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Abstract: This paper presents the experimental and numerical validation of a Vertical-Rocking Isolation (VRI) 

system. The system uses vertically flexible and laterally rigid isolation devices to enable rocking motion 

isolation of a liquid storage tank. The evaluation involves 1-D shaking table tests conducted on a full-scale 

3000-liter legged tank. The isolation system has four ISO3D-2G devices placed on each leg of the tank, and 

uses high-damping natural rubber in compression for restoring forces and energy dissipation. The tests employ 

17 ground motion inputs for system validation. Measured variables include lateral acceleration and 

displacement of the tank, as well as vertical and rotational motions of the isolation interface. For motions with 

Peak Ground Acceleration (PGA) values between 0.3 and 0.8 g, the maximum displacement at the top of the 

tank remains below 13 cm (4% of total height), with total accelerations close to 0.3 g without any observable 

damage. Also, a simplified lumped-mass model is used for the numerical representation of the system, and is 

used to predict mean maximum values with errors smaller than 10% and 21% for displacements and 

accelerations, respectively. These results demonstrate that the behavior of vertical-rocking isolated structures 

can be reasonably predicted using a simplified model, suggesting the possibility of developing simple design 

guidelines and equations for the VRI system even in the presence of liquids. 

1. Introduction 

Seismic isolation is a widely applied method for protecting structures against earthquakes (Wada et al., 2008; 

Makris, 2019; Ramirez et al., 2020; Zhang and Zhou, 2023). The traditional way to achieve it is by placing a 

horizontally flexible interface below the structure to decouple it from the ground. This elongates the 

fundamental period of the structure to values where lower spectral accelerations are expected. The most 

common ways to materialize this behavior are using elastomeric bearings, sliding plates, roller or ball bearings, 

sleeved piles, cable suspension systems, air cushions, and coil springs (Buckle and Mayes, 1990). Three-

dimensional seismic isolation concepts that would protect from vertical ground excitations have also been 

explored. This is generally achieved by including an additional device to provide the vertical isolation, which is 

placed in series to the one that provides the horizontal isolation. Some examples are the use of Frictional 

Pendulum or laminated rubber bearings supported on different vertically flexible systems, or on vertical helical 

springs in viscous fluid (Makris and Constantinou, 1992). 

Including this additional vertical flexibility creates an additional vertical-rocking mode that is generally 

suppressed, given that it is a not desired mode when protecting buildings. However, some individual critical 
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components from industrial facilities and essential services that have shown a poor performance on 

earthquakes (McKevitt, Timler and Lo, 1995) may allow this flexible rocking mode and this can be an effective 

mechanism to better fit the specific requirements of lighter structures and equipment of industrial facilities cost-

efficiently. Such rocking systems have been used to protect slender electrical substation equipment where 

because of their shape, horizontal base isolation is not the most effective way of protection. Wire ropes devices 

(Alessandri et al., 2015) and friction spring dampers (Riley et al., 2006) are typically used for this purpose; 

however, they are anchored to the structure and the ground and when they dynamically reach their maximum 

displacement in tension, they get locked and transmit impact forces to the structure, which may lead to 

significant damage and even collapse. This vertical restraining is used due to an inherent fear of collapse by 

overturning; however, it is well known that restraining this behavior leads to an increase in the internal forces 

on the elements, which are also transmitted to the foundations. Notwithstanding this, when possible (i.e., when 

the slenderness of the structure allows it), it is recommended to allow uplift since it works as a mechanical fuse 

and limits the design forces on the superstructure (Housner, 1963; Kelly, 2008; Reggiani Manzo and Vassiliou, 

2019; Wang and Ishihara, 2020; Elmorsy and Vassiliou, 2023). 

Legged thin-walled liquid storage tanks are interesting candidate structures to protect with a rocking isolation 

system. The main reason is that their liquid content does not fully contribute to the system’s rotational inertia, 

which is beneficial for rocking motions in terms of reducing the base shear (Makris, 2014). Storage tanks have 

shown a deficient seismic performance during recent earthquakes, generating significant economic losses 

worldwide (Rosewitz and Kahanek, 2014; Daniell and Schäfer, 2018; Moreno et al., 2023; Tapia et al., 2023). 

