (e.g., bridges, liquid storage tanks). In general, the main aim of the 
application of supplemental dampers is: (a) to reduce the isolators’ displacement demand, 
which is increased when the structures are located in near-fault areas, (b) to minimize the su-
perstructure accelerations, and (c) to achieve a more cost-efficient design of the isolation system. 

An iterative approach is utilized for the determination of isolation system parameters (e.g., 
effective stiffness, Keff, effective damping, βeff, etc.) for a certain friction coefficient, μ, and 
radius of curvature, R, for 61 and 25 SFPB devices installed at the squat and slender storage 
tank, respectively. For the design of hybrid-isolated storage tanks, the equivalent linear force 
(ELF) procedure is used following the recommendations of Eurocode 8 (Soil A, γi=1.6, 
ag=0.36g). In addition, viscous dampers are placed in parallel with the isolators, i.e., equal num-
ber of isolators and viscous dampers are applied, based on engineering practice (e.g., Lafontaine 
et al. [10]). The damper coefficient, c, for each damper is derived by [11]: 

 𝑛 ∙ 𝑐 ൌ 2 ∙ 𝜁 ∙ 𝜔 ∙ 𝑚 ൌ 2 ∙ 𝜁ට௡∙௞೔ೞ೚೗

௠
∙ 𝑚 ⇒ 𝑐 ൌ

ଶ఍ඥ௡∙௞೔ೞ೚೗∙௠

௡
   (1) 

where n is the number of SFPB isolators, ζ is the percentage of supplemental damping [%], kisol 
is the isolator stiffness [N/m], and m is the liquid mass [kg]. According to Taylor [12], the 
vertical stiffness of the dampers is quite high. 
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3 DYNAMIC ANALYSIS AND EARTHQUAKE SELECTION 
The two storage tanks supported on SFPB isolators and linear viscous dampers are modeled 

utilizing SAP2000 structural analysis software [13]. In addition, the Application Programming 
Interface (API) provided by SAP2000 is combined with MATLAB software [14]. In this man-
ner, all required steps for the dynamic analyses (e.g., surrogate modeling, ground motion scal-
ing, processing of the results, etc.) can be efficiently performed. Table 1 lists the twenty ground 
motions taken from the near-fault database of FEMA/SAC Steel project (https://nisee.berke-
ley.edu/elibrary/files/documents/data/strong_motion/sacsteel/motions/nearfault.html). This set 
is used to test the hybrid isolation system under large-pulse excitations. 

 

No SAC Ref Record Moment 
Magnitude

Distance 
(km) 

PGA 
(g) 

PGV 
(m/s)

#1 NF01 Tabas, 1978 7.4 1.2 0.90 1.13 
#2 NF03 Loma Prieta, 1989, Los 

Gatos 7 3.5 0.72 1.36 

#3 NF05 Loma Prieta, 1989, Lex. 
Dam 7 6.3 0.69 1.54 

#4 NF07 C. Mendocino, 1992, Pe-
trolia 7.1 8.5 0.64 1.41 

#5 NF09 Erzincan, 1992 6.7 2 0.43 0.85 
#6 NF11 Landers, 1992 7.3 1.1 0.71 0.95 
#7 NF13 Northridge, 1994, Rinaldi 6.7 7.5 0.89 1.38 
#8 NF15 Northridge, 1994, Olive 

View 6.7 6.4 0.73 1.01 

#9 NF17 Kobe, 1995 6.9 3.4 1.09 1.68 
#10 NF19 Kobe, 1995, Takatori 6.9 4.3 0.79 1.70 
#11 NF21 Elysian Park 1 7.1 17.5 0.86 1.01 
#12 NF23 Elysian Park 2 7.1 10.7 1.80 3.16 
#13 NF25 Elysian Park 3 7.1 11.2 1.01 1.93 
#14 NF27 Elysian Park 4 7.1 13.2 0.92 2.40 
#15 NF29 Elysian Park 5 7.1 13.7 1.16 3.11 
#16 NF31 Palos Verdes 1 7.1 1.5 0.97 2.71 
#17 NF33 Palos Verdes 2 7.1 1.5 0.97 2.64 
#18 NF35 Palos Verdes 3 7.1 1.5 0.87 2.15 
#19 NF37 Palos Verdes 4 7.1 1.5 0.79 1.71 
#20 NF39 Palos Verdes 5 7.1 1.5 0.92 2.26 

Table 1: List of the imposed near-fault accelerograms. 

