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Abstract

It presents the seismic response of circular cylindrical Reinforced Concrete (RC) liquid storage tanks which, besides
playing a fundamental role in the water supply system, are also useful in the industry for the storage of petroleum, liquefied
natural gas and chemical liquids, among others. In highly seismic countries such as Peru, it is very important that these
structures remain operational after the occurrence of a severe seismic event. The most representative geometrical and
dynamic parameters of the structural system were identified: ratio of water height and radius of the tank (H/R), effective
period (Tex), effective viscous damping (&), and the level of seismic hazard considered (e.g. return period Tg).
Subsequently, a family of 45 cases was generated from the combination of the four mentioned parameters to show the
effectiveness of the triple friction pendulum bearings located at the base of the tanks. The regimes of displacement of the
isolation system were configured to address specific response criteria for: SLE, Service Level Event (Tr = 72 years);
DBE, Design Basis Event (Tr = 475 years); and MCE, Maximum Considered Event (Tr = 2,475 years). Time-history
analyses were performed with 14 pairs of seismic records for different coefficients of friction, effective radii of the
pendulum and displacement capacities of the isolators to study the effects of the parameters of the superstructure for
different levels of seismic hazard. The main responses of interest were: the base shear, the overturning moment of the
walls, the vertical displacement of the waves and the lateral displacement of the base of the tank; where a clear difference
between the models was observed based on the effective period (3 and 4 seconds). In addition, it was appreciated that the
parameter (H/R) was very influential in all the answers due to its direct relationship with the weight of the structure and
its rigidity. The results show that the triple friction pendulum bearings have a good adaptability for different levels of
seismic hazard and are effective to mitigate the seismic demand in tanks for liquid storage.
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1. Introduction

The seismic performance of liquid storage tanks is a matter of special importance, which extends beyond the
economic value of the tank and its contents. Earthquakes can induce substantial hydrodynamic pressures on
tank walls, and the overturning moment of the wall caused by lateral pressures could result in excessive
compressive stresses on the bottom of one side of the tank and thus wall buckling of the tank avoiding its
operation after the event [1].

Seismic isolation techniques have shown their effectiveness to improve seismic performance of liquid
storage tanks [2, 3]. However, there is limited research on seismic responses of base-isolated tank-liquid
systems using Triple Pendulum (TP) bearings [4]. It is a widespread practice to estimate seismic responses of
fixed-base tank-liquid systems using Housner’s equivalent mechanical model or one of its derivatives [3, 5, 6,
and 7]. The main objective of this work is to contribute to the state-of-the-art knowledge of the seismic
responses of RC liquid storage tanks using TP bearings subjected to bi-directional ground motions for multiple
levels of seismic hazard (SLE, DBE and MCE) [8]. The specific objective of this work is to analyze the effects
of parameters on the seismic responses.

2. Methodology
2.1 Structural model
Fixed-base and base-isolated tank-liquid structural models, were used to estimate the base shear, overturning

moment of the wall, vertical sloshing displacement, and lateral displacement of the tank’s base, where H, R
and t are the liquid height, inner radius of the tank, and thickness of the wall, respectively (Figs. 1 and 2).
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Fig. 1 — Fixed-base structural model Fig. 2 — Base-isolated structural model

The total mass of liquid stored in the tank is represented by a series of concentrated masses producing
equivalent forces and moments on the tank’s walls due to horizontal ground motion during an earthquake, and
the flexibility of the walls (Figs.1 and 2) was also considered. The portion of the liquid that participates in the
open surface sloshing are called convective, where k;, ¢;, h; and u; are the stiffness, damping, height, and lateral
displacement relative to the tank’s base associated to the jth convective mass m;. The portion of the liquid that
moves jointly with the tank are called impulsive, where ko, co, ho and uo are the stiffness, damping, height, and
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lateral displacement relative to the tank’s base associated to the impulsive mass mo. Furthermore, uy is the
lateral displacement of the tank’s base relative to the ground, associated to the tank’s net mass my; #g is the
horizontal earthquake ground acceleration; and m; = mo + Y *j=1 m; is the total mass of liquid. Finally, the total
weight of the tank-liquid system can be expressed as W = m; g, where m; = m; + my, is the total mass of the tank-
liquid system and g is the gravitational acceleration. The following constants were considered: damping ratio
¢i = 0.5% for the liquid and {rc = 5% for the RC, modulus of elasticity Erc = 21 300 MPa and Poisson’s ratio
vre = 0.20 for the RC, density pi = 1 000 kg/m? for the liquid and prc = 2 400 kg/m?® for the RC. Special care
was taken to represent the tank-liquid system with a wide range of convective modes of vibration (N), so that
90% or more of the participating mass could be included. Fig. 3, shows the accumulated percentage of modal
participation factors, one can notice that over 99% of the hydrodynamic motion is sufficiently covered by the
first three modes (N = 3) for H/R ratios larger than 0.5 [9].

