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Abstract

The present paper aims to examine how and to what extend the variation of the backfill soil properties
may effect the frequencies and/or periods of the backfill-rectangular tank wall-fluid system. For this
purpose, a simplified analytical model is developed to estimate the modal properties and frequencies
of fluid-rectangular tank wall-backfill system by means of a simple and fast analysis procedure. In this
procedure, the fluid interaction is considered by using Housner’s two mass approximations, and the
backfill interaction is taken into account by using mass-spring-dashpot system. Backfill soil behind
the exterior wall of the tank interacts with wall in compression, but it is assumed that there is no
interaction in tension. While the backfill-wall-fluid system consists of three degrees-of-freedom
structure in compression situation between wall and backfill, aforementioned system consists of two
degrees of-freedom structure in tension situation. Furthermore, the dynamic equations of motions of
the above-mentioned systems are written and modal characteristics related to total system are obtained
considering five different backfill soil types. Consequently, it is demonstrated that the proposed
analytical model can be used to analyze the backfill-wall-fluid system and the findings obtained from
this study show that backfill soil has considerable effects on the dynamic behavior of rectangular tank
wall. However, backfill interactions do not affect the sloshing modes.
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1. Introduction

The analyses of the interaction between a structure and backfill soil, and/or between
a structure and fluid are of significant interest to civil engineers. Liquid storage tanks
are an example of such a class of structures, in which the effects of fluid and backfill
interactions may be significant. Despite their structural simplicity, the seismic
response of tanks is a rather complicated problem. What makes that response so
complicated is the dynamic interactions between both the tank wall and backfill soil,
and the tank wall and fluid.
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Liquid storage tanks form crucial links in the water supply network and are most
susceptible to earthquakes. Depending on design conditions and load bearing
mechanisms, the tanks are classified into different categories, e.g. rectangular tanks,
elevated tanks, underground tanks, ground-level cylindrical tanks, etc. The seismic
response of various types of tanks has been examined by a number of researchers in
the past, either experimentally, analytically, or numerically. While most of these
studies have concentrated on the ground-level cylindrical tanks, the behavior of
rectangular tanks during seismic loading has been studied by a few researchers. A
review of chronological developments pertaining to the analyses of water storage
tanks can be found in various publications. The publications performed on both
elevated tanks and rectangular tanks can be attained from Livaoglu and Dogangiin
(2006) and Livaoglu (2008), respectively. Furthermore, studies on dynamic behavior
of rectangular tank considering backfill-wall-fluid interaction were carried out by
Livaoglu et.al., 2007; Cakur et.al., 2008; Livaoglu et.al., 2009.

