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Abstract

Despite the importance of water tanks for water supplies and supporting the community resilience through the firefighting
usages in catastrophic conditions, post-earthquake situations especially, a few studies have been done on seismic behavior
of water tanks so far. The scope of this paper is to propose a new pushover procedure to evaluate seismic responses of
elevated water tanks (EWT) supported on the concrete shaft in the form of dynamic capacity curves (i.e. base shear versus
top displacement). In this regard, a series of shaft supported EWTs are simulated considering soil-structure and fluid-
structure interactions. The shaft is modelled with frame elements and plastic hinges are assigned along the shaft to consider
the material nonlinearity. The effect of soil-structure interaction and fluid-structure interaction are considered through the
well-known Cone model and modified Housner model, respectively. At first, parametric studies have been conducted to
investigate the effects of various essential parameters such as soil type, water level and tank capacity on seismic responses
of EWTs using incremental dynamic analysis (i.e. nonlinear-time-history-analyses with varying intensities). Thereafter,
pushover analyses as nonlinear static analyses are performed by variation of lateral load patterns. Finally, utilizing these
results and comparing them with mean IDA curve, as an exact solution; a pushover procedure based on the most reliable
lateral load patterns is proposed to predict the mean IDA curve of the EWTSs supported on the concrete shaft. The obtained
results demonstrate the accuracy of the proposed pushover procedure with errors limited to 30 % only in the changing stage
from linear to nonlinear sections of the IDA curve.

Keywords: Elevated Water Tank; Soil-Structure Interaction; Fluid-Structure Interaction; Load Pattern; Incremental Dynamic Analysis
(IDA); Pushover; Nonlinear Response History Analysis (NLRHA).

1. Introduction

Water tanks are used for drinking, firefighting, agriculture, and different industrial plants [1-4]. To keep the required
water pressure in the water network, engineers use EWTs, which increase the head of water in the network. Failure to
these structures has a negative impact on the overall performance of the water network and degrade the resilience of
water networks and consequently, the overall serving community (i.e. by increasing the potential of human losses and
economic damages) after severe hazard such as seismic events. A review on the past earthquake demonstrates the
vulnerability of EWTs having reinforced concrete shaft-type supports. For instance in 2001 Bhuj earthquake, three
EWTSs collapsed completely, and many more were damaged severely (Figure 1), and similar damages were observed in
1997 Jabalpur earthquake [5].
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Figure 1. Collapsed 265 KL water tank in Chobari village about 20 km from the epicenter. The tank was approximately half
full during the earthquake [6]

Nevertheless, few studies have been carried out on the dynamic behavior of EWTSs. Evaluating the dynamic behavior
of these structures contains complexities due to fluid-soil-structure interactions. Literature review indicates that
paramount results are attainable. In the 1960s, Housner [7] proposed a method for simulating the hydrodynamic behavior
of liquid in rectangular and cylindrical water tanks by introducing “impulsive” and “convective” masses. Moslemi et al.
[5], by conducting a study on the seismic response of liquid-filled elevated tanks, indicated that the obtained masses
using Housner equations yield a reasonable agreement in comparison to finite element method with at most 3% error.
This method is recommended in some regulations such as Ref [8, 9] with some modifications.

It is the effect of soil-structure interaction (SSI) that is ignored in earlier studies [10], and [11]. Livaoglu and
Dogangiin [12], by proposing simplified seismic analysis procedures for elevated tanks considering fluid-soil-structure
interaction, indicate that the seismic design of reinforced concrete elevated tanks based on the simplified assumption
that the subsoil is rigid or rock without any site investigation may lead to a wrong assessment of the seismic base shear
and overturning moment. Dutta et al. [13] showed that the base shear of EWTs might be increased due to the impact of
SSI. This study also clarified that ignoring the effect of SSI could result in potential large tensile forces in some of the
staging columns due to seismic loads. Similar conclusions are emphasized by Ref [14].

Seismic assessment of structures can be performed accurately using rigorous finite element modeling and nonlinear
response history analysis (NLRHA), which is time-consuming and computationally expensive [15]. Estimation of
engineering demands parameters are the key to the performance-based engineering design [16], and the key to generating
fragility curves, which is the main tool for high-level analysis such as community resilience planning and assessments
[17-19]. An alternative to NLRHA is to use nonlinear static analysis (NSA) or pushover to estimate seismic demands
parameters [20-22]. Pushover analyses are commonly used for seismic assessment of buildings and other structures [23].
Pushover curve relates the force and displacement demands in a structure such as base shears versus roof (i.e. top point)
displacements. Another application of the pushover curve would be to identify design parameters such as overstrength
factors for various structures [24].