2.2 Differential equations of motion

The differential equation describing the movement of the tank-liquid system (superstructure) is shown in Eq.
(1). This equation assumes that the tank’s base behaves as a rigid diaphragm in the plane supported by isolation
system, and that the base of the isolation system is in direct contact with the foundation, where M, C y K are
the diagonal mass, damping, and stiffness matrices of the superstructure; | is the earthquake’s influence matrix.

Mi+Cu+Ku=-MI (iip + iig) 1)

Furthermore, i, u, and u represent the vectors of acceleration, velocity, and displacement associated to
the degrees of freedom (Figs. 1 and 2) relative to the tank’s base; ii, is the acceleration vector of the tank’s
base relative to the ground; and iig is the ground acceleration vector. The differential equation describing the
movement of the tank’s base for the isolated system is shown in Eq. (2), where M, is the diagonal mass matrix
of the rigid tank’s base.

IT M [ii + | (iip + iig)] + Mp (iip + iig) + f=0 (2)
Furthermore, f is the vector containing the non-linear restoring forces of the isolation system [10].

2.3 Parametric cases

Two parameters were used to take into account the geometrical characteristics of the tank-liquid system: the
ratio between the liquid height and the inner radius of the tank (H/R), and the ratio between the thickness of
the tank’s walls and the inner radius of the tank (t/R) [11]. Two parameters were used to take into account the
geometrical and physical characteristics of the isolation system (Table 1): the effective period (Tex), and the
effective viscous damping ((err) [4]. Three parameters were used to take into account the level of seismic
hazard: SLE, Service Level Event (Tr = 72 years); DBE, Design Basis Event (Tr = 475 years); and MCE,
Maximum Considered Event (Tr = 2,475 years). The size of the internal radius of the tank remained constant
throughout the study (R = 10 m).

Table 1 — Parameters used and the number of cases to be analyzed

D Tank-liquid | Triple pendulum (TP) | Seismic hazard level Cases

HR | t/R Terr (S) Cet Tr (years) Fixed-base | Base-isolated
1] 05004 3 0.10 72 (SLE) 9 36
2 |10 | - 4 0.25 475 (DBE)
3120 | -- 2,475 (MCE)

(---) There is no value.
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2.4 Earthquake ground motions

A set of 14 earthquake ground motions with moment magnitude, My > 6.5 were selected using QuakeManager
[12]. The parameters considered in this research for selection are the same as those of the ASCE/SEI 07-16
standard procedures [13] and the escalation process is by amplitude.

For this research, a range of scale factors between 0.2 to 4 was used, it was scaled in the period range
from 0.01 s to 7.00 s with uniform weight. The comparison spectrum for scaling was the natural logarithm of
the displacement spectrum with a mean relative error of 0.25. A bi-directional RotD50 analysis [14] was
performed for the three levels of seismic hazard (Fig. 3). The selected records are those listed in Table 2.
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Fig. 3 — Amplitude scale average Spectrum Resultant (SR) to minimize Mean Squared Error (MSE) with
respect to target design spectrum (5% damping ratio)

Table 2 — Selected earthquake ground motions and their scale factors

. SF | SF SF
ID Earthquake Year Station Mw SLE | DBE | MCE
1 | Taiwan SMARTL1(45) | 1986 Smartl EO1 7.3 | 1.23 | 243 | 3.66
2 Irpinia, Italy-01 1980 Calitri 6.9 | 1.57 | 3.15 | 4.00
3 Maule 2010 Angol V.1 8.8 | 051 1.02 | 1.53
4 Sur del Perd 2001 Arica Costanera V.2 84 | 115|229 | 3.44
5 | Superstition Hills-02 | 1987 Kornbloom Road (temp) 6.5 | 1.74 | 3.48 | 4.00
6 Cape Mendocino 1992 | Centerville Beach, Naval Fac | 7.0 | 0.73 | 1.47 | 2.23
7 Northridge-01 1994 | LA - Century City CC North | 6.6 | 1.51 | 3.03 | 4.00
8 Maule 2010 Constitucion V.1 8.8 10.49 | 0.97 | 1.46
9 Pisco 2007 UNICA 8.0 | 0.69 | 1.38 | 2.07
10 Iwate 2008 IWTO010 6.9 | 1.09 | 2.19 | 3.26
11 Hector Mine 1999 Joshua Tree 7.1 | 1.72 | 3.44 | 4.00
12 Sur del Per( 2001 César Vizcarra Vargas 8.4 | 113 2.26 | 3.39
13 Lima 1966 1966 Parque de la Reserva 8.1 |1.29 | 2.58 | 3.87
14 Kobe 1995 Shin-Osaka 6.9 | 1.20 | 241 | 3.61

