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Abstract
This study provides a framework for investigating the seismic 
response of an elevated steel water tank within a reinforced 
concrete chimney, to assist optimal tank placement and analyse 
different tank geometries. Elevated tank design procedures in 
different guidelines and codes are adequate for specific cases, 
none of which meets the exact requirements of this case study, 
in which the supporting structure mass is large relative to the 
storage tank. The tank is located at an elevation 63 m below 
the mid-height of the 200 m chimney, resulting in a different 
behavior than a simple cantilever. Furthermore, for certain 
H/R ratios, coupling effects may exist between the fundamental 
period of the chimney and that of the sloshing wave. An equiv-
alent model is examined that is simple enough yet able to accu-
rately produce the design acceleration, dynamic amplification, 
damping and torsional effects at the chosen tank location, and 
to capture site effects. An analysis of the tank at ground level is 
conducted according to AWWA D100-11. Then, the tank at ele-
vation 63 m is analysed within the framework of three existing 
methods using code spectra and site-specific spectra. A novel 
fourth method is then proposed which, contrary to the exist-
ing methods, can accurately capture the conditions of this case 
study by combining the benefits of all methods. The workflow 
described here can be readily applied to other cases of elevated 
tanks for which the standard procedures are inadequate.

Keywords
steel tank, elevated tank, reinforced concrete chimney, non-
structural component, dynamic amplification

1 Introduction
Elevated tanks are used in various processes in electri-

cal power plants, all of which are designed giving high pri-
ority to safety considerations. As highlighted by Livaŏglu 
and Dŏgangün [1] and Hirde et al. [2], elevated storage tanks 
should remain functional in the post-earthquake period (Mos-
lemi [3]), even after a major earthquake such the one that hap-
pened on 21st of July 1952 in California or the one in Chile on 
22nd of May 1960 (Arze [4], Steinbrugge and Flores [5]), to 
ensure water supply for controlling fires, which cause a great 
deal of damage and loss of lives (Hirde et al. [2]). Nevertheless, 
several elevated tanks sustained moderate to severe damage 
during past earthquakes that happened in the past two decades: 
El Asnam, Algeria earthquake, 10/10/1980; Bihar-Nepal earth-
quake, 21/8/1988 (Jain and Sameer [6]); Jabalpur (Indian state 
of Madhya Pradesh) earthquake 22/5/1997 and Bhuj (state of 
Gujarat in India) earthquake, 26/1/2001 (Rai [7, 8, 9]); Maule 
earthquake, 27/2/2010 (Eidinger [10]); Van earthquake in Tur-
key, 23/10/2011 (Uckan et al. [11]).

Such performance reveals a complex behaviour mainly due 
to the presence of two primary components: the tank, which 
contains the liquid, and its supporting structure (this fact has 
been highlighted by Brunesi et al. [12] investigating the Emilia 
(Italy) earthquake, on 20/5/2012 and 29/5/2012). A wide vari-
ety in the configuration of elevated tanks can be found in civil 
engineering applications (Haroun and Ellaithy [13], Long and 
Garner [14]) and may be classified into three main categories as 
explicitly highlighted in FEMA 450 at Point 14.4.7.9:

1.	 frame elevated tanks with steel cross braced support-
ing towers (Shepherd [15]) or a reinforced concrete 
multi-column assembly (Bozorgmehrnia et al. [16]). 
Small-capacity (less than 0.76 ML) steel elevated tanks 
usually have a cylindrical sidewall, and an ellipsoidal 
bottom and roof; medium-capacity from 0.76 ML to 1.9 
ML use torus bottom and ellipsoidal roofs, and large-
capacity tanks (greater than 1.9 ML) may have a diam-
eter from 11 to 20 m and a capacity from 750 to more 
than 3500 m3;
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2.	 axisymmetrical pedestal elevated tanks supported by 
a single circular steel or concrete tower (capacity less 
than 0.76 ML); or a single cylindrical support pedestal 
with a flared conical base (capacity from 0.76 ML to 7.6 
ML) used to contain pumping units and other operating 
equipment;

3.	 composite elevated tanks comprised of a welded steel 
tank for watertight containment at the top and a single 
pedestal concrete support structure (Meier [17]). These 
tanks are also sometimes referred to as “concrete pedes-
tal elevated tanks” (ACI 371R 98 and FEMA 450 Point 
14.4.7.9.6) and use the best design features of both steel 
and concrete.

This study constitutes a fourth case to add to the above 
and deals with the case of a steel anchored water storage tank 
within a reinforced concrete chimney. It is located at an eleva-
tion of 63 m within the 200 m chimney, and serves as part of 
the Flue-Gas Desulfurization (FGD) system. It is designed to 
enable quick temperature lowering during a technical failure of 
the system, or during a sudden fire, earthquake or other natural 
disaster. The vertical location of the water tank (i.e. its relative 
elevation inside the chimney), must be verified considering the 
dynamic amplification and the ability of the tank to perform 
well in case of an earthquake, whilst also considering a variety 
of possible tank geometries.  

With regards to dynamic amplification, two separate fac-
tors must be taken into account in the analysis: the first is the 
dynamic amplification of the tank components due to relative 
closeness to the natural periods of the systems, and the second is 
the dynamic amplification occurring along the chimney height. 