Thus, it is interesting to apply a VRI system with the possibility of uplifting to these types of structures, which, 

besides reducing the lateral demand, also helps in isolating from the vertical component of the earthquake 

(Almazan and Reyes, 2021).  

This research aims to experimentally evaluate the dynamic performance of a Vertical-Rocking Isolation (VRI) 

system with uplift allowed on a 3,000-liter legged storage tank, and to validate a numerical model to represent 

the whole system's behavior. The isolation system comprises four ISO3D-2G devices, which use unbonded 

rubber to provide restoring and dissipative forces. The whole device can only take compression. However, a 

compressive deformation of the device causes part of the rubber (i.e. the central annular rubber) to be in 

compression and part of the rubber (i.e. the rubber bands) to be in tension. This system is expected to be a 

relatively low-cost solution due to the unbounded condition of the rubber (no vulcanization or bonding process 

is needed) and the absence of anchors to the foundation. The tests were conducted on a 1-D shaking table at 

the Structural Engineering Laboratory of Pontificia Universidad Católica de Chile.  

This paper starts by briefly presenting the fundamental aspects of a vertical rocking isolation system with its 

theoretical background. Then, the complete experimental campaign is described, followed by a section with 

the system identification of the structure performed with the white noise inputs. A simplified rigid-body model 

is developed to represent the behavior of the tank and isolators. Finally, the results and observations of the 

tests are presented, as well as the performance of the numerical model to estimate the measured peak 

responses. 

2. Description of the Vertical-Rocking Isolation System 

In a VRI system, the desired flexible degrees of freedom at the isolation interface are two: rotation and vertical 

translation (Reyes and Almazán, 2019, 2020; Reyes et al., 2020; Reyes et al., 2022). Lateral translation and 

torsional rotation at the isolation interface are restricted, and the isolation effects should be generated entirely 

by the rotation at the base of the structure. In addition, for large seismic demand, the system allows for the 

uplifting of the isolation interface to limit the design forces transmitted to the structure . Allowing for the uplifting 

of the isolation interface also enables easy equipment relocation inside the facility (there is no need to anchor 

the structure to the floor), and the forces transmitted to the foundations are reduced, thus lowering their 

dimension and cost.  

Figure 1 a shows a planar block isolated with a pair of Vertical-Rocking Isolators (VRIs), which is assumed to 

be linear and have a stiffness k. Figure 1b and Figure 1c present the two vibration modes, assuming small 

rotations and no uplift. In the rocking mode, an Instantaneous Center of Rotation (ICR) can be identified, and 

the system's kinematics can be defined by rotations about this point when the structure is considered a rigid  
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Figure 1. : (a) The VRI system, (b) flexible first rocking mode, (c) less flexible vertical mode. (Note: The 

springs cannot take tension. Therefore Mode 1 and Mode 2 correspond to decompression of the springs; not 

tension. Their initial compression is caused by the weight). 

body. For linear analyses, during a rocking motion (i.e., Figure 1b) the ICR remains at the same distance from 

the two springs (since the stiffnesses of both springs are equal and constant). The corresponding eigen-periods 

T1 and T2 of the rocking mode and vertical mode, respectively, are:  
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where Io is the rotational inertia of the block with respect to its Center of Mass (CM), m is the mass of the block, 

h is the height of the CM with respect to the rocking axis, g is the vertical acceleration of gravity, b is the half 

base of the block, and k is the vertical stiffness of the linear springs. In linear analyses, the horizontal ground 

motion only excites the first mode. Nonlinear behavior comes from uplift or nonlinear force-deformation 

relationship of the VRIs, and results in a more complex behavior with a coupling of modes and a variable 

position of the ICR given the variable tangent stiffness of the nonlinear devices (i.e., a variable value of b). 