This study proposes a new pushover procedure to estimate dynamic capacity curve (i.e. base shear versus top
displacement) for EWTSs considering both fluid and soil interactions with the main structure. NLRHA is used as a
benchmark to obtain the mean dynamic capacity curve through incremental dynamic analysis (IDA) under an ensemble
of ground motions. To generalize the proposed pushover procedure, the effect of different soil types according to Ref
[15] on a EWT response with 150 m? capacity is evaluated. Then, the seismic behavior of this water tank is assessed
under empty, third, two-thirds and full water level conditions. In addition, the influence of the tank capacity is
investigated by considering four capacities: 150, 250, 350 and 450 m®. Comparing the dynamic capacity curved obtained
from the pushover with the benchmarks (i.e. dynamic capacity curved obtained from IDA) reveals the potential of the
proposed pushover procedure for fast evaluation of EWTSs. Moreover, this study could be a trigger for the performance-
based seismic design of these structures.

2. Design and Modeling
2.1. Designing

For investigating the influences of soil type and water level parameters on seismic response of EWTs, a EWT with
the capacity of 150 m? is designed due to Ref [8, 9] regulations. The seismic loads are applied through the design
response spectrum in accordance with Ref [15] in San Diego, California. In the design process, it is assumed that the
tank is located on soft soil type E according to Ref. [15], which is more critical than very dense soil [22, 25, 26].
Furthermore, the full and empty tank conditions are considered in order to control the occurrence of tensile stresses in
the shaft [14]. As depicted in Figure 2, the tank is supported on a concrete shaft with an external diameter of 2.7 m, the
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thickness of 0.35 m and the elevation of 20 m from top of the foundation (H = 20 m). External diameter of the
cylindrical tank is 8 m with a thickness of 0.2 m and a tube-shaped duct with 1.5 m diameter (d = 1.5 m) is placed
inside the tank for facilities purposes. The thicknesses of the bottom and roof tank slabs are 0.25 m and 0.2 m,
respectively. The water height is supposed to be 3.1 m with 0.4 m free board. The structure is erected on a cylindrical
foundation with a radius of 5 m and thickness of 1 m. The impact of tank capacity is assessed through similar tanks
designed for capacities of 250, 350 and 450 m?® in the same way. Table 1Table shows the geometric characteristic of the
tanks.

(b)

Figure 2. (a) Tank geometry shape; (b) Tank section; (c) Shaft section

Table 1. Tank geometry properties

Tank Capacity
Parameter (m)
150m3® 250m® 350m® 450m?

D: Shaft external diameter 2.7 3 35 4
t: Shaft thickness 0.35 0.45 0.5 0.6

d: Internal tube-shaped duct 15 15 15 15
D,: Tank diameter 8 9 105 115
t,,+ Tank wall thickness 0.2 0.25 03 0.35
H: Shaft height 20 20 20 20

t,: Bottom tank slab thickness 0.25 0.3 0.35 0.4
t,: Top tank slab thickness 0.2 0.25 0.3 0.35
fb: Free board 04 0.4 0.42 0.44
W ,: Water level 31 4.05 4.13 441

R: Foundation radius 5 6.5 7.5 8.5

h: Foundation thickness 1 13 15 1.7

Although the use of finite element method is commonplace in case studies, it is not applicable for parametric studies
due to time-consuming and modelling complexities. Since, in this study, a lot of parameters are investigated through
numerous nonlinear dynamic analyses, it is tried to model the structure simple enough to be useful in practical projects.
The tank modelling is discussed in the following section.