In this study, different possible tank geometries are exam-
ined during an earthquake event, ranging from tanks with a low 
H/R ratio of 0.9, to tall slender tanks with an H/R ratio as high 
as 6.3 (H is defined herein as the water height, smaller than the 
total height of the tank wall, and R is the nominal radius). For 
all tank geometries considered, the properties, in addition to 
the maximum design overturning moment (Mf), and base shear 
of the tank, are calculated and compared by different design 
standards as the AWWA D100-11 [18] and the ASCE 7-10 [19]. 

In order to select the optimal geometry of the elevated tank 
and to confirm its location inside the chimney, while taking into 
consideration both the amplification of the acceleration along 
the chimney height and the possible dynamic amplification of 
the impulsive and convective components, the following steps 
have been followed:

Step I: The chimney, as the supporting structure of the tank, 
is examined according to the FEMA P-750 [20] document, fol-
lowed by an elastic analysis of the chimney itself (construction of 
a combined model of the tank and chimney is a part of this step).

Step II: Eigenvalue analysis with different tank components 
(structure, impulsive, and convective). A simple two-mass 
model derived using basic dynamic equations is then used to 

better understand the phenomena. The examined parameters 
are defined and an analysis at ground level is performed based 
on AWWA D100-11 [18], using a simple spring-mass model, to 
determine the dynamic properties of the different tanks.

Step III: Evaluation of the forces using four different meth-
ods: Equivalent Static Analysis procedure for buildings support-
ing Non-Structural components (ESA-NS), Modal Response 
Spectra Analysis (RSA), RSA for Non-Structural components 
according to ASCE 7-10 Ch. 15 [19] referring to Ch. 13 (RSA-
NS), and an extended procedure adapted specifically for this 
case study based on the RSA-NS (RSA-NS Extended).

Step IV: Comparison of the different methods used to esti-
mate the forces in Step III using the code response spectra, and 
comparison of the site-specific and code response spectra.

2 STEP I: Analysis selection and Chimney/Tank 
model specifications

The site is located in Rutenberg, Ashkelon area, Israel.  The 
region is considered a high seismic zone due to its closeness to 
the Dead Sea Transform which forms a boundary between the 
African and Arabian Plates. The hazard is defined according 
to the code spectra and site specific spectra. The acceleration 
response spectrum with the return period of 2475 years is pre-
sented in Fig. 1.

Fig. 1 Horizontal acceleration response spectrum with return period 2475 
years and ξ=5%

It is important to select a clear and practical analysis pro-
cedure that complies with existing codes and regulations yet 
accounts for the specific features of the chimney and closely 
captures its predicted behaviour. Non-building structures 
require special analysis selection; when considering non-build-
ing structures similar to buildings, the procedure limitations are 
the same as for building structures, but non-building structures 
that are not similar to buildings exhibit a very different struc-
tural performance and behaviour. Non-building structures are 
subject to limitations in specific reference documents which 
address these differences, including publications by organi-
zations such as ASCE, ASME, API, AWWA, and others. The 
ASCE 7-10 [19] is aligned with the NEHRP provisions [20] 
and refers to guidelines which are mostly empirical and pro-
vide details for adequate structural performance. The chimney 
is classified within the category of non-building structures not 
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similar to buildings. In this case, the FEMA P-750 [20] and 
ASCE 7-10 [19] documents refer to the ACI 307 [21] and the 
minimum requirements are always given by the FEMA P-750 
provisions [20].

When selecting a method for performing dynamic analysis 
or determining the lateral force distribution for static analy-
sis, several issues specified in ASCE 7-10 Ch.15 [19] must be 
addressed. Generally, a chimney with a relatively uniform mass 
distribution can be represented by a cantilever model, and then 
the equivalent lateral force procedure can be used. In our case 
study, however, several characteristics of the chimney which 
may affect its response preclude our ability to use this proce-
dure, such as:

•	 openings in the chimney (Fig. 2) leading to stiffness/
strength and torsional irregularities stemming from dif-
ferent resistance values in the horizontal and vertical 
directions, which increase its vulnerability. When fol-
lowing the ACI 307 [21] design procedure, chimneys 
may fail in a brittle and catastrophic manner around the 
openings (Wilson [22]). Non-uniform mass distribution 
along the chimney height also contributes to the irregu-
larity. Particularly, Section 12.6 of NEHRP [20] details 
the analysis procedure based on the fundamental period 
T, and the presence of horizontal or vertical irregulari-
ties. When T is greater than or equal to 3.5Ts (Ts = SD1/SDS) 
the use of the equivalent lateral force procedure is not 
permitted; when this condition is satisfied, higher vibra-
tion modes contribute more significantly and cannot be 
neglected in comparison to the first mode contribution. 
Furthermore, tall reinforced concrete chimneys respond 
to earthquake excitation in a complex manner with the 
response being dominated by higher mode effects in the 
elastic (and inelastic) range (Wilson [22, 23]);

Fig. 2 Chimney openings leading to stiffness, strength and  
torsional irregularities

•	 in addition, the first period of the tank sloshing wave 
(convective component) and the first period of vibration 
of the chimney are close, especially for low H/R ratios, 
resulting in a  coupling of the systems. Furthermore, 
higher mode periods of the chimney are close to those 

of the steel tank and the impulsive component (being 
rigidly attached to each other).