The effect of backfill soil pressure is important in a number of problems, such as
retaining and sheet pile walls, basement walls etc. Earthquakes have unfavorable
effects on lateral soil pressures acting on retaining walls or exterior walls of the
tanks. Because backfill exerts large dynamic forces on walls and causes severe
failures. The damage of the exterior wall is mainly associated with the movement
and failure induced by strong earthquake motion and high seismic soil pressure.
Hence, the assessment of seismic lateral soil pressures is of practical significance in
most seismic designs of retaining walls. Discussion of the all the research work on
the seismic soil pressure is extensive and is beyond the scope of this study. Rather,
only some milestones that have influenced the design practice are described below.
The pioneering work, currently known as the Mononobe-Okabe method (M-O), is
developed by Okabe (1924) and Mononobe and Matsuo (1929). Since then, a great
deal of research has been performed to evaluate its adequacy and to improve it. Seed
and Whitman (1970) focused on limit-state design and they used modified
Mononobe Okabe analysis, an extension of the Coulomb-Rankine sliding wedge
theory. Many investigators have used elasticity principles and wave propagation
theory to obtain the dynamic response of soil-structure systems and model the effects
of wall-soil interaction with different approaches, assumptions and simplifications.
Tajimi(1973), using a two dimensional wave propagation theory, calculated earth
pressure on rigid basement walls. Scott (1973) analytically studied earth pressure on
rigid retaining walls rotating about the base, and concluded that forces and moments
were significantly higher than those calculated by M-O analysis. Nazarian and
Hadjian (1979) reported on a survey of the literature in the area of earthquake-
induced lateral soil pressures and identified the shortcomings of different approaches.
Arias et.al. (1981) developed a model for the case of fixed, rigid walls under an
arbitrary horizontal dynamic excitation, and compared the results with those of
Wood(1973) and with other finite element solutions. Veletsos and Younan (1994a,
1994b) developed a simple approximate expression for simulating the dynamic
pressures, the associate forces, and the responses induced by ground shaking on a
straight, vertical rigid wall retaining soil with a semi-infinite, uniform viscoelastic
layer of constant thickness. The solutions for frequency-dependent and frequency-
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independent parameters were studied and compared with the results proposed by
Scott (1973). The elastic constrained bars with distributed mass were used to
represent the soil stratum in backfill. They concluded that Scott’s (1973) model,
which ignores radiational soil damping and considers the wall pressure to be
proportional to the relative motions of the wall and the soil at the far field, does not
adequately describe the action of the system and may lead to large errors. Veletsos
and Younan (1997) continued and expanded their work. A solution technique was
developed to compute the dynamic response of cantilever retaining walls that are
elastically constrained against base rotation subjected to horizontal ground motion.
Wu and Finn (1996) developed a simplified linear elastic analytical solution based on
a modified shear beam model for the seismic pressures against rigid walls.
Furthermore, displacements of the retaining walls may be induced during
earthquakes. Then, a displacement-based design needs to be introduced. Thus, some
researchers carried out displacement-based designs taking into account the
permissible displacements of the wall (Richards and Elms, 1979; Siddharthan et.
al.,1991; Rafnsson, 1991; Wu, 1999; Prakash et. al., 1996; Choudhury et.al., 2004).

From the above discussion, it can be stated that there is almost no investigation about
the analysis of backfill-exterior wall of rectangular drinking water storage tank- fluid
system under the combined actions of forces induced by fluid and soil interactions,
and also a practical method for determining the behavior of backfill-rectangular tank
wall-fluid system is significantly needed. Thus, the main purposes of this study are to
develop a simplified analytical model to determine the modal properties and
frequencies and/or periods of backfill-rectangular tank wall-fluid system and
investigate how different backfill soil properties affect the behavior of rectangular
tank wall.

2. Proposed Model For Backfill-Rectangular Tank Wall-Fluid System

Seismic behavior of fluid-rectangular tank-backfill system is a complex problem.
The problem can simply be idealized as shown in Fig. 1. In this idealization, fluid is
modeled with Housner’s two mass representation (Housner, 1957;1963) and backfill
is modeled with mass-spring-dashpot system.
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Figure 1. Proposed mechanical model for fluid-rectangular tank-backfill system
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Housner (1957,1963) suggested that an equivalent impulsive mass (m;) and a
convective mass (m.) should represent the dynamic behavior of a fluid. The heights
of the convective (h,) and impulsive (h;) masses are given by Housner's model. The
height h; which is necessary to determine the maximum base moment is equal to

(2/m)Hy, =0.637THy, where Hy, is the height of wall (Veletsos, 1994b). Here, it is

suitable to say that backfill soil behind the exterior wall of the tank interacts with
wall in compression, but it is assumed that there is no interaction in tension. Thus,
the simplified analytical models of backfill-rectangular tank wall-fluid system and
rectangular tank wall-fluid system are shown in Fig.2 and Fig.3, respectively.
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Figure 2. The mathematical model and modal representation of backfill-rectangular tank wall-fluid
system.
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Figure 3. The mathematical model and modal representation of rectangular tank wall-fluid system.