Regarding dynamic analysis, the computational efficient Fast-Nonlinear Analysis (FNA) is 
used in the present investigation. According to Sorace and Terenzi [15], FNA is ideal for struc-
tural systems in which the main non-linear response is related to the base-isolation system, 
while the superstructure’s response remains elastic. In addition, the imposed ground motions 
are scaled utilizing the incremental dynamic analysis (IDA) method [16]. Peak ground acceler-
ation is selected for the scaling, as previous studies (e.g., [17]) have considered it as a reliable 
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intensity measure (IM) for liquid storage tanks. Furthermore, the damping is set as 5% for the 
ultimate limit state of the tank [18], while for the impulsive liquid component is equal to 2%. 

In this work, the fragility curves estimation are based on the methodology of fragility func-
tion fitting provided by Baker [19]. They are computed in terms of SFPB maximum displace-
ment limit (i.e., 0.305m) for the Maximum Credible Earthquake (MCE) with 2% probability of 
exceedance in 50 years. SFPB isolators are modeled in SAP2000 program using the “Friction 
isolator” non-linear link element, which is capable of representing the SFPB behavior in a re-
alistic manner. Regarding viscous damper, the “Exponential Maxwell damper” element is used, 
as it is capable of simulating the operation of the supplemental device. Linear viscous damper 
are selected, since the use of non-linear dampers does not affect considerably the results [20]. 

4 MULTI-OBJECTIVE  OPTIMIZATION FORMULATION 
In general, multi-objective optimization approaches can be more suitable than single-objec-

tive formulations, as the majority of real-life problems includes more than one design objectives. 
When considering competitive objective functions, a set of Pareto optimal solutions can be 
derived. Therefore, the selection among these solutions is achieved, by suitable trade-offs 
among the objectives, i.e., proper weight factors can be assigned to each optimization criterion 
and classify some Pareto solutions as more “attractive” to others. Consequently, the selection 
among Pareto results, as well as the use of multi-objective optimization approaches can be sig-
nificantly beneficial in achieving cost-efficient design of hybrid isolation systems [9]. 

In the present investigation the multi-objective genetic algorithm (MOGA) is used, which is 
applied utilizing MATLAB optimization toolbox [14]). More specifically, two multi-objective 
optimization formulations, namely MOGA1 and MOGA2, are presented for the determination 
of the optimum parameters of the hybrid-isolation system. MOGA1 and MOGA2 include three 
and four objective functions respectively, since in MOGA2 the SFPB cost function is added in 
the formulation of MOGA1. The initial setup parameters of MOGA are presented in Table 2. 
The results are related to friction coefficient, radius of curvature, and damping coefficient for 
the two tanks. Regarding the design variables for SFPB isolators, the friction coefficient ranges 
from 0.01 to 0.12, and the radius of curvature ranges from 0.2032m to 6.0452m. Furthermore, 
following the recommendations of Providakis [11], the supplemental viscous damping ranges 
from 5% to 30%. 

 
Parameter Selected Value / Function 

Population size 200
Creation function Constraint dependent 
Mutation function Constraint dependent 

Selection Tournament 
Crossover fraction 0.8

Maximum generations 2000 
Table 2: Setup parameters of MOGA. 

Regarding the objective functions, the first is related to damping. In particular, the integra-
tion of Equation (2) (isolator effective stiffness, Keff [N/m]) with Equation (3) (damping coeffi-
cient, cVD [Ns/m]):  

 
𝐾௘௙௙ ൌ

ௐ

ோ
൅ 𝜇 ∙

ௐ

஽
      (2) 

 
𝑐௏஽ ൌ 2 ∙ 𝜉 ∙ ඥ𝐾௘௙௙ ∙ 𝑚     (3) 
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leads to Equation (4) that describes the first objective function to be maximized [11]: 
 

𝑐௏஽ ൌ 2 ∙ 𝜉 ∙ ටቀ
ௐ

ோ
൅ 𝜇 ∙

ௐ

஽
ቁ ∙ 𝑚     (4) 

 
where ξ is the supplemental viscous damping [%], W denotes the weight of the tank [N], μ is 
the friction coefficient, D refers to the maximum bearing displacement [m], R denotes the radius 
of curvature [m] and, m is the tank-liquid mass [kg]. 