2.5 Simplified method of analysis

The simplified method evaluated here is that of effective stiffness and effective damping described in the
standards and specifications for seismically isolated structures. The method is conceptually simple and
uncomplicated. The method is based on the following steps: (a) represent the isolated structure by a single-
degree-of-freedom system, (b) assume the peak isolator displacement, (c) construct the isolation system force—
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displacement loop at the assumed displacement, (d) calculate the effective stiffness and effective damping on
the basis of the constructed loop (the latter requires calculation of the energy enclosed by the hysteresis loop),
(e) calculate the spectral displacement from the 5% damped response spectrum for the period corresponding
to the effective stiffness, (f) calculate the displacement demand as the spectral displacement divided by the
damping factor corresponding to the calculated effective damping, and (g) repeat the process of steps (b) to (f)
until the assumed and calculated displacements are sufficiently close. Upon calculation of the displacement
demand, the maximum isolation system force is obtained directly from the force—displacement loop [4].

Fig. 4 shows the geometry of a triple friction pendulum bearing. Its behavior is characterized by radii
Ri1, Rz, Rz and Ry (typically R: = R4 and Rz = R3), heights ha, h,, hs and hs, displacement capacities d, d, ds
and d, (typically d, = ds and di = da) and friction coefficients ui, p», us and pa (typically pe = us). Herein we
consider that all isolators are of the same geometry and that the coefficients of friction represent the weighted
average values for the entire isolation system [4]. The lateral force—displacement relation of the isolation
system is illustrated in Fig. 5. Five different loops are shown in Fig. 5, each one valid in one of five different

regimes of displacement.
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Fig. 4 — Cross section of the triple friction pendulum bearing [4].
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Fig. 5 — Force—displacement behavior of triple friction pendulum isolation system.

The effective stiffness (Kef), effective period (Ter), and effective damping (Cer) are defined in Eq. 3, Eq.
4 and Eq. 5 respectively.

Keff = Fmax/D (3)

Tett = 27T[W/ (g Keff)]l/2 (4)

G = EDC/(27Kets D?) (5)
5
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Where Fnax is the lateral force at displacement D and EDC is the energy dissipated in a cycle of harmonic
motion at displacement amplitude D. Evaluation of EDC by analytical means is complex and it is best
performed by first constructing the force—displacement relationship and then numerically evaluating the area
enclosed by the loop [4].

2.6 Selected TP bearings

Four different geometric configurations were selected in terms of effective radii (to consider effective period),
displacement capacities (to ensure that all possible regimes are activated) and coefficient of friction. Table 3
shows the geometric configuration (effective radii and displacement capacities) and Table 4 shows four

different sets of friction coefficients.

Table 3 — Dimensions of triple friction pendulum bearings

. . Displacement capacities (mm) Effective radii (mm)
Designation
d> =ds di=ds dror Refi2 = Refiz | Refi1 = Refia
3s-10% 80 210 560 610 1,410
3s - 25% 70 180 480 3,00 2,200
4s - 10% 120 210 540 1,550 2,460
4s - 25% 70 165 430 1,000 3,950
Table 4 — Friction coefficient values
Designation L2 = U3 %1 i M2 @ M1 M4
35-10% 0.010 0.040 0.080 1:4:8
35 -25% 0.020 0.060 0.100 1:3:5
4s - 10% 0.010 0.025 0.050 1:25:5
4s - 25% 0.015 0.040 0.060 15:4:6

The effective period and effective damping of the TP bearings considered in the evaluation procedure
are shown in Table 5. The effective radii are selected in such a way that the effective periods of the TP bearings
in the third and fourth displacement regime occur during the most severe movements. Furthermore, the
selection criteria of the coefficient of friction of the surfaces are based on the condition that a range of effective
damping ratios can be provided for each geometric configuration.

Table 5 — Effective period and effective damping of TP bearings used

Effective period (5) Effective damping (%)
Configuration Displacement regime Displacement regime
| I 1"l v \% I I " v \

3s-10% 192 1243|301 |298 | 289 | 16 15 11 9 8
3s-25% 127 1 2231296 | 3.01 | 255 | 21 28 27 23 13
4s-10% 2.74 | 3.44 | 402 | 402 | 3.94 | 26 16 10 8 7
4s-25% 224 1316 | 397 | 408 | 3.95| 24 26 26 22 19

3. Analysis of the Results

In the present study, for bi-directional seismic excitation, the two components were applied simultaneously,
where g and (g are the earthquake accelerations in x- and y-directions, respectively (Figs. 1 and 2). The
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average value of the seismic responses obtained from the time-history analyses [15] was used to estimate the
design seismic responses using the 14 selected and scaled pairs of ground motions [13].