To obtain a solution, the concerned design parameters, like stifnesses, masses and
damping constants must be determined. The mass m; consists of the summation of
impulsive mass (m;), mass of wall (my,) and effective mass of the roof (m;). The mass
m; is equal to convective mass (m.) given by Housner's model. The mass ms is
considered as effective backfill mass. The lateral stiffness of the exterior wall, ki, can
readily be determined as k1=12EIOI¢/HW3 since the roof slab is rigid [i.e., flexural
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rigidity Ely,=o0]. The stiffness k, is equal to convective stiffness (k;) given by
Housner (1957,1963). The stiffness ks is average shear stiffness for backfill soil
which may conveniently be expressed as the product of the shear modulus of backfill
(G) and reduced cross sectional area (F') of backfill. The reduced cross sectional
area can be estimated as F'=F/k’ where F is the cross sectional area of backfill at

average level, k' is a coefficient which can be taken as 1.2 for a rectangular cross
sectional area. The ¢y, c,, c3 are the damping values for impulsive mode, convective
mode and backfill soil, respectively.

Considering the dynamic equilibrium of the backfill-rectangular tank wall-fluid
system, basic dynamic equations can be written in matrix form:

m, 0 0 iil cl+02+c3 €y €3 1'11

0 m, 0 u, + 22 Cy 0 u,
0 0 my || Uy -C3 0 3 || U3 0
k1 +k2 +k3 —k2 —k3 u P1 ()
+ -k ky 0 [quy p=1Py(0)
—k3 0 k3 uy P3(t)

Similarly, considering the dynamic equilibrium of the rectangular tank wall-fluid
system, basic dynamic equations can be written in matrix form:

0 (i o (0] [k +k, & P
m Sl e e h TR KR @)
0 m, ||i, -Cy < [y -k2 k2 u,y P2(t)

where, (ul,uz,u3 ), (1'11, 1'12, 1'13 ), (iil, iiz, l'i3) are the displacements, velocities
and accelerations of masses m;, mp, ms, and P, (‘[),P2 (t),P3 (t) are the applied

external forces. It is worth emphasizing that since the responses of sloshing
displacement of fluid and lateral displacement and base shear forces were not
calculated, and modal characteristics of the system were determined only, the data
regarding both the damping matrix and the external forces were not discussed herein.

The obtained equations can be solved by not only direct integration techniques but
also modal analysis technique. When one want to obtain the solution by modal
analysis technique, modal properties such as effective modal masses, heights and

stiffnesses should be computed from both three degree-of freedom and two degree-
of-freedom systems. M*,M;,Mﬂ;; hik,h;,h;; ki{,k;,kz are the effective masses,

heights and stiffnesses of the first, second and third modes, respectively. These
modal properties can be estimated using Egs. (3) and (4) (Chopra, 2007).
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where N is the total mode number, ¢ is the mode vector of the nth mode, o, is the
eigenvalue of the nth mode.

3. Description of the rectangular tank system under consideration

In this study, the structural properties of the prismatic reinforced concrete rectangular
storage tank with a container capacity of 8000 m’, constructed in Erzincan (NE
Turkey) in 1976, were considered. Both the front view and top view of the tank are
given in Fig. 4. The rectangular tank under consideration has two main divisions.
Dimensions of the tank and the other characteristics are shown in Fig. 5. In the
analyses, Young’s Modulus, Poisson’s ratio and the weight of concrete per unit
volume are taken to be 28000 MPa and 0.2 and 25kN/m”, respectively. The liquid
level is 2.5 m in the container. Soil conditions recommended in the literature are
taken into account in the selection of the backfill soil types and their properties. The
soil properties used in the analyses are shown in Table 1. The backfill-rectangular
tank wall-fluid system considered in this study is shown in Fig. 6. The mechanical
properties of considered tank were determined with in-situ non-destructive testing,
and the structural properties of it were determined by making measurements on tank.
Moreover, taking representative samples of soils from the field, the samples were
tested in the laboratory, and it is determined that the backfill soil could be assessed in
S2 soil class considered in this study.