In addition, the minimization of accelerations, a [m/s2], transmitted to the superstructure sets 
the second objective function [21]: 

 
𝑎 ൌ ቀ

஽

ோ
൅ 𝜇ቁ ∙ 𝑔      (5) 

 
where g is the gravity of the Earth [m/s2]. The minimization of maximum velocities developed 
at the SFPB devices, vmax [m/s] is the aim of the third objective function [22]: 

𝑣௠௔௫ ൌ
஽

ඨ
భ

೒∙ቀ
భ
ೃశ

ഋ
ವቁ

      (6) 

 
which is derived by combining Equations (7) and (8): 

 
𝑣௠௔௫ ൌ

ଶ∙గ∙஽

்ೄಷುಳ
       (7) 

𝑇ௌி௉஻ ൌ 2 ∙ 𝜋 ∙ ට
ଵ

௚∙ቀ
భ
ೃ

ା
ഋ
ವቁ

     (8) 

 
 

where TSFPB represents the isolation period of SFPB isolators. 
Lastly, the cost of SFPB isolators constitutes the fourth objective function, which is included 

only in the case of MOGA2 formulation [23]: 
 

𝑐 ൌ exp൫𝑎ሺ𝑅ሻ ∙ ሺ𝐷 െ 100ሻ൯     (9) 
 

where, a(R)=0.0002∙R2-0.0014∙R+0.0056. The aim of this criterion is to examine the impact of 
the incorporation of the significant parameter of isolators cost in the multi-objective optimiza-
tion formulation. 
 
Constraint 1. The isolators damping, βeff, refers to the first constraint. In addition, damping 
should be within certain limits following the recommendations of seismic provisions [24]: 
 

𝛽௘௙௙ ൌ
ଶ∙ఓ

గ∙஽ವାఓ
  and 0.2 ൑ 𝛽௘௙௙ ൑ 0.3        (10) 

 

where DD is the isolator design displacement, (equal to 0.1m), based on Eurocode 8 guidelines 
[25]. By analyzing the lower and the upper bounds in Equation (10), the following two con-
straints are derived: 

𝛽௘௙௙ ൑ 0.3   ⇒    
ଶ∙ఓ

గ∙ቀ
ವವ

ೃ
ାఓቁ

൑ 0.3  ⇒     𝜇 െ
଴.ଷ∙గ∙஽ವ

ோ∙ሺଶି଴.ଷ∙గሻ
൑ 0   (11) 
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𝛽௘௙௙ ൒ 0.2  ⇒    
ଶ∙ఓ

గ∙ቀ
ವವ

ೃ
ାఓቁ

൒ 0.2    ⇒     ଴.ଶ∙గ∙஽ವ

ோ∙ሺଶି଴.ଶ∙గሻ
െ 𝜇 ൑ 0   (12) 

 
Constraint 2. The period of the isolated superstructure is the second constraint of the optimi-
zation formulation:  
 

𝑇௜௦௢ ൌ 2 ∙ 𝜋ට
ଵ

௚∙ቀ
భ
ೃ

ା
ഋ
ವቁ

  and 2 𝑠 ൑ 𝑇௜௦௢ ൑ 3 𝑠    (13) 

 
which as previously is transformed into two constraints: 
 

𝑇௜௦௢ ൒ 2 𝑠 ⇒ 𝜇 ൅ 𝐷 ∙ ቀ
ଵ

ோ
െ

గమ

௚
ቁ ൑ 0 (14) 

𝑇௜௦௢ ൑ 3 𝑠 ⇒ 𝐷 ∙ ቀ
ଵ

଴.ଶଶ଼∙௚
െ

ଵ

ோ
ቁ െ 𝜇 ൑ 0 (15) 

 
Constraint 3. Lastly, the third constraints is related to the re-centering capability of SFPB iso-
lators [26]: 

𝜇 െ
஽

ோ
൑ 0      (16) 

5 RESULTS 

5.1 MOGA1 Optimization results 
In this section, the results of MOGA1 approach are briefly presented. In particular, the 3D 

Pareto front results are depicted in Figure 2. In addition, four optimum design (OD) levels (OD1, 
OD2, OD3, OD4) are selected to investigate the impact of the optimized hybrid isolation ap-
proach on the seismic response of squat and slender tanks. More specifically, OD1 and OD3 
focus on optimizing the criterion related to acceleration and damping, respectively. Furthermore, 
OD2 and OD4 refer to two more balanced optimal solutions. Figure 2 highlights more clearly 
the differences among the selected OD solutions, while Table 3 presents the design variable 
values as well as the three objective functions MOGA1. Notable variations can be observed 
among the Pareto results of both tanks, which affect the isolation and superstructure perfor-
mance. 