2.2. Tank Modeling

The body of the tank including the top and bottom slabs and the side wall is assumed to be rigid and the mass of each
part is centralized at a series of local points. This assumption offers identical rotational rigidity and total mass with the
continuous model. A sequence of concentrated masses is utilized for equalizing the masses of top and bottom slabs as
shown in Figure 3(a). The number of perimeter concentrated masses is equal to n. In this article, due to the symmetry
of the structure, this parameter is taken to be 4. It is notable that augmenting the number of concentrated masses has
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negligible effect on the responses in this case. For idealizing the masses, it is assumed that the summation of the
concentrated masses is equal to the total mass of the slab, Equation 1, and total mass moment of inertia (around the
radial axis passing through the volume center) is equal to the mass moment of inertia of concentrated masses (around
the same axis), Equations 2-4. Using these assumptions, the amounts of concentrated masses can be obtain using
Equations 5 and 6.
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Where M; is the total slab mass ms, is the equivalent concentrated mass at the center of the slab, and mg, is the
equivalent masses at the perimeter of the slab.

For idealizing the tank side wall, a series of concentrated masses is applied as depicted in Figure 3(b). The number
of perimeter concentrated masses in each level is n,,, which is taken 4. Increasing the Parameter n,, has negligible effect
on the result as noted earlier since the tank body is assumed to be rigid. Similar assumptions to the tank slab modelling
lead to Equations 7 and 8.
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Where M,, is the total mass of the side wall, m,, , is the equivalent perimeter mass at the middle level of the tank,
m,, ; i the equivalent perimeter mass at the top and bottom level of the tank, R is the tank radius, and h is the height of
the tank.
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Figure 3. Equivalent concentrated masses. (a) Slabs; (b) Tank wall
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The tank shaft is divided into 20 equal pieces and is modelled using frame elements. Plastic hinges are assigned at
the beginning of each part according to Ref [27]. This assignment is utilized to provide nonlinear behavior along the
shaft. The mass and the weight of each part is centralized in the middle of each part.

2.3. Fluid-Structure Interaction

Assuming the wall of the tank is rigid, modified Housner model [28] is used to consider fluid-structure interaction.
In this model, according to Figure 4, the mass of the tank water is divided into two parts, impulsive and convective
masses with the specific heights from the bottom of the tank. The impulsive mass (M,) is considered to be rigid and
connected to the tank wall by means of solid rods. The convective mass (M;) is connected to the tank wall by two
springs to reflect fluid-structure interaction with adequate accuracy in engineering problems. Masses, their height and
springs stiffness of fluid-structure interaction model are calculated using Equations 9 to 13. In order to h, and h,, shown
in Figure 4, to consider the effect of water pressure on the bottom slab in addition to pressure on the side wall, it is
recommended to take @ = 1.33 and 8 = 2; otherwise, it is recommended to take « = 0 and 8 = 1 [28]. So, for elevated
water tanks, @ = 1.33 and g = 2, were chosen. This fluid-structure interaction model is assessed and approved in Ref.
[5]. This study assumes a rigid tank wall and slabs. More complicated version of the Housner model can be used to
consider tank horizontal flexibility such as Ref [29] based on Haroun and Housner’s model [30].

__ R

k /2 1 k /2

h hy e d 0
Solid Rod Solid Rod $h0

Figure 4. Fluid-structure interaction (Housner model)
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Where M is the total mass of tank water, R is the radius of the tank, h is the height of the water, M, is the impulsive
mass, M, is the convective mass, h, is the height of the impulsive mass from the bottom and h, is the height of
convective mass from the bottom.

2.4. Soil-Structure Interaction

The well-known Cone model, shown in Figure 5, is used for modelling the effect of soil-structure interaction, which
is described and assessed in several studies [22, 31-34]. This model assumes that foundation acts as a rigid body and the
soil underneath is a homogeneous half-space. In this paper, the mass density of soil and concrete are assumed 1800 and
2500 kg/m?, respectively. The Poisson coefficient of the soil is taken 0.3 and the tank geometric parameters are obtained
from Table 1. Equations 14 to 18 show the soil parameters used in the Cone model.

A=mxR? (14)

M = Ahp, (15)
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Where R is the foundation radius, A is the foundation area, k is the foundation thickness, p. is the concrete mass
density, M is the foundation mass, I is the foundation mass moment of inertia, v is the Poisson ratio, V; is the soil shear
wave velocity, Vp is the soil dilatational wave velocity, p is the soil mass density, k;, is the translational stiffness, kg is
the rotational stiffness, My is the mass of internal degree of freedom, ¢, is the translational damping and c, is the

rotational damping.