3. Description of the experimental program 

The tested structure corresponds to a typical 3,000-liter storage tank supported on 4 ISO3D-2G devices, 

welded to the four legs of the tank. The tank was placed on a 1-D shaking table installed at the Laboratory of 

the Department of Structural and Geotechnical Engineering of the Pontificia Universidad Católica de Chile. 

Therefore, the behavior under 3D excitation is not studied in this work. For the 4 tons payload, the maximum 

velocity and acceleration of the table is 200 mm/s and 0.5g, respectively; the maximum stroke is ± 500 mm.  

A 2 mm neoprene sheet was placed below the devices to increase friction with the table and avoid sliding. The 

liquid used in the tests was water (similar density to wine), and a baffle was placed in the neck to minimize 

sloshing. This small free-surface condition is also consistent with practice in the winemaking process (i.e., 

tanks fully filled with wine). The total mass of the steel tank (without water inside) is mtank=250 kg, and its CM 

is at the height of 1,573 mm with respect to the rotation point of the devices. 

Figure 2 presents images of the setup, the dimensions, and the instrumentation considered: (i) three linear 

variable differential transformers (LVDTs) to measure the absolute lateral displacement at the isolation level 

(Dlegs), close to the midheight (Dmiddle), and at the top of the structure (Dtop); (ii) an LVDT to measure the absolute 

lateral displacement of the table; (iii) four LVDTs to measure the vertical displacement at the top of the devices 

with respect to the shaking table, (iv) two LVDTs to measure the vertical uplift from the table of two diagonally 

opposite devices; and (v) three piezoelectric accelerometers measuring the horizontal acceleration of the tank 

at a different height and the horizontal acceleration of the shaking table (all the accelerometers were set up in 

the direction of the applied motion). All sampling frequencies were set to 200 Hz for the seismic inputs. 
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Figure 2. Experimental setup for the tests: (a) general view of the tank on the shaking table, (b) supporting 

devices, (c) close up to an ISO3D-2G device, and (d) instrumentation and dimensions (in mm) of the test 

setup. 

The structure was first excited with three White-noise (W-N) records scaled to three different intensities for 

system identification, and after 45 days, it was subjected to 17 consecutive earthquake excitations (within a 

time frame of about 8 hours). To keep the manuscript concise, only the results from the earthquake excitations 

are presented and analyzed herein. System identification results can be found elsewhere (Reyes et al., 2022). 

Both artificial and natural excitations recorded from the 2010 Mw 8.8 Maule Earthquake were used. These 

records were also used elsewhere (Colombo and Almazán, 2017). The target spectrum of the artificial records 

corresponded to the Chilean code spectrum for seismically isolated structures for 5% damping, soil type I, and 

seismic zone III. Additionally, one of the records corresponded to a harmonic sinusoidal input with a frequency 

of 1Hz. 

Table 1 presents all input records with their respective identifier number, names, scaling, and measured peak 

acceleration, velocity, and displacement. All acceleration records that were used as input for the table were 

filtered using a low-pass (LP) filter with a cut-off frequency of 40 Hz, and a high-pass (HP) filter with a cut-off 

frequency of 0.1 Hz. The controller integrates this acceleration signal to produce a displacement signal which 

afterward passes through a HP filter with a cut-off frequency of 0.2 Hz. Since the tested structure was full-

scale, no time scaling was necessary. More information about the test and ground motions can be found in 

(Reyes et al., 2022). 

 

Table 1. Ground motion information (as reproduced by the shake table). 