Clearly, a more precise analysis is required. The forces on 
the tank should not be extracted using the Equivalent Lateral 
Force on the chimney. Rather, the tank can be treated as a 
non-structural component since its weight is only ~2% of the 
combined weight. The ASCE 7-10 Ch.13 [19] then provides 
an Equivalent Static Analysis procedure for buildings support-
ing Non-Structural components (ESA-NS), which can be fol-
lowed here since it does not account for the supporting struc-
ture. According to FEMA P-750 [20], judgement is required 
when deciding whether to treat a supported structure as a non-
structural component or a non-building structure, and guidance 
on this process for seismic design is provided in Bachman and 
Dowty [24]. For instance, small tanks can be treated as non-
structural components (provisions of Ch. 13 [19] and Table 
13.6-1 [19]) while larger ones can be treated as non-building 
structures (provisions of Ch. 15 and/or Table 15.4-2 [19]). In 
fact, some of the non-structural components and non-building 
structures overlap (Gatscher and Bachman [25]).

As detailed above, ASCE 7-10 [19] is the appropriate code 
to refer to, when selecting the relevant analysis procedure. It 
provides minimum requirements and lists several categories 
into which the supporting and supported structures may fit, 
and gives design guidelines. If the supported structure weight 
is relatively small (Wnb < 25% of Wtot), then the effect on the 
overall nonlinear response is relatively small and the supported 
structure can be treated as a non-structural component (using 
Ch. 13 guidelines [19] - ESA-NS). The second case can occur 
if Wnb > 25% of Wtot, and the supporting structure is flexible, 
then the forces are determined considering effects of combined 
structural systems. In this case the combined design approach 
in code Section 15.3.2 [19] is used and dynamic analysis is 
performed (RSA-NS). Hence, the forces in this case study were 
evaluated using the following four methods:

•	 the Equivalent Static Analysis procedure for buildings 
supporting Non-Structural components (ESA-NS), in 
which the forces are estimated using ASCE 7-10 Ch.13 
[19]. This method is somewhat oversimplified for our 
case study.

•	 the Modal Response Spectra Analysis (RSA), an exten-
sively used procedure in force estimation. The chimney 
and tank are combined into a single model. The proce-
dure is used in two ways: first, in a basic direct proce-
dure without accounting for the limitations and second, 
in accordance with the ASCE 7-10 [19], the procedure 
serves as a basis for extracting the forces, accelerations, 
and amplifications.

•	 in order to perform the RSA, two methods are then used 
(RSA-NS; RSA-NS Extended). In the Response Spec-
tra Analysis for Non-Structural components (RSA-NS), 
the design procedure is in accordance with ASCE 7-10 
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Ch.15 referring to Ch.13 [19]. As noted, this proce-
dure refers to non-building structures supporting non-
structural components. The chimney base shear and the 
actions from the analyses are used to derive the accel-
eration amplification along the height (ai) and the tank 
dynamic amplification (ap). In the Response Spectrum 
Analysis for Non-Structural components - Extended 
(RSA-NS Extended), a specific workflow for the pur-
pose of this case study is designed and used, based on 
ASCE 7-10 Ch.15 and Ch.13 specifications [19].

A combined 3D model, using SeismoStruct [26], of the tank 
with flexible connections to the reinforced concrete chimney is 
used for Eigenvalue analysis and for RSA, RSA-NS, and RSA-
NS Extended. The chimney is a strategic power plant facility. 
Thus, an accessible water storage facility must be readily avail-
able inside the chimney, to be used immediately in case of a 
sudden fire, earthquake or other natural disaster. The height 
of the chimney is 200 m, supported on a 3 m tall ring plate 
foundation connected with 48 concrete piles. The piles are 40 
m long and 1.5 m in diameter. Thus, the chimney is modelled 
as a fixed-end connection pendulum (see also Livshits [28]). 
The chimney diameter narrows along the height, (base diam-
eter of 23 m to top 20 m), with several large openings both at 
the base of the structure (8 m x 11 m) and at an elevation of 40 
m (2 openings, 9 m x 9 m each; see Fig. 2). The wall thickness 
changes along the chimney height as detailed in Table 1. 

Table 1 Chimney wall thickness distribution along the height.

Height [m] Thickness[m]

0–75.5 0.70–0.35

75.5–150 0.35

150–200.5 0.70

These openings are modelled using a reduced moment of 
inertia, along with the original concrete cross-section area and 
mass distribution. A single reduced value was used in both direc-
tions, simplifying the analysis but neglecting torsional modes.

Two internal flue liners inside the chimney which are part of 
the flue gas desulphurization (FGD) process are modelled, in 
accordance with chimney liner standard, ASTM International 
Designation, D-5364-93 [27] (Fig. 3(a)). The chimney mass is 
distributed along the height (Fig 4 and Table 2), while the liners 
mass are lumped at the connection points, (Fig. 3(b,c)).

Fig. 3 (a) Vertical static scheme of the chimney and liner connections; Eleva-
tion 63 m, 125.5 m pinned horizontal connection only; (b) chimney model 

with liners inside; (c) elevation 193 m lumped mass and rigid connection to 
the chimney.