Figure 5. Soil-structure interaction (Cone model)

3. Ground motions and Analyses

Solid Rod Solid Rod

The Far-Field record set [35] includes twenty-two records (44 individual components) selected from the PEER NGA
database [36]. For each record, Table 2 summarizes the magnitude, year, and name of the event, as well as the name of
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the station. These twenty-two records are taken from 14 events that occurred between 1971 and 1999. Of the 14 events,
eight were California earthquakes and six were from five different other countries. Event magnitudes range from M6.5
to M7.6 with an average magnitude of M7.0 for the far-field records. This record set includes ground motions, recorded
on the ground surface of either soft rock (site class C) or stiff soil (site class D) [35]. These records take no account of
soft soils. To investigate the site effect with specific shear wave velocities, it is needed to modify the ground motion
records. The procedure described in Ref [22] is used. A layer of granular soil with a thickness of 30m is assumed over
a bedrock. According to the station of each earthquake record and its soil shear wave velocity, the characteristic of each
component is achieved on the bedrock using equivalent linear method through ERRA program [37]. Then, having the
soil shear velocity of the desired site, this procedure can be done reversely, and the ground motion records will be
achieved on the ground surface in accordance with each specific soil. So, the far-field record set is modified based on
the soil shear wave velocity of the site and scaled to different acceleration levels in order to use in IDAs. Figure 6 shows
an example of a modified ground motion record for different soils.

Table 1. List of used ground motions [35]

Earthquake Name Station Name Site Class V30 ™M/g) Coml Com2 Year PGA1(g) PGA2(g)
Northridge Beverly Hills - Mulhol D 356 279 009 1994 0.516 0.416
Northridge Canyon Country-WLC D 309 270 000 1994 0.482 0.410

Duzce, Turkey Bolu D 326 090 000 1999 0.822 0.728
Hector Mine Hector Cc 685 090 000 1999 0.337 0.266
Imperial Valley Delta D 275 352 262 1979 0.351 0.238
Imperial Valley El Centro Array #11 D 196 230 140 1979 0.380 0.364
Kobe, Japan Nishi-Akashi C 609 000 090 1995 0.509 0.503
Kobe, Japan Shin-Osaka D 256 000 090 1995 0.243 0.212
Kocaeli, Turkey Duzce D 276 270 180 1999 0.358 0.312
Kocaeli, Turkey Arcelik C 523 000 090 1999 0.216 0.150
Landers Yermo Fire Station D 354 270 360 1992 0.245 0.152
Landers Coolwater D 271 TR LN 1992 0.417 0.283
Loma Prieta Capitola D 289 000 090 1989 0.529 0.443
Loma Prieta Gilroy Array #3 D 350 000 090 1989 0.537 0.367
Manyjil, Iran Abhar C 724 L T 1990 0.515 0.496
Superstition Hills El Centro Imp. Co. D 192 000 090 1987 0.358 0.258
Superstition Hills Poe Road (temp) D 208 270 360 1987 0.446 0.300
Cape Mendocino Rio Dell Overpass D 312 360 270 1992 0.549 0.385
Chi-Chi, Taiwan CHY101 D 259 N E 1999 0.440 0.353
Chi-Chi, Taiwan TCU045 C 705 N E 1999 0.512 0.474
San Fernando LA - Hollywood Store D 316 090 180 1971 0.210 0.174
Friuli, Italy Tolmezzo C 425 000 270 1976 0.351 0.315

Using IDA for each component of the modified records, the IDA curves of the tanks are obtained by means of
SAP2000 software. Firstly, the tank with 150 m? in full-filled status, which is located on different soil types with shear
wave velocities of 175, 300, 550, and 1100 m/s, is investigated. Secondly, the tank with 150 m? located on the soft soil
with shear wave velocity of 175 m/s is analyzed under different levels of water conditions, including empty, one-third,
two-thirds and full-filled. Finally, the tanks with the capacities of 150, 250, 350 and 450 m?, in full-filled water state
placed on the soil with the shear wave velocity of 175 m/s, are studied.
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Figure 6. The time history of the modified acceleration for different soils; (a) 175 m/s; (b) 300 m/s; (c)550 m/s; (d) 1100 m/s.