 

# ID Record name Scaling PGA [g] PGV [mm/s] PGD [mm] 

1 Talca 50% 0.287 202 39.2 
2 Talca 75% 0.435 307 59.9 
3 Talca 100% 0.589 408 77.4 
4 Talca 120% 0.783 464 84.1 
5 Harmonic (1 Hz) 65% 0.307 191 25.2 
6 Curicó 75% 0.303 125 24.7 
7 Curicó 100% 0.419 152 31.9 
8 Curicó 120% 0.527 182 36.5 
9 Synthetic A 75% 0.431 186 31.3 
10 Synthetic A 100% 0.499 260 42.5 
11 Synthetic A 120% 0.566 314 51.9 
12 Synthetic B 75% 0.431 187 32.6 
13 Synthetic B 100% 0.526 241 43.6 
14 Synthetic B 120% 0.560 283 52.0 
15 Synthetic C 75% 0.454 204 29.7 
16 Synthetic C 100% 0.488 276 39.7 
17 Synthetic C 120% 0.591 307 47.8 
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4. Simplified modeling of the VRI system 

1.1. Equations of motion 

Figure 3 shows a simplified 3 degree-of-freedom (DOF) representation of the system. Other studies have used 

similar approaches for seismically isolated structures (Olivares, de la Llera and Poulos, 2020). The simplified 

model assumes that the superstructure behaves as a rigid body and can be modeled as a lumped inertial mass 

mi, with a given rotational inertia Ii, at a representative height hi, for each global direction i=x, y, z. The 

equivalent properties of the system (i.e., seismic mass, rotational inertia, and height) in each principal direction 

can differ given they need to be chosen according to the sloshing dynamic theory. This is explained in detail 

in a separate subsection. Thus, the equation that governs the motion of the structure, assuming linear 

kinematics, can be expressed as a 6 DOF system as follows (Reyes and Almazán, 2020): 
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where q(t) is the vector of the six DOF located below the equivalent mass at the isolation interface (as shown 

in Figure 3a); matrices M and Kgeo are the mass and geometric stiffness, respectively; W is the self-weight 

vector and g the acceleration of gravity. Mi, hi, and Ii are the mass, height, and rotational inertia of the equivalent  
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Figure 3. (a)Tank supported on four ISO3D-2G devices and simplified lumped-mass model, (b) ISO3D-2G 

device with the three DOF considered in the modeling, and the schematic contribution of the compressive 

annular rubber and tensile rubber bands to the vertical force-deformation relationship. 

lumped mass in a given direction i=x, y, z, respectively. FNL(t) is the vector that contains the local nonlinear 

forces of the n devices involved in the system, and L is a kinematic transformation matrix from local forces to 

global coordinates. ( )tgU  is the ground acceleration vector where rotational accelerations are neglected, and 

S is the matrix that relates each component of the ground motion with the specific excited DOFs. All these 

expressions were obtained by formulating the Euler-Lagrange equations. Notice that the geometric stiffness 

matrix involves only first-order P-delta effects due to the constant acceleration of gravity g and the additional 

vertical acceleration of the ground since the restoring forces are provided only by the nonlinear term LTFNL(t).  

1.2. Equivalent properties of the system’s center of mass 

The tank (i.e., steel part) can be considered a rigid body with its respective mass and inertia; however, the 

liquid inside is modeled with equivalent properties that are defined accordingly for the liquid sloshing dynamics 

theory (Raouf, 2005). Thus, the mass needs to be defined according to an impulsive and convective mass. In 

the literature, there are widely-accepted tabulated values for the impulsive and convective parameters based 

on the aspect ratio H/r of a flat cylindrical tank of radius r and filled with water up to a height H subject to lateral 

acceleration. Given that the water in the tank has a minimal free surface, its behavior is governed by the 

impulsive mass (Malhotra, Wenk and Wieland, 2000). Recent experimental studies (Moosapoor, Yousefi and 

Goudarzi, 2019; Goudarzi, Moosapoor and Nikoomanesh, 2020) have validated this statement for cylindrical 

tanks with an aspect ratio similar to the one used in this study. Nevertheless, it should be noted that some of 

the assumptions made by Malhotra, Wenk and Wieland (2000) deviate from the experimental conditions of the 

tests: i) the tank has legs, ii) rocking motions are involved, iii) convective modes are suppressed, and iv) the 

radius of the free surface is considerably smaller than the main body. Despite these deviations, structural 

identifications in the tank (Reyes et al., 2022) have shown that the water mass moving together with the tank 

(i.e. “impulsive mass”) is roughly equal to the mass predicted with simplified tabulated values (Malhotra, Wenk 

and Wieland, 2000). Thus, the method of Malhotra, Wenk and Wieland (2000) will be used to determine the 

part of the mass that is moving together with the tank as well as the height that this should be attached.  