Most of the mass comes from the reinforced concrete, but 
several steel platforms (covered with concrete or grating) are 
distributed along the height for maintenance and mechanical 
equipment and are simply supported connections that do not 
add to the horizontal stiffness of the chimney. All the platforms 
at the different elevations are modelled by additional lumped 
masses at different elevations (Fig. 4).

Fig. 4 Mass distribution along the height.

Table 2 Mass distribution values

Steel platform
[ton]

Water tank 
[ton]

Liners
[ton]

RC Chim-
ney [ton]

Total mass 
[ton]

619 280 543 15114 16556

The tank is located at a 63 m elevation. A different model 
is used for each of the six cases of tank H/R ratios examined. 
The components are modelled by pendulums and concentrated 
masses. The masses and their heights are defined according 
to the tank dynamic properties at ground level using AWWA 
D100-11 [18]. The impulsive and steel structure components 
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(base, wall, and roof) are modelled with a stiff column while 
the convective mass is modelled with a flexible column. The 
H/R cases examined are combined into six models along with 
the chimney as the supporting structure. Two of these models 
from the AVEVA PDMS [29] software are presented in Fig. 5 
along with the SeismoStruct [26] equivalent models. 

Fig. 5 Models of tank and chimney for two different H/R tank ratios from the 
AVEVA Plant Design Management System (PDMS) software [29] along with 

the equivalent models from SeismoStruct [26] in which the modelled tank 
components are represented as lumped masses placed at their center of mass.

3 STEP II: Eigenvalue analysis, examined 
parameters & dynamic properties
3.1 Eigenvalue analysis

The chimney, the convective component primary mode 
shapes, and the interaction between them are examined using 
basic dynamic principles. The tank and chimney can either be 
considered as two coupled SDOF systems or as a MDOF system, 
in which the natural periods of the combined system are deter-
mined using the equation of motion. The chimney first mode of 
vibration dominates with a period of 3.09 sec. When the separate 
SDOF system periods are close, i.e. 3-3.2 sec. for the tank, a cou-
pling effect (or vibration resonance phenomenon) exists in the 
MDOF system and affects both the mode of vibration period and 
the dynamic amplification. A comparison of the SDOF system 
periods with those of the combined MDOF system as a function 
of the H/R ratio, accounting for the modal participation factor, is 
shown in Fig. 6. For SDOF-convective components with periods 
shorter than the SDOF-chimney period, the dominant period is 
elongated, which results in lower accelerations in the response 
spectra, while the opposite occurs for longer SDOF-convective 
component periods (e.g. tanks with low H/R ratios close to 1.0).

Fig. 6 Comparison of the period of SDOF separate system with combined 
2-DOF system

Eigenvalue analysis is used to understand the chimney 
mode shapes which excite the tank and to examine each mass 
deflection according to the mode shape that excites it. Those 
mode shapes are then used in the RSA. A refined non-linear 
finite element model using fibre element (extensively verified 
through comparison with experimental results in case of steel 
structures (Grande and Rasulo [30], Wijesundara et al. [31]), 
reinforced concrete structures (Brunesi et al. [32, 33], Casotto 
et al. [34], Nascimbene [35]), masonry infill panels (Smyrou 
et al. [36]) and connections (Brunesi et al. [37]; Brunesi et al. 
[38])) allows the observation of the excitation of tank masses, 
as shown in Fig. 7 for the convective component, which has a 
flexible connection and thus undergoes a larger deflection com-
pared to the impulsive component.

Fig. 7 Tank component lumped masses (base, wall, roof, impulsive, and 
convective components). The flexible connection of the convective component 

enables it to move much more than the others.

The fibre model results obtained using the MDOF 3D model 
were similar to those obtained with the basic dynamic equa-
tions. Elongation or shortening of the periods of different modes 
occurred as expected for different H/R ratios. In tall structures, 
higher modes affect longer periods than in short structures. This 
may result in closeness between the periods of the tank struc-
ture and its impulsive component and the period of the chimney 
higher modes. The effects are often more pronounced at higher 
elevations. In our case study, the convective component reduces 
the higher mode effects, so that for higher H/R ratios the modal 
participation factor of the higher modes is higher (for slender 
tanks ~20% while for squat tanks less than 15%).

3.2 Examined parameters and dynamic properties
Although this case study deals with an elevated tank rather 

than one placed at ground level, it was necessary to include a 
ground level analysis in order to compute the dynamic parameters 
of the different steel water tanks, such as impulsive mass, con-
vective mass, and the relative elevation at which the equivalent 
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lateral force should be placed in order to calculate the overturn-
ing moments. The assumption, generally recognized in many 
standards on tanks worldwide from the European (Eurocode 8 
Part 4 [39]) to the Indian one (IITK 2007 [40]), is that the ground 
level dynamic properties are similar to those at higher eleva-
tions. Following the Housner [41] model (Priestley et al., [42]), 
at ground level, the tank impulsive component is assumed to be 
rigidly attached to the tank structure (code equivalent model Fig. 
8 (a)) and thus to have no effect on design acceleration which, 
for short periods, is defined at the plateau. The convective com-
ponent period of vibration, defined by flexible springs, is usually 
dominated by the sloshing wave’s first mode (the others contrib-
uting up to 6-7%, Priestley et al., [42]) and thus, following the 
US standard, the other modes are neglected and the equivalent 
simplified model presented in Fig. 8 (b) is used.