4. Parametric Results

Figure 7(a) depicts the mean IDA curves of the elevated water tank with 150 m?® capacity located on different soil
types with shear velocities of 175 to 1100 m/s. As illustrated in this figure, with increasing the shear wave velocity of
the soil, the tank shows less resistance. In other words, by changing the soil type from soft soil to rock, the ultimate base
shear decreases, and it means ignoring the flexibility of soil in the design of these structures is conservative.
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Figure 7. Dynamic capacity curves for the tank with 150 m? capacity; (a) different soil conditions in m/s; (b) different water
level conditions

Figure 7(b) shows the tank mean IDA curves under different water levels for the tank with 150 m? capacity located
on the soft soil with shear wave velocity of 175 m/s. As seen in this figure, by increasing the water level, the resistance
of the tank reduces. In addition, as it is noticeable, there is a large gap between the full-filled state and the other states
caused by hinge model behavior. In this model, the behavior of the hinges is determined by the ranges specified in Ref
[27]. These ranges are distinguished based on the shear and axial forces in the hinge location. The water weight increases
the axial force in the shaft. The additional weight of the full-filled water level compared to the two-thirds filled condition
rises the axial force of the shaft. So, different hinge behavior is assigned to the hinges in the full-filled condition. Thus,
these hinges have lower ductility behavior, which they lead to the gap between the full-filled condition and other states.
Figure 8 displays the mean IDA curve for various tank capacities. As it is clarified, by increasing the tank capacity, the
tank resistance is amplified. Since, by increasing the designed applied forces, the stiffness and the capacity of the shaft
increase.
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Figure 8. Dynamic capacity curves for the tank with different capacities in m?

5. Proposed Pushover Procedure

Conducting a series of pushover analyses with common lateral load patterns and using NLRHA, as an exact solution,
a pushover procedure is suggested, which is compatible with mean IDA curves of structures obtained from IDAs. This
procedure contains two individual linear and nonlinear parts; (1) Linear part is appropriate for the initial part of the mean
IDA curve (i.e. when the structural behavior is linear) and (2) the nonlinear part, containing (a) Initial and (b) Secondary
load patterns, is suitable for the nonlinear part of mean IDA curve (i.e. when the structural behavior is inelastic). By
adjoining the diagram obtained from linear part (i.e. part (1)) and the diagram obtained from secondary load pattern (i.e.
part (b)), the structural mean IDA curve could be estimated as illustrated in Figure 9(a). In all cases, gravity loads are
applied first and pushover analyses are carried out afterward.

(a) (b)
0 Load Pattet® ___. N B (Collapse Point)
g ]
(]
) S £
g3 5
@ Dvnhamic canacitv & o
Curve obtained from % Pushover
------- Curve obtained from = ceeeeee 1dealized
. > S
Roof Displacement Roof Displacement

Figure 9. (a) Linear and Nonlinear parts; (b) Idealizing pushover curve and the yielding displacement

5.1. Linear part

For the linear part, appropriate load patterns by knowing the soil type and ratio of tank seismic mass to shaft mass
(MR), are as follow. It is remarkable that tank seismic mass includes the tank mass, the convective mass, and the
impulsive mass.

If the tank is located on soil type D or harder (i.e. larger shear wave velocity), the appropriate lateral load pattern is
a concentrated force at the tank center of mass, Figure 10(a). This is regardless of MR and water level conditions. If the
tank is located on soil type E or softer (i.e. smaller shear wave velocity), (1) for the case when the MR is equal or less
than 2 (i.e. MR<2) the pertinent lateral load pattern is the uniform load Figure 10(b) and (2) for the case when the MR
is greater than 2 (i.e. MR>2) the suitable lateral load pattern is a combined load Figure 10(c). Combined load pattern is
obtained from a combination of uniform and triangular loads. These load patterns are regardless to water level
conditions.
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Figure 10. (a) Concentrated; (b) Uniform; (c) Combined load pattern; (d) proposed load pattern.

5.2. Nonlinear part

In order to determine the nonlinear part of the load pattern (i.e. part 2), a two-phase pushover analysis is required.
First, the structure is pushed using the Initial load pattern as described in section 5.2.1. Then, the resulting curve is
idealized to the bilinear diagram as described in Ref [38]. This results in the corresponding yielding displacement, point
A'in Figure 9(b). Preserving the first part of the pushover results (i.e. up to point A), the structure should be pushed from
point A using the secondary load patterns as described in section 5.2.2. A reader is referred to Ref [22] for more details
on performing consecutive pushover analyses. The curve obtained by secondary load pattern is suitable for the nonlinear
part of the mean IDA curve.