 

Table 2 presents the summarized equivalent properties of the model. These properties were obtained 

considering an equivalent cylindrical tank of equivalent volume. Notice that the equivalent height in both 

principal directions is the same due to the radial symmetry of the tank. The height hz for computing vertical 

reaction forces and the geometric P-delta effects is considered at half of the equivalent cylinder height. The 

total mass of the water (i.e., mwater=3,000kg) is considered in the vertical z-direction. 

To compute the Rotational Inertia (RI) of the system around its center of mass, one would need to consider 

that the water neither rotates with the container as a rigid body nor it stays still. Thus, only a portion of this 

mass rotates. The accurate solution to this FSI problem is beyond the scope of this work. Therefore, the 

approximate equations given in (Partom, 1985; Raouf, 2005) are used for this specific geometry and yield an 

RI equal to 18% of solid volume RI. More information about the equivalent properties and how they were 

obtained can be found in (Reyes et al., 2022). 
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Table 2. Summary of equivalent properties of the model. 

 

Parameter expression Value   Parameter expression Value 

waterm  3,000 kg   
z water tankm m m= +  3,250 kg 

tankm  250 kg 
  0.77

0.77

water water tank tank

x y

water tank

h m h m
h h

m m

+
= =

+
 1.804 m 

hwater 1.829 m 
  

water water tank tank

z

water tank

h m h m
h

m m

+
=

+
 1.816 m 

htank 1.573 m         liquid tank liquid tank

x y x x y yI I I I I I= = + = +  373.6 kg-m2 

0.77x y water tankm m m m= =  +  2,560 kg    0.05  liquid tank

z z zI I I= +  203.3 kg-m 

 

1.3. Modeling the isolation device 

The ISO3D-2G (Reyes and Almazán, 2020) device was used as an isolation device (see Figure 3b); however, 

any device that complies with the kinematic requirements of being vertically flexible and laterally rigid can be 

used with the VRI system. The ISO3D-2G device comprises an assembly of steel pieces and two types of 

high-damping rubber bearings: i) a central annular rubber that is deformed in compression, and ii) several 

rubber bands that are deformed in tension. The steel components create a kinematic mechanism that amplifies 

the deformation of the tensile rubber bands (Auad and Almazán, 2017). The vertical deformation of the device 

directly compresses the annular rubber, while it stretches the rubber bands in tension. The device can be 

modeled as a three DOF element: i) a vertical DOF associated only with compression forces Fz (the device is 

freely allowed to uplift), and ii) two coupled horizontal orthogonal DOFs associated with the lateral forces Fx 

and Fy. The device can be considered hinged at the top, since the moments transmitted by its rotation can be 

neglected. 

The vertical behavior (Fz) is modeled with the Hyperelastic Bouc-Wen (HBW) model proposed by Reyes & 

Almazán (Reyes and Almazán, 2020; Reyes et al., 2022). Since the compression and tensile rubber in the 

device has different kinematic contributions and deformation mechanisms, they were modeled separately. 

Figure 4 presents a manual fitting (choosing the parameters by visual inspection) of the model to each rubber 

contribution. This fitting was chosen to match medium and large deformation cycles; consequently, small 

deformation cycles are not well represented. The model can represent small and large deformation cycles 

simultaneously, but it would require a more sophisticated scheme for obtaining the material model parameters, 

such as stochastic optimization methods that achieve a good performance with complex hysteretic models 

with several parameters (Reyes et al., 2022; Reyes et al., 2023; Reyes, Katsamakas and Vassiliou, 2023). 