Figure 4. The front view and top view of considered tank
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Figure 5. The dimensional properties of rectangular tank and exterior wall

Table 1. Data for considered backfill soil types

Soil Types S1 S2 S3 S4 S5
& E(MPa) 20 75 150 200 250
é v 0.3 0.3 0.3 0.3 0.3
é& G (MPa) 7.6920 28.8462 57.6923 76.9230 96.1538
E v (kN/m?) 19 18 18.5 19.5 20
E:Young Modulus; G:Shear modulus; v :Poisson ratio; y:unit weight

| 263 m Oi~30 u 4.65m |

Figure 6. Backfill-rectangular tank wall-fluid system

4. Discussion of the analysis results
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Considering five different backfill soil properties, the modal properties, periods and
frequencies of the modes of proposed analytical model were determined via a
computer program coded for seismic analysis of the backfill-rectangular tank-fluid
system. The obtained frequencies are given in Table 2.

Table 2. Obtained frequency values for three modes

Backfill soil classes S1 S2 S3 S4 S5

Model f,(Hz) 0.093 0.093 0.093 0.093 0.093

fi(Hz) 419 469 473 4.68 4.66

Frequencies
(Hz)
<
]
o
(¢}
V8]

Mode3 f3(Hz) 9.17 1639 22.63 25.58 28.30

When considering the effective modal masses, 92% of the total mass except for
convective mass is represented by second mode and remained mass of the total mass
is represented by third mode in S1 backfill soil conditions. In the other backfill soil
conditions, however, almost all of the total mass except for convective mass is
represented by second mode. Furthermore, 81% of the total water mass is
represented by convective mode, and 11% of the total water mass is represented by
impulsive mode in all backfill soil conditions.

Due to the absolute differences between the sloshing stiffness and the stiffness of the
supporting system, it can be stated that the first mode represents the convective
mode, and the second one represents the impulsive mode. The convective mode
frequencies are obtained as almost the same for all the backfill soil conditions. The
frequency values for all convective modes are obtained as 0.093 Hz. Thus, it can
clearly be expressed that backfill interaction does not affect the sloshing mode.
However, the obtained frequencies for impulsive modes can vary that if the backfill
soil gets stiffer, the frequency of impulsive mode increases and the period decreases.
For example, while the frequency value for S1 soil type is 4.19 Hz, the same value is
4.73 Hz for S3 soil type, and one can be said that backfill-wall interaction affects the
system behavior so that the frequency deviation between S1 and S3 soil types may
reach 13% increment. If the similar comparisons are made for third mode, it can be
seen that the frequency values tend to increase with increasing backfill soil stiffness.
Whereas the frequency value for S1 soil type is 9.17 Hz, the same quantity is
estimated as 28.30 Hz for S5 soil type, and the frequency deviation may dramatically
reach 209% increment It is possible to make similar comparisons on period values.
Comparisons about periods of aforementioned modes are seen in Fig. 7.

394



Sakarya International Symposium of Earthquake Engineering, 1-2 October 2009, Sakarya
“The learning outcomes of Marmara Earthquake in the First Decade”

12004 1075 | 1075 1 1075 | 1075 | 10.75 0.30 4 I | | |
I I I | I I | |
0.239
10.00 | | | | 025 | 0213 | o211 | 0214 | 0215
~ i | I I I = L 1 L 1 H
g 800 | | | | 8 020 | | | |
L I I I | = o1 | | I |
2 600 | | | | & 0154 | I I I
=} | | | | 2 | | | |
G 4.00 - + -1 - + B S 0.10 A I I | |
& I I I | & I I | |
2.00 + 1 — - L K 0.05 + J‘ - ‘L i‘ - :7
| | I |
0.00 1 1 1 1 ‘ 0.00 ‘ f f f
S1 S2 S3 sS4 S5 S1 S2 S3 sS4 S5
Backfill soil classes Backfill soil classes
a) b)
0.14 A
I
0124 0109
I
010+ . —_—_—_—_—_——_—_ — — -
o
@ |
8 008 ‘
P | 0.061
©
o 0.06 1 T B o
3] | 0.039 0.035
T 0041 E - - o908
002 1 - | - — L
0.00 ‘ . . .
S1 S2 S3 S4 S5
Backfill soil classes
c)