5.2.1. Initial Load Pattern

The appropriate Initial load pattern, used for the nonlinear part, can be obtained by the knowledge of the soil type
and MR as follow:

(1) If the tank is located on soil type D or harder, the proper lateral load pattern will be the combined load pattern as
illustrated in Figure 10(c). This is regardless of MR and water level conditions. As noted before, the combined
load pattern is obtained from a combination of uniform and triangular loads.

(2) If the tank is located on soil type E or softer, (a) when the MR is equal or less than 2 (i.e. MR<2) the pertinent
lateral load pattern is the uniform load as illustrated in Figure 10(b), and (b) when the MR is greater than 2 (i.e.
MR>2) the suitable lateral load pattern is the combined load as illustrated in Figure 10(c). This is regardless of
water level conditions.

5.2.2. Secondary Load Pattern

The appropriate secondary load pattern, used for the nonlinear part, can be obtained by the knowledge of the water
level condition and MR as follow:

(2) If the MR is equal or less than 2 (i.e. MR<2); (a) when the tank is full, the proposed load pattern as illustrated in
Figure 10(d) should be used, and, (b) when the tank is not full (i.e. empty, one third, and two-thirds full), the
uniform load pattern as illustrated in Figure 10(b) should be used.

(2) If the MR is greater than 2 (i.e. MR>2) ; (a) when the tank is full, the proposed load pattern as illustrated in Figure
10(d) should be used, and, (b) when the tank is not full (i.e. empty, one third, and two-thirds full), the combined
load pattern as illustrated in Figure 10(c) should be used.

In the proposed load pattern, Figure 10(d), parameter E is given by:

y My + My + M,

Mg

E=1L (23)

Where L is shaft length, M is tank mass, M, is impulsive mass, M, is convective mass, and Mg is shaft mass.
5.3. Step-by-Step Summary (Figure 12)
(1) Apply gravity loads.

(2) Preserving the gravity condition, develop the base shear - reference displacement pushover curve by applying the
appropriate load pattern from Section 05.1.

(3) Idealize the obtained pushover curve from Step (2)2, as bilinear and keep the results of the first branch as the
linear part results.
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(4) Apply gravity loads to a new unloaded model.

(5) Preserving the gravity condition, develop the base shear - reference displacement pushover curve by applying the
appropriate load pattern from Section 5.2.1.

(6) ldealize the obtained pushover curve from Step 5, as bilinear to obtain the yielding displacement (i.e. point A in
Figure 9(b)).

(7) Apply gravity loads to a new unloaded model.

(8) Preserving the gravity condition, develop the base shear - reference displacement pushover curve by applying the
same load pattern from Step 5 till the displacement reach to point A obtained in Step 6.

(9) Preserving the results of the Step 8, push the structure by applying the appropriate load pattern from Section 5.2.2
and keep the second part of this step.

(10) Adjoin the resulted pushover curves from Steps 3 and 9 leads to the estimated mean IDA curve as illustrated in

Figure 11.
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Figure 12. The flowchart of the proposed pushover procedure

6. Evaluation of the Proposed Pushover Procedure

In this section, the proposed pushover procedure is evaluated on the studied EWTs. The estimated IDA curves
(dynamic capacity curves) for the tanks with 150 m®, full water level condition, located on different soil types are
presented in Figure 13, and the errors of these estimations are presented in Figure 14(a).
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As can be seen in Figure 14(a), the proposed pushover procedure has a good estimation of the IDA curves with
maximum errors less than 30%. It should be noted that the largest errors are related to the transition parts between the
linear (i.e. the first) part of the IDA curves and the nonlinear (i.e. the last) part of the IDA curves. Away from the
transition parts, the errors are less than 7%. Moreover, the IDA curves * one standard error are also plotted to better
show the reasonability of the estimated IDA curves.