Fig. 8 (a) Mass-Spring model for code spectra; (b) simplified Mass-Spring 

model

In our case study or when using the site specific response 
spectra, the natural period of vibration of the structure and the 
impulsive component can both influence the results and are 
defined by a stiff spring (Ki, Fig. 9 (a) and (b)).

Fig. 9 (a) Mass-Spring model for site-specific spectra; (b) simplified Mass-
Spring model for site-specific spectra.

The tank in the current study is large and thus treating it as 
a non-structural component results in an oversimplified model. 
Furthermore, the supporting structure had been located at the 
ground level, hence the tank would have been designed as a 
non-building structure according to the AWWA D100-11 [18] 
or the API 650 codes [43]. Instead of applying the force at the 
center of mass, a more precise approach is used here resem-
bling the Housner [41] model, but adapting it as an equivalent 
simplified model for site-specific response spectrum as detailed 

in Fig. 9 (b). It is used throughout the analysis with the dif-
ferent methods to capture the dynamic amplification in both 
impulsive and convective components (with the exception of 
ESA-NS which only accounts for the supporting structure). 
This gives a closer approximation of the forces and moments 
in the tank. The design acceleration is defined using the 
acceleration response spectra (code spectra or site-specific). 
Depending on the method of choice, the acceleration is either 
defined as the maximum value (as for conservative methods), 
or derived from the equations as a function of the structure and 
component period, in which case dynamic properties can be 
accounted for at varying degrees of complexity (e.g., relative 
influence of the convective and impulsive components). The 
amplification along the height represents the design peak floor 
horizontal acceleration at the point of attachment of the tank, 
and depends on the attachment point. It can either be calculated 
directly, or estimated as a function of tank location. Accepted 
values range between 1.0 and 3.0, the lower bound represent-
ing an attachment at the structure base, and the higher bound 
representing attachment at the maximum structure height. The 
dynamic amplification factor depends on the way the tank 
is defined.  When the tank is referred to as a non-structural 
component, according to Table 13.6-1 of ASCE 7-10 [19], the 
minimum requirement is ap = 1.0. The tank is considered rig-
idly attached, and no distinction is made between the impul-
sive and convective components. The code, however, makes 
an exception; when component period > 0.06 sec it is consid-
ered a flexible non-structural component and the tank ampli-
fication used is ap=2.5 (i.e. maximum possible amplification). 
When it is referred to as a non-building structure, the ability 
of capturing this phenomenon depends on the type of model-
ling.  When the periods are close, the amplification reaches the 
maximum value, limited to 2.5 (limitation from the NCEER 
study in FEMA P-750 [20], defined as a function of Tp/T). For 
taller structures, and specifically for chimneys (Wilson [23]), 
the tank amplification may vary significantly due to higher 
mode effects. Thus, although code values range between 1.0-
2.5, researchers have shown that much higher values can be 
obtained, 8 times the PGA (Fathali and Lizundia [47], see also 
Naeim [45]) and perhaps even higher for structures that are 
higher mode effect sensitive.

The torsional amplification factor (Ax), limited between 1.0 
and 3.0, is defined in the ASCE 7-10 Eq.12.8-14 “Amplifica-
tion of Accidental Torsional Moment” [19]. Various degrees of 
complexity are possible, but simplified models are often pre-
ferred over more complex ones, since understanding the domi-
nant features to be considered in structural design is often sat-
isfactory. Energy dissipation is a function of the following: free 
surface, wall-fluid interaction, and tank base-fluid interaction. 
AWWA D100-11 [18] and ASCE 7-10 [19] define 5% damping 
for the structure and the impulsive component. Most standards 
(including AWWA D100-11 [18] for ground level tanks) use 
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0.5% damping for the convective component to account for 
the friction of the tank wall and the liquid. According to the 
American code, there is a 1.5-factor difference in the actions 
when using 0.5% damping compared to 5% damping. In other 
guidelines (IITK-GSDMA Gujarat State Disaster Management 
Authority Guidelines for Seismic Design of liquid storage tanks 
[40]), the difference is as high as a factor of 1.75. The impor-
tance factor (I) for both components is defined as 1.5. When 
referring to the tank as a non-structural component, the same 
value is used and is addressed as Ip. As with building structures, 
the actions are reduced by dividing the forces by the force 
reduction factor, R. This factor represents the energy absorp-
tion capability of the tank and its attachments, which depend on 
both over-strength and deformability. Elevated tanks are typi-
cally provided with a greater safety margin, but use of ground 
level reduction factors is reasonable if the elevated tank and 
supporting structure are separate, as in our case. The impulsive 
and convective components reduction factors are defined sepa-
rately, giving the former a lower value (since it depends only 
on the water energy dissipation), and the latter a higher value, 
since the steel tank structure and slab connections can dissipate 
more energy.