Figure 7. Comparison of the periods of a) the convective mode, b) the impulsive mode, and c) the
third mode according to considered backfill soil classes

5. Conclusions

A simplified analytical model has been proposed for the determination of modal
properties of backfill-rectangular tank wall-fluid system including backfill-wall and
fluid-wall interactions for different backfill soil properties. Frequency values of
convective modes estimated from analysis are not different for all conditions. So, the
sloshing modes are not practically affected by backfill-wall interaction effects.
However, the frequencies of impulsive mode generally change when the backfill soil
gets softer. Thus, one can be said that variation of backfill soil stifftness may be more
effective and influences the system behavior, and not to take into account the
accurate backfill soil properties may cause underestimation or overestimation of the
system response.

The proposed analytical model has capabilities of estimation the displacement
response at the height of impulsive mass, sloshing displacements, base shears and
overturning moments with less computational efforts. So, the proposed model will be
solved soon after for the determination of aforementioned responses and the obtained
results will be presented to literature.

Acknowledgment

395



Sakarya International Symposium of Earthquake Engineering, 1-2 October 2009, Sakarya

“The learning outcomes of Marmara Earthquake in the First Decade”

The present work is supported by Grant-in-Aid for Scientific Research (Project
No.105M252) from the Scientific and Technological Research Council of Turkey
(TUBITAK).

6. References

[1]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Arias A, Sanchez-Sesma, FJ, Ovando-Shelley E. “A Simplified Elastic Model for Seismic
Analysis of Earth-Retaining Structures with Limited Displacement”, Proc. of International
Conference on Recent Advances in Geotechnical Earthquake Engineering and Soil Dynamics,
St. Louis, MO, April 26-May 3, Vol. I, pp. 235-40, 1981.

Chopra AK. “Dynamics of structures: Theory and applications to earthquake engineering”,
Third edition, Prentice Hall, 2007.

Choudhury D, Sitharam TG, Subba Rao KS. “Seismic design of earth-retaining structures and
foundations”, Special section:Geotechnics and Earthquake Hazards, Current science, Vol. 87, pp.
1417-25, 2004.

Housner GW. “Dynamic pressures on accelerated fluid containers”, Bull.Seism.Soc.Am., Vol.
47, pp. 15-35, 1957.

Housner GW. “Dynamic behavior of water tanks”, Bull. Seism. Soc. Am., Vol. 53, pp. 381-7,
1963.

Livaoglu R, Dogangiin A. “Simplified seismic analysis procedures for elevated tanks considering
fluid-structure-soil interaction”, Journal of Fluids and Structures, Vol. 22, pp. 421-39, 2006.

Livaoglu R, Cakir T, Dogangilin A. “Investigation of backfill effects on seismic behavior of
rectangular tanks”, (in Turkish), International Symposium on Advances in Earthquake &
Structural Engineering, Isparta, Turkey, pp. 478-90, October 24-26, 2007.

Livaoglu R. “Investigation of seismic behavior of fluid-rectangular tank-soil/foundation systems
in frequency domain”, Soil Dynamics and Earthquake Engineering, Vol. 28, pp.132-46, 2008.

Cakir T, Livaoglu R, Dogangiin A. “Effects of different backfill soil types on dynamic behavior
of rectangular tank wall considering backfill-wall-fluid interaction”, The 14™ World Conference
on Earthquake Engineering (14WCEE), Paper ID: 014-0162, October 12-17, 2008.