The horizontal Fx and Fy behavior is modeled with the nonlinear biaxial hysteretic model proposed by Park et 

al. (Park, Wen and Ang, 1986). This model was chosen to consider the simply supported condition of the 

device and the potential sliding between the devices and the ground. In this model the horizontal X and Y 

forces are coupled and given by Fi=Fz(u,Z)μZi (with i=x,y). Fz(u,Z) corresponds to the axial load of the device, 

μ is the friction coefficient between the surfaces in contact (μ=0.3 is adopted for the model), and Zi is the 

internal state variable. The detailed equations of the HBW model and the parameters considered can be found 

in previous studies (Reyes and Almazán, 2020; Reyes et al., 2022). 
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Figure 4. Numerical model calibration of the device. 

5. Experimental and numerical results 

After the 17 ground motions were applied, there was no visible damage in the tank or isolation devices. No 

sliding was observed, suggesting that the 2mm rubber pads that were placed under the isolation devices were 

enough to provide the necessary friction. In most of the ground motions, no significant uplift was recorded. 

However, ground motions #5, #11, and #17 did induce uplift, which remained smaller than 3mm in all cases 

and did not cause a noticeable increase of accelerations in the system due to drop-back impact. 

Since there was not enough creep time for the devices under the weight of the tank, the excitations did cause 

a cumulative settlement of the tank. Figure 5a presents the accumulated vertical deformation on the devices 

after each test, including the initial filling and final water emptying. Note that the devices did not deform 

uniformly when filling the tank with water. This may be due to: a) the variability of the rubber mechanical 

properties in each device, and b) the induced mass eccentricity by the sloped bottom of the tank. The former 

seems to cause a small leaning of the tank toward devices 4 and 3, while the latter displaced the resultant 

vertical force almost 20 mm toward devices 1 and 4 (see plan layout on Figure 2), causing an additional smaller 

leaning towards this direction. This resulted in Device 4 being compressed approximately 5 mm more than 

Devices 1 and 2.  

Figure 5b shows the time history of the measured vertical deformation on devices 1 and 3 subjected to the 

records #1 Talca-50% and #12 Synthetic-75%, with the latter having 50% larger PGA than the former. There 

is an accumulation of residual vertical deformation at the initial tests, stopping after test #6. For instance, the 

abrupt settlement in the intense part of record #1 (i.e., around the 25th second of the record) suggests that the 

vertical creep may be accelerated by large amplitude deformation cycles. This uneven settlement did not 

impact the system performance but caused a non-aesthetic leaning that may be relevant for possible 

stakeholders (e.g., wineries). 

Figure 6 presents six outputs of interest obtained from the shaking table tests and numerical simulations for 

two of the records, selected due to the observed low and large displacement demand in each: #1 Talca-50% 

and #17 Synthetic-120%, respectively. The six outputs correspond to the measured (filtered) lateral 

accelerations (Abottom, Atop), relative lateral displacements (Dmiddle, Dtop), vertical deformation on device 1 (Ddevice 

1), and rotation of the isolation interface (θbase). For both records, a close-up is presented around the time 

instant when the maximum deformation occurred. In general, the displacement histories measured at the top 

and middle of the tank were in phase and proportional to the base rotation. This validates the rotation as a 

rigid body of the system. In terms of model prediction, It can be seen that the numerical model performs 

relatively better for a more intense record than for a weak one. This trend was observed in all records, and it 

is consistent with the chosen calibration of the model of the devices shown in Figure 4. Additionally, the model 

was able to capture well the low-frequency rocking mode and the high-frequency modes that source from the 

high (albeit not infinite) horizontal stiffness of the tank-leg / isolation-device assembly. Neglecting the 

convective mode of the tank seems to have no considerable negative effects on the performance of the model, 

further validating the used modeling approach for filled-to-the-top tanks of the considered aspect ratio. 

However, further studies are needed to extrapolate these conclusions and validate the proposed approach for 

tanks of different aspect ratios and shapes. 