 
 μ R [m] ξ [%] cVD [kNs/m] vmax [m/s] a [m/s2] 

Squat 
tank 

OD1 0.037 2.72 11 167.61 0.14 1.46 
OD2 0.041 1.75 16.5 280.12 0.12 2.11 
OD3 0.047 1.31 30 566.67 0.1 2.75 
OD4 0.044 2.28 25 408.62 0.13 1.75 

Slender 
tank 

OD1 0.038 2.78 9 110.62 0.14 1.45 
OD2 0.05 1.89 12 170.30 0.12 2.07 
OD3 0.046 1.22 28 431.87 0.1 2.9 
OD4 0.040 1.60 26 361.06 0.11 2.26 

Table 3: Optimization results of MOGA1 selected solutions. 

Regarding fragility curves, Figure 3 presents the results for each tank in terms of isolators’ 
displacement capacity. More specifically, the highest probabilities of exceedance for squat and 
slender tanks are presented by OD1 design, while slightly better results are produced by OD2. 
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It can be noticed that the best fragility results of the optimized hybrid schemes are derived for 
the OD3 design. In particular, the probabilities of exceedance – especially for PGA from 0.4g 
to approximately 1g – are significantly lower compared to the other two approaches for both 
tank slenderness ratios. In addition, quite different fragility results are obtained for OD4, as the 
probability of exceedance is higher for PGA from 0 to 0.3g, while fragility results become 
progressively better than OD1, OD2 and OD3 for high PGA levels. 

 

 
 

     
 
 
 
 
 
 

(a) 

 
 

   

(b) 

Figure 2: MOGA1 three- and two-dimensional representation of Pareto front results for: (a) the squat and (b) the 
slender tank. 
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(a)                                                                                (b) 

Figure 3: Fragility curves derived from MOGA1 designs for: (a) the squat and (b) the slender tank. 

Figure 3 also illustrates the fragility curves of conventionally designed hybrid isolated stor-
age tanks presented in authors’ previous study [27]. The comparison with the results derived 
from optimized configurations reveals that OD3 design presents almost identical fragility 
curves with the case of 30% supplemental damping for both tank slenderness ratios. This find-
ing validates the main goal of OD3 design, which prioritizes damping maximization as close to 
the upper bound (i.e., 30%) as possible. Regarding slender tank (Figure 3b) the 20% curve is 
almost identical to OD3 and 30% curves. In addition, similar results are observed for 5%, 10% 
and OD2, which forms a group of two sets of results.  

 

 
(a) 

 
(b) 

Figure 4: Base acceleration values derived from MOGA1 solutions for: (a) the squat and (b) the slender tank. 

The accelerations transmitted to the superstructure are compared in Figure 4. As aforemen-
tioned, accelerations are significantly reduced due to the presence of the base-isolation com-
bined with supplemental dampers. It should be noted that the results presented for all the 
examined optimized, as well as conventional hybrid designs, correspond to the maximum im-
posed values for every excitation. Consequently, it is shown that the frequency content of each 
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near-fault excitation, has significant impact on tank base accelerations depending also on the 
selected Pareto solution. In particular, OD1 design presents the lowest acceleration values, 
while slightly higher accelerations are exhibited in the case of OD2. Moreover, OD3 presents 
notably higher values for certain accelerograms. High acceleration results are obtained for OD4 
solution for both squat and slender tanks, especially for accelerogram #8 (i.e., NF15 – 
Northridge record). When compared to conventional supplemental viscous damping designs, 
OD3 results present similar values with conventional design results with 30% supplemental 
damping. On the other hand, OD1 results are identical to 5% supplemental damping (i.e., the 
lowest level) for both tank slenderness ratios.  

5.2 MOGA2 Optimization results 
As aforementioned, four objective functions are included in the proposed MOGA2 approach. 

More specifically, in addition to the three objective functions of MOGA1, the cost function is 
added to enhance the cost-effectiveness of the multi-objective formulation. Table 4 and Figure 
5 present the Pareto front results divided into three zones (low, medium, upper) for a better 
representation of the solutions of such complex multi-objective implementation. As previously, 
several solutions are selected and compared in terms of fragility curves and superstructure ac-
celerations. More specifically, three optimized solutions are selected for the low (LL, LM, and 
LR) and medium (ML, MM, and MR) zone, and two for the upper zone (HL and HR).  