Livaoglu R, Cakir T, Dogangiin A, Aytekin M. “A Nonlinear Finite Element-Based
Investigation of the Effects of Backfill and its Internal Friction Angle Variations on Seismic
Behavior of Rectangular Tanks”, Bulletin of Earthquake Engineering, 2009, (in review).

Mononobe N, Matsuo H. “On the determination of earth pressures during earthquakes”, In:
Proceedings of World Engineering Congress, Tokyo, Japan, Vol.9, pp. 179-87, 1929.

Nazarian HN, Hadjian AH. “Earthquake-induced lateral soil pressures on structures”, Journal of
the Geotechnical Engineering Division, ASCE, Vol. 105, pp. 1049-66, 1979.

Okabe S. “General theory of earth pressure and seismic stability of retaining wall and dam”,
Journal of the Japan Society of Civil Engineers Vol. 10, 6, pp. 1277-1323, 1924.

Prakash S, Wu Y, Rafnsson EA. “DDRW-1- Software to Compute Dynamic Displacements of
Rigid Retaining Walls”, Shamsher Prakash Foundation, Rolla MO, August, 1996.

Rafnsson EA. “Displacement Based Design of Rigid Retaining Walls Subjected to Dynamic
Loads Considering Soil Nonlinearity”, Ph.D. Dissertation, Univ. Of Missouri-Rolla, USA, 1991.

Richards R, Elms DG. “Seismic behavior of gravity retaining walls”, Journal of the Geotechnical
Engineering Division, ASCE, Vol. 105(GT4), pp. 449-64, 1979.

Scott RF. “Earthquake-induced pressures on retaining walls”, Proc.5th World Conf. Earthquake
Engrg., Rome, Italy, Vol. 2, pp. 1611-20, 1973.

396



Sakarya International Symposium of Earthquake Engineering, 1-2 October 2009, Sakarya

[18]

[19]

[20]

[21]

[22]

(23]

(24]

(23]

[26]

“The learning outcomes of Marmara Earthquake in the First Decade”

Seed HB, Whitman RV. “Design of earth retaining structures for dynamic loads”, In: Proceedings
of speciality conference on lateral stresses in the ground and design of earth retaining structures,
Ithaca, New York: ASCE,. pp. 103-47, 1970.

Siddharthan R, Gowda PK, Norris GM. “Displacement Based Design of Retaining Walls”, Proc.
of Second International Conference on Recent Advances in Geotechnical Earthquake
Engineering and Soil Dynamics, March 11-15, St. Louis, MO, pp.657-61, 1991.

Tajimi H. “Dynamic earth pressures on basement walls”, Proc. of Fifth World Conference on
Earthquake Engineering, Rome, Italy, Vol. 2, pp. 1560-69, 1973.

Veletsos AS, Younan AH. “Dynamic modeling and response of soil-wall systems”, Journal of
Geotechnical Engineering, ASCE, Vol.120, 12, pp. 2155-79, 19%4a.

Veletsos AS, Younan AH. “Dynamic soil pressures on rigid vertical walls”, Earthquake
Engineering and Structural Dynamics, Vol.23, 3, pp. 275-301, 1994b.

Veletsos AS, Younan AH. “Dynamic response of cantilever walls”, J. Geot. Engrg., ASCE, Vol.
123,2, pp. 161-72, 1997.

Wood JH. “Earthquake-Induced Soil Pressures on Structures”, Report EERL 73-05, Earthquake
Engineering Research Laboratory, California Institute of Technology, 1973.

Wu G, Finn WDL. “Seismic Pressures Against Rigid Walls. Analysis and Design of Retaining
Structures Against Earthquakes”, ASCE Geot.Spec. Pub. No. 60, pp.1-18, 1996.

Wu Y. “Displacement-Based Analysis and Design of Rigid Retaining Walls During
Earthquakes”, Ph.D. Dissertation, Univ. Of Missouri-Rolla, USA 1999.

397