Table 3 Design reduction factor for different codes

ASCE 7-10 
[19]

AWWA 
D100-11 

[18]

API 650 
[43]

Ri Rc Ri Rc Ri Rc

Steel tank 
(above ground)

Anchored 3.0 1.5 3.0 1.5 4.0 2.0

Unanchored 2.5 1.5 2.5 1.5 3.5 2.0

ASCE 7-10 [10]
AWWA D100-11 

[18]

Ri Rc Ri Rc

Elavated
tanks

Shaft type 2.0a 1.5 3.0c 1.5c

Frame type 3.0b 1.5 3.0d 1.5

ACI 350.3 [46] ACI 371.3R [47]

Ri Rc Ri Rc

Elavated
tanks

Shaft type 2.0 1.0 2.0 -

Frame type - - - -
a) Used also in cases of unbraced legs or asymmetrically braced legs for a 
frame type tank
b) Symmetrically braced legs
c) Used for steel pedestal type tanks
d) Tanks with tension only diagonal bracing in column-braced and column-        
supported elevated tanks

The tank here is anchored to the rigid concrete slab. 
Anchored tanks generally have greater reserve of strength to 
resist seismic overload compared to unanchored ones designed 
using annular plate detailing. Proper anchoring design provides 
a shell attachment and an embedment detail that can yield the 
bolt without pulling it from the foundation or tearing the shell. 

Thus, in our case a larger reduction factor is taken to allow 
a greater safety margin. For elevated tanks, different values 
are given for shaft-type vs. frame type supporting structures. 
A comparison between the values in three USA documents 
(ASCE 7 [19], AWWA D100 [18], and API 650 [43]) is pro-
vided in Table 3. Least conservative are the values suggested 
by API 650 [43]. The ACI 350.3 [46] and ACI 371.R [47] (not 
used herein) provide even more conservative values.

Note that when referring to the tank as a non-structural com-
ponent, the reduction factor is addressed as Rp. According to 
ASCE 7-10 Ch.13 Table 13.6-1 [19] this value is equal to 2.5.

3.3 Calculation of the Dynamic Properties according 
to the Ground Level Procedure (AWWA D100-11)

The ground level design procedure detailed in AWWA 
D100-11 [18] is followed, taking into account the tank impul-
sive and convective components, solely to calculate the param-
eters for the other methods. The relative masses and heights are 
determined.  Six tank cases at ground level, differing in their 
H/R ratios, are examined. The water volume is constant, and 
the actions are divided into 3 components: inertia force (tank 
structure: base, wall, and roof with additional live load which 
takes into account storage area); impulsive component; and 
convective component.  The dynamic properties of the tanks, 
calculated according to AWWA D100-11 [18], are presented in 
Tables 4.

Table 4 AWWA D100-11 [18] Ground Level Dynamic Properties  
for Tanks (cont.).

Units: 
Ton, kN, m Case  A Case B Case C

H/R 6.4 4.0 2.0

Volume [m3] 262 262 262

H [m] 15 11 7

D [m] 4.7 5.5 6.9

R [m] 2.4 2.8 3.5

Tc [sec] 2.27 2.45 2.75

Ti [sec] 0.16 0.13 0.07

Mass empty tank [ton] 17 16 16

Mass convective/
Mass tot 7% 12% 23%

Mass Convective [ton] 19 30 59

K convective [kN/m2] 145 198 310

Xc [m] 13.72 9.50 5.21

Xi [m] 7.06 4.98 2.85

Xcmf [m] 13.72 9.50 5.29

Ximf [m] 7.78 5.83 3.91
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Table 4 AWWA D100-11 [18] Ground Level Dynamic Properties  

for Tanks (cont.).

Units: 
Ton, kN, m Case D Case E Case F

H/R 1.2 1.0 0.9

Volume [m3] 262 262 262

H [m] 5 4.5 4

D [m] 8.2 8.6 9.1

R [m] 4.1 4.3 4.6

Tc [sec] 3.02 3.13 3.29

Ti [sec] 0.06 0.05 0.05

Mass empty tank [ton] 17 17 18

Mass convective/
Mass tot 37% 42% 48%

Mass Convective [ton] 96 110 127

K convective [kN/m2] 416 444 463

Xc  [m] 3.20 2.75 2.34

Xi  [m] 1.88 1.69 1.50

Xcmf  [m] 3.65 3.41 3.32

Ximf  [m] 3.36 3.45 3.61

4 STEP III: Force evaluation with code spectra using 
different methods

The methods used are as follows: ESA-NS (article 4.1), RSA 
(article 4.2), RSA-NS (article 4.3), and RSA-NS Extended 
(article 4.4).

4.1 Equivalent Static Analysis for Non-Structural 
Components (ESA-NS)

The ESA-NS method is based on the procedure in ASCE 
7-10 Ch.13.3 [19] for non-structural components, generally 
used for short to moderate height structures. For taller struc-
tures, higher mode effects can bring about a variation in the 
amplification with the structure height (see also Miranda and 
Taghavi [48]). Furthermore, the horizontal ESA-NS design 
force equation may be inaccurate for longer-period and irregu-
lar structures. Nevertheless, this method was considered here 
due to the weight criterion introduced in the code, which states 
that the tank should be treated as a non-structural component, 
being only ~2% of the combined weight. The horizontal forces 
are calculated using the following expression:

where Wp is the tank weight, and PGA=0.4SDS is the ampli-
fication of the Peak Ground Acceleration along the structure 
height, derived from the ASCE7-10 spectrum [19], by dividing 
the maximum possible acceleration at the site (SDS) by 2.5.