The estimated IDA curves (dynamic capacity curves) for the tanks with 150 m?, located on soil with the shear wave
velocity of 175 m/s, with different water level conditions are presented in Figure 15 and the errors of these estimations
are presented in Figure 14(b). Similar trends to Figure 13, for various soil types, can be observed for various water level.
However, as can be seen in Figure 14(b), the errors outside of the transition parts are increasing as the water level
decreases. These errors (outside of the transition parts) are 6.30, 7.30, 15.91, and 22.88% for the full, two-thirds, one-
third, and empty tanks, respectively. Overall, the estimations are satisfactory.
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Figure 13. Estimated dynamic capacity curves for the tanks with 150 mé capacity and full water level on the soil with the
shear wave velocities of; (a) 175 m/s; (b) 300 m/s; (c) 550 m/s; and (d) 1100 m/s
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Figure 14. Errors in the estimation of the dynamic capacity curves for the tank with 150 m? capacity; (a) different soil
conditions in m/s; (b) different water level conditions

The estimated IDA curves (dynamic capacity curves) for various tank capacities, located on the soil with the shear
wave velocity of 175 m/s, with full water level conditions are presented in Figure 16 and the errors of these estimations
are presented in Figure 17. As can be seen in Figure 10, the maximum errors of these estimations are limited to below
30%, which are related to the transition part. The estimation errors for the linear (i.e. first) part increases by the increase
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in the tank capacity (i.e. stiffer and stronger shaft). These errors for the first part are 6.30, 12.27, 12.23, and 21.87% for

tanks with capacities of 150, 250, 350, and 450 m?, respectively. The estimation errors of the nonlinear part are less than
10%.
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Figure 15. Estimated dynamic capacity curves for the tanks with 150 m? capacity on the soil with the shear wave velocity of
175 m/s with the water level of; (a) empty; (b) one-third full; (c) two-thirds full; and (d) full
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Figure 16. Estimated dynamic capacity curves for the tanks with full water level and on the soil with the shear wave velocity
of 175 m/s with capacities of; (a) 150 m?; (b) 250 m?; (c) 350 m?; and (d) 450 m?
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Figure 17. Errors in the estimation of the dynamic capacity curves for the tank with different capacities in m?

7. Conclusion

In this paper, a new pushover procedure is presented to estimate the mean incremental dynamic analysis curve (i.e.,
base shear versus reference displacement) for an elevated water tank supported on concrete shaft. This procedure is
based on two separate pushover analyses. The first pushover analysis is intended to estimate the linear part of the IDA
curve, section 05.1. The second pushover analysis, which is a two-phase consecutive pushover analysis, is intended to
estimate the nonlinear part of the IDA curve, where the second phase is the estimation of the nonlinear part of the IDA
curve. Finally, the estimated IDA curve is obtained by adjoining the linear part and the second phase of the nonlinear
part of the proposed pushover procedure. In the modelling of the tank, the effect of soil-structure interaction is considered
through the Cone model, and the effect of fluid-structure interaction is considered through the Housner model. For
simplicity, the shaft is modelled using frame elements with plastic hinges distributed along the shaft for considering the
nonlinearity.

A comprehensive parametric study is performed by varying soil types, water level conditions and tank capacities to
better understand the behavior of elevated water tanks. It has been observed that an increase in the shear wave velocity
of the soil, which is equivalent to soil hardening, decreases the structural resistance due to soil-structure interaction. The
structure behavior is sensitive to the soil type; hence, it is recommended to perform an assessment to determine the soil
type in practical projects. Moreover, the results show that by increasing the tank capacity and shaft stiffness, structure
dynamic capacity (IDA curve) increases; however, in the shaft with large dimension, the potential of brittle collapse
increases, and more precautions should be considered. In addition, by a reduction in the water level, the potential of
collapse reduces, and the structural resistance increases, subsequently, due to a decrease of seismic mass and reduction
of shaft axial force. Comparing the IDA curves for different water level conditions, it is concluded that, the full-filled
water level is the critical one. However, in practice, it is suggested to control the empty tank because of the higher
potential of occurring tensile stresses. The result of this parametric study can be used to generate fragility curves for the
assessed conditions.

The proposed pushover procedure based on suggested lateral load patterns predicts the mean IDA curve of EWTs
with ample accuracy. The estimation errors are below 30%, which are related to the transition area between the linear
and nonlinear parts. Away from the transition area, the errors of the proposed pushover procedure reduce. In the future,
the more complex modelling, which would be a more realistic representation of the model should be considered. This
can be accomplished by using finite element modelling of the shaft and the tank instead of frame elements, more rigorous
nonlinear soil-structure interaction, and fluid-structure interaction.
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