 
 Optimized Level μ R [m] ξ [%] cVD [kNs/m] 

Squat 
tank 

LL 0.027 2.52 12 171.42 
LM 0.028 1.98 23.9 362.91 
LR 0.042 1.66 29.6 512.33 
ML 0.045 2.27 7.2 118.69 
MM 0.051 1.90 22.3 394.83 
MR 0.056 1.39 26.3 512.90 
HL 0.065 1.48 20.2 219.98 
HR 0.064 1.45 11 404.61 

Slender 
tank 

LL 0.025 2.76 11 122.50 
LM 0.036 2.04 24.6 313.26 
LR 0.036 1.61 30 406.03 
ML 0.044 2.12 19 253.57 
MM 0.052 1.73 25 365.71 
MR 0.044 1.29 23 345.73 
HL 0.056 1.22 30 387.98 
HR 0.061 1.35 24 485.19 
Table 4: Optimization results of MOGA2 selected solutions. 

Figure 6 depicts the fragility curves of the selected MOGA2 designs, in which significant 
differences are observed depending on tank slenderness ratio and the selected Pareto solution. 
In particular, the squat tank results present more scattered curves, and the best fragility results 
derive from LR and MR designs (Figure 6a). In contrast, the slender tank fragility curves exhibit 
a quite different behavior for the same designs (Figure 6b). In addition, a comparison between 
two Pareto solutions derived from the two multi-objective optimization approaches are pre-
sented in Figure 7. A similar trend can be observed, as OD3 design produces better fragility 
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results for PGA less than 0.6g and 0.5g for the squat and the slender tank, respectively. On the 
other hand, LR presents slightly better results for higher PGA levels. This is an indication that 
MOGA2 approach is preferable for high seismic intensity levels, as safer and more cost-effi-
cient solutions are derived. Regarding base accelerations, Figure 8 illustrates the obtained re-
sults for the selected MOGA2 designs. Figure 8a refers to squat tank and it can be seen that ML 
and LL designs produce the lowest acceleration results, while LL, ML and LM solutions present 
the lowest values in the case of the slender tank, as presented in Figure 8b.  

 

 
(a) 

 
(b) 

Figure 5: MOGA2 Pareto front results for: (a) the squat and (b) the slender tank. 
 

   

(a)                           (b) 

Figure 6: Fragility curves derived from MOGA1 designs for: (a) the squat and (b) the slender tank. 
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sdsdsdsdsds 

(a)                                 (b) 

Figure 7: MOGA1 and MOGA2 fragility curves comparison for: (a) the squat and (b) the slender tank. 
 

 
(a) 

 
(b) 

Figure 8: Base acceleration values derived from MOGA2 solutions for: (a) the squat and (b) the slender tank. 

6 CONCLUSIONS 
In this work, two novel multi-objective optimization formulations have been presented to 

improve the seismic performance of hybrid-isolated liquid storage tanks. The examined squat 
and slender tanks have been equipped with SFPB isolators in combination with supplemental 
linear viscous dampers. The isolation system is optimized in an efficient multi-criteria manner. 
More specifically, the MOGA1 optimization formulation consists of three objective functions, 
while MOGA2 included an additional objective function related to SFPB cost. The design var-
iables for both approaches are related to the friction coefficient, radius of curvature and the 
percentage of supplemental damping. In addition, the isolators effective period and damping, 
combined with the re-centering capability of friction devices are adopted as constraint functions.  

An efficient multi-objective genetic algorithm (MOGA) optimizer has been applied to per-
form optimization calculations for both formulations. The results have been presented in terms 
of isolators fragility curves and accelerations transmitted to the superstructure for both tank 

143



Alexandros Tsipianitis & Yiannis Tsompanakis 
 
slenderness ratios. Moreover, comparisons have been made with conventionally designed hy-
brid systems (i.e., without performing any optimization). The following conclusions can be 
derived from the present investigation: 

 MOGA constitutes an efficient optimization method for complex real-life problems, 
such as base-isolated liquid storage tanks with supplemental damping. 

 Regarding MOGA1 approach, the best fragility results derived from OD3 design, while 
OD1 produced the lowest base accelerations. OD2 design is selected as the most effi-
cient approach due to the optimal balance between fragility results and the transmitted 
base accelerations. 

 Regarding MOGA2 approach the best fragility results have been derived from the HR 
design, while LL presented the lowest accelerations transmitted to the superstructure. 
However, the most efficient approach considering the best fragility curves and the lower 
base accelerations is the LM design.  

 The comparison of the proposed MOGA1 and MOGA2 optimization approaches has 
shown that MOGA2 is slightly superior to MOGA1 for high seismic intensity levels 
(i.e., greater than 0.5g) and vice versa. 
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