The term 0.4 SDS (1 + 2 (z/h) ) in Equation 1 represents the 
design peak floor horizontal acceleration at the non-structural 
component attachment point; z is the attachment height relative 

to the base. This expression accounts for the increase in shak-
ing intensity on the supporting structure upper levels, and is 
independent of the non-structural system. ESA-NS accounts 
only for the supporting structure and thus, the tank simplified 
equivalent model is not accounted for. The ASCE 7-10 [19] 
amplification uses a simple linear profile along the building 
height which captures only the first mode response resulting in 
a maximum value of 3 times the PGA at the top of the build-
ing. The coefficients Ip, Rp, are defined as in ASCE 7-10 Ch.13 
(Table 5) [19]. As detailed above, the average period of both 
components is much higher than 0.06 sec, and thus, following 
the comment in Table 5, ap=2.5 is used.

Table 5 ASCE 7-10 Ch.13 [19] except from table 13.6-1 Seismic: Coefficients 
for Mechanical and Electrical Components.

Importance 
Factor (Ip)

Reduction Fac-
tor (Rp)

Dynamic Am-
plification (ap)

Steel tank 1.5 2.5 1.0*
*If the component period is more than 0.06 sec, the dynamic amplification is 
ap=2.5

The tank damping is defined by the supporting structure 
response spectrum. The code defines lower and upper bounds 
on the horizontal design force; this prevents the product of the 
individual factors from producing an unreasonably high force, 
considering the expected nonlinear response of the supports 
and components. As the maximum forces were derived for 
nonlinear behaviour and our case is more elastic, the reduction 
of forces will be different. Contrary to the horizontal forces, 
the vertical seismic forces are considered without dynamic 
amplification, in accordance with the code. For computing the 
moments, the vertical and horizontal forces obtained above 
are applied at the center of mass of the non-structural compo-
nent. The results for ESA-NS are presented in Tables 6. In this 
method, all the components are considered equally dynamically 
amplified and the PGA’s amplification does not depend on the 
supporting structure. The ESA-NS does not take into account 
the tank geometry; rather, the shear is relatively high and con-
stant for all different tanks examined. The resisting moment is 
calculated using the tank self-weight minus the vertical seismic 
component. As expected, the only situation in which overturn-
ing may pose a problem is for very slender tanks. The ESA-NS 
Mf overturning moment and base shear are shown in Fig. 10 in 
comparison with the ground level results.F
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Table 6 Actions: Equivalent Static Analysis for Non-Structural Components 

(ESA-NS) FEMA P-750 [20] and ASCE 7-10 [19]. Code response spectrum 

return period 2475 years (cont.).

Parameters Case  A Case B Case C

Height Amplification (1+2*z/H) 1.63 1.63 1.63

Component Dynamic  
Amplification (ap)

2.5 2.5 2.5

Importance factor (Ip) 1.5 1.5 1.5

Reduction factor (Rp) 2.5 2.5 2.5

Minimum Fph [kN] 353 353 353

Maximum Fbh [kN] 1881 1881 1881

Fph [kN] 819 819 819

% of seismic weight 30% 30% 30%

Fpv [kN] 167 167 167

H/2 [m] center of mass 7.5 5.5 3.5

Motm ESA-NS [KN] 6120 4488 2856

Resisting vertical moment  
and self weight 13.72 9.50 5.21

Table 6 Actions: Equivalent Static Analysis for Non-Structural Components 
(ESA-NS) FEMA P-750 [20] and ASCE 7-10 [19]. Code response spectrum 

return period 2475 years (cont.).

Parameters Case  D Case E Case F

Height Amplification (1+2*z/H) 1.63 1.63 1.63

Component Dynamic  
Amplification (ap)

2.5 2.5 2.5

Importance factor (Ip) 1.5 1.5 1.5

Reduction factor (Rp) 2.5 2.5 2.5

Minimum Fph [kN] 353 353 353

Maximum Fbh [kN] 1881 1881 1881

Fph [kN] 819 819 819

% of seismic weight 30% 30% 30%

Fpv [kN] 167 167 167

H/2 [m] center of mass 2.5 2.25 2

Motm ESA-NS [KN] 2040 1836 1632

Resisting vertical moment  
and self weight 9815 10346 10973

Fig. 10 ESA-NS: overturning moment and tank base shear in comparison to 
ground level results

4.2 Modal Response Spectrum Analysis (RSA) using 
combined model

The actions on the tank at elevation 63 m are evaluated using 
the combined chimney and the tank 3D SeismoStruct [26] 
model by modal RSA with 5% damping. The flexibility of the 
impulsive and convective components is accounted for in the 
model through the stiffness of the attaching element using the 
simplified equivalent model for the site specific case. An elas-
tic analysis is performed; therefore, the spectrum can be lin-
early multiplied by coefficients later in the analysis to extract 
the actions. The importance factor used here is I=1.5 as in all 
other methods. The ground level seismic coefficients accord-
ing to the AWWA D100-11 code [18] (presented in Table 3, 
Ri=3.0, Rc=1.5) are used for the tank components. For the con-
vective component, the response spectrum with 0.5% damping 
is needed and is accounted for by using a factor of 1.5 for the 
actions. The responses for each of the modes are then combined 
using the SRSS rule. The results for the modal RSA method are 
presented in Table 7. Amplification occurs in the convective 
component when the periods of the first mode of the chimney 
and the first mode of the sloshing wave are close. The RSA Mf 
overturning moment and base shear are shown in Fig. 11.