3.1 Effect of TP beatings on seismic performance
Fig. 6 shows the seismic response in time for the fixed-base and base-isolated systems corresponding to one

case study (H/R = 2.0, t/R = 0.04, Tett = 4s, Cerr = 25% and Tr = 2,475 years) subjected to scaled ground motion
from the Pisco 2007 earthquake.

1.00 - - H T T ‘ -

0.50
% 0.00
(5]

-0.50

-1.00
0.30 r T T T T - -

-0.40
0.10 r T T T T T r
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Fig. 6 — Seismic responses in time for fixed-base and base-isolated systems (H/R = 2.0, t/R = 0.04, Tet = 4s,
Cerr = 25% and Tr = 2,475 years) due to Pisco 2007 earthquake (scaled ground motion)

Where Sy is the base shear in the x-direction, My, is the overturning moment of the walls in the y-direction
due to forces in the x-direction, uy is the lateral displacement of the tank’s base relative to the ground in the x-
direction and uj is the lateral displacement of mj relative to the tank’s base in the X-direction. Furthermore, dcx
= >"=1 Ujx 4; & tanh(4; H/R) is the vertical sloshing displacement of the free water surface in contact with the
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tank’s walls along the x-direction, where g = 2/(J% — 1), J; is the jth root of J'1(1) = 0 and J; is the Bessel
function of the first kind of the first order [3].

It can be appreciated that the isolation system effectively reduced the maximum base shear, the
maximum overturning moment of the walls compared to the fixed base system. On the other hand, the
convective period must be taken into account when the effective period and effective damping are selected for
avoid an increase of the vertical sloshing displacement.

As shown in Fig. 7, there is good agreement between the force-displacement loops obtained from the
time-history analysis and the theoretical hysteresis loop. Therefore, the results of the numerical model can be
used to predict the responses of the superstructure and TP bearings.
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Fig. 7 — Force-displacement loops of base-isolated system (H/R = 2.0 and t/R = 0.04) due to Pisco 2007
earthquake (scaled ground motion)
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3.2 Effects of study parameters

Fig. 8 shows the normalized design seismic responses in the x-direction, corresponding to fixed base systems
and base-isolated systems, with Ter of 3s and 4s, and e of 10% and 25%, under bi-directional seismic
excitation due to the three levels of seismic hazard considered (SLE, DBE and MCE), results in the following
observations:

a) The reduction in base shear when compared to the fixed-base system is 36% to 67% for H/R = 0.5; 59%
to 81% for H/R = 1.0; and 78% to 90% for H/R = 2.0.

H/R=05 H/R=1.0 H/R=20

S/W
o
o

M,/ WH

0.05

0.00

SLE DBE MCE SLE DBE MCE SLE DBE MCE

®TP-3-0.10 & TP-3-0.25 HTP-4-0.10 TP-4-0.25 ® Fixed - Base

Fig. 8 — Effect of parameters Terr and (e 0n normalized design seismic responses of base-isolated systems
(H/R =0.5,1.0 and 2.0; t/R = 0.04; SLE, DBE and MCE) and comparison to fixed-base systems.
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b) The reduction in overturning moment of the walls when compared to the fixed-base system is 39% to
64% for H/R = 0.5; 63% to 86% for H/R = 1.0; and 80% to 92% for H/R = 2.0.

c) The variation in vertical sloshing displacement when compared to the fixed-base system is —17% to
27% for H/R = 0.5; —12% to 31% for H/R = 1.0; and —31% to 13% for H/R = 2.0.

d) For H/R =0.5 is more effective Terr = 4s and (err = 10% and for H/R = 1.0 and H/R = 2.0 is more effective
Terr = 35 and e = 25% in the reduction of the base shear.

e) For H/R=0.5, H/R = 1.0 and H/R = 2.0 is more effective Terr = 45 and e = 10% in the reduction of the
overturning moment of the walls.

f) For H/R=0.5, H/R = 1.0 and H/R = 2.0 is more effective Tet = 4s and (et = 25% in the reduction of the
vertical sloshing displacement.

g) The lateral displacement of the tank’s base relative to the ground increase through the three levels of
seismic hazard (from SLE to DBE and from DBE to MCE), this increase is more for Ter = 3s and (et =
10% and Tex = 4s and (e = 10%.

4. Conclusions

The following conclusions of the investigation are valid for the group of defined parametric cases,
corresponding to tanks with a TP type insulation system.

1. The TP bearings are effective in the reduction of the base shear force and the overturning moment of
the walls with respect to fixed base systems for all levels of seismic hazard analyzed.

2. The TP bearings are more effective for H/R = 1.0 and H/R = 2.0 than for H/R = 0.5.

3. The parameters that reduce all the seismic responses at the same time are Ter = 4s and (et = 25%.

4. The simplified method evaluated here is conceptually simple and uncomplicated.
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