Figure 7 presents the relative errors obtained by the prediction of the observed peak responses in the records, 

together with their mean values. It arranges this data in scatterplots as a function of two intensity measures: 

PGA and peak ground velocity (PGV). In general, the error and the variability of the predictions are lower for 

more intense ground motions, irrespective of whether PGA or PGV are chosen as an intensity measure. There 

is no clear advantage in considering PGA or PGV as intensity measures. The error in predicting displacement 

was less than 30% in all but one cases. The error in predicting accelerations was in general less than 40%. 

These error values are comparable to other studies of isolation systems (Demetriades, Constantinou and 

Reinhorn, 1992) that did not include Fluid Structure Interaction. Moreover, in terms of average error, the 

displacements were predicted with a mean error of -1.2% and 7% for the displacements at the middle and the 

top of the tank, respectively. Total accelerations were underestimated with mean errors of -10.5% and -21.2% 

for the acceleration at the bottom and top of the mantle, respectively. This underestimation may be a 

consequence of neglecting higher modes resulting from the deformability of the structure since the errors 

obtained in the predicted acceleration in the top (Atop) were generally larger than those predicted in the middle 
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(Amid). This also can be observed in Figure 6, since the main difference in accelerations between the model 

and the tests are caused by a high-frequency oscillation.  

 

Figure 5. (a) Residual vertical deformation of the devices during the tests, and (b) time-history deformation of 

devices 1 and 3 for records #1 and #12. 

 

Figure 6. Prediction of the numerical model to: (a) record #1, and (b) record #17. 

 

Figure 7. Error in the prediction of the peak responses. 
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6. Conclusions 

In this work, the performance of a Vertical Rocking Isolation System based on unbonded rubber was 

experimentally analyzed via shake table tests. A 3000-liter capacity legged storage tank was supported on 

four ISO3D-2G devices to generate the vertical rocking isolation mechanism. The tank was subjected to 17 

seismic records to evaluate its performance as an isolation system. A numerical model was developed to 

predict the observed behavior of the tank during the tests. The model considered a rigid superstructure 

supported on four nonlinear elements representing the isolation devices. The nonlinear force-deformation 

relation of the devices was represented using a hyperelastic Bouc-wen model. The liquid on the tank was 

modeled as an impulsive mass, neglecting convective terms. 

During the seismic record tests, neither the tank nor the isolation devices exhibited any damage. The devices 

showed an initial settlement due to creep of the rubber; however, this phenomenon is quite limited and should 

not be a problem in practice. When emptying the water, the devices showed a residual deformation of nearly 

10 mm. The tank presented a maximum top displacement of 124 mm, with a maximum total acceleration of 

approximately 0.19g, even for intense ground motions recorded during the 2010 Mw 8.8 Maule, Chile 

earthquake scaled by 1.2. This total acceleration of 0.33g could also be interpreted as the normalized base 

shear, which validates the effectiveness of the isolation system even for a relatively low isolation period (i.e., 

around 1 second). 

The system's time history and peak responses were predicted relatively well with a simple yet detailed, rigid 

lumped-mass model. The maximum errors of peak response predictions were nearly less than 40%; however, 

they corresponded to specific records, and in general, all prediction errors remained below ±30%. In terms of 

mean errors, values of less than 10% and 21% were obtained for displacements and accelerations, 

respectively. These prediction errors are realistic and comparable to recent studies that perform analytical 

prediction of primary and secondary systems in seismically isolated structures (Demetriades, Constantinou 

and Reinhorn, 1992). Moreover, the model performed better for larger intensity seismic records, which are of 

interest in design.  

The simplicity of the considered model for the tank is of great advantage for design; however, the assumptions 

and limitations need to be further studied and validated for tanks of different aspect ratios, shapes, and water 

levels. Finally, it is concluded that using vertically flexible devices at the base of some light structures to 

generate a rocking isolation mechanism effectively reduces the seismic demand on the structure, though the 

isolated modes and periods of the structure are shorter than 2.0 sec. Although there is no lateral translation at 

the base, the VRI system isolates the structure by allowing the lateral displacement of the CM. 
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