Table 7 Actions response Spectrum Analysis (RSA), code response spectrum, 
return period of 2475 years.

Units: kN, m Case A Case B Case C

Mf Overturning (SRSS) 2035 1468 932

Mf structure 185 147 114

Mf impulsive 1846 1316 810

Mf convective 129 124 124

Base shear (SRSS) 262 253 241

Vf structure 25 27 33

Vf impulsive 237 226 207

Vf convective 9 13 23

% of seismic weight 10% 10% 9%
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Units: kN, m Case D Case E Case F

Mf Overturning (SRSS) 895 1139 707

Mf structure 100 102 94

Mf impulsive 533 490 446

Mf convective 632 974 457

Base shear (SRSS) 264 341 219

Vf structure 40 45 47

Vf impulsive 159 142 124

Vf convective 173 285 138

% of seismic weight 10% 13% 9%

Fig. 11 RSA: overturning moment and tank base shear

4.3 Modal Response Spectrum Analysis for 
Non-Structural Components with ASCE 7-10 
Requirements

Modal RSA-NS (RSA-NS; FEMA P-750 Ch.15.3.1 [20] 
referring to ASCE 7-10 Eq.13.3-4 [19]) is used to improve 
accuracy and to account for the flexibility and coupling 
between the periods of the tank components and the chimney. 
When following the code procedure, as with ESA-NS, some 
limitations on amplification exist. Eq. (2) is used to calculate 
the horizontal force: 

where Wp is the component weight. The equivalent simpli-
fied model for site specific is used as detailed above for RSA. 
The procedure for non-structural components defines one mass; 
it is divided into different components to capture the different 
dynamic amplifications. After extracting the horizontal forces 
these are summed and applied at the center of mass as defined 
in the code. The acceleration ai and the factor ap are extracted 
in accordance with FEMA P-750 guidelines [20]. The elastic 
values from the modal response spectrum reflect the combined 
model dynamic characteristics. The design amplification and 
acceleration vary with the component period and location 
along the chimney height, and are determined using the actions 
derived here.

A modal analysis is performed without considering the 
chimney ductility (see justifications for elastic behaviour of the 
chimney FEMA E-74 [49]). As noted, the ASCE 7-10 guide-
lines [19] call for use of elastic values and thus, a reduction 
factor of R=1.0 is taken for the chimney. The base shear is then 
calculated, and compared to that obtained using the equivalent 
lateral force procedure. According to the code requirements, 
the modal analysis base shear should not be less than 85% of 
the equivalent lateral force base shear. The acceleration (ai) is 
computed from the modal RSA analysis actions. The total shear 
just below elevation 63 m is divided by the seismic weight at 
and above 63 m. A comparison of the RSA-NS method results 
to those obtained using ESA-NS in accordance with ASCE 
7-10 code requirements [19], is presented in Fig. 12. The 
results for the RSA-NS are a function of the chimney stiffness 
and mass distribution and thus, are unique to this specific chim-
ney.  The different tank geometries exhibit a similar shape of 
amplification along the height. ESA-NS is conservative, espe-
cially at elevation 63 m where there is no amplification of the 
acceleration (Table 8). From elevation 140 m the amplifica-
tion values increase rapidly up to the chimney top, where the 
PFA reaches 2.5 times the PGA (Fig. 12). The results for this 
method are similar to those obtained by Fathali and Lizundia 
[44]; in that work, the authors compared data from buildings 
with the ASCE 7-10 equations [19] used to design acceleration 
sensitive non-structural components. They found that for long 
period buildings (with a period of over 1.5 sec), the amplifica-
tion for the relationship between z/h and PFA/PGA is consid-
ered very conservative. 
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Fig. 12 Amplification of the peak floor acceleration (PFA) with respect to the 
peak ground acceleration (PGA)

To extract the component amplification factor (ap), the shear 
force at the point of component attachment is taken from the 
modal analysis and divided by the component weight. This 
results in the product ai ap which is the peak floor accelera-
tion with the component dynamic amplification. Finally, ai ap 
is divided by ai which was determined in the previous step and 
the resulting value is used in Eq. 13.3-4 from ASCE 7-10 [19]. 
This enables separate procedure application to each tank com-
ponent, resulting in different ap values. Although the dynamic 
amplification for case E reaches values greater than 5.0, the 
value applied in the design is 2.5 in accordance with code 
limitations (maximum value of ap=2.5 and minimum value of 
ap=1.0). The analysis results are presented in Fig. 13 and Table 
8, and agree with the basic dynamic equation results (Step II). 
For case E, the resulting acceleration is lower than for the other 
cases, due to a tuned mass damping effect.

Table 8 Component acceleration and dynamic amplification

case A case B case C case D case E case F

ai for El 63 [g] 0.052 0.052 0.052 0.051 0.049 0.051

Impulsive 
ap=ai

*ap/ai 
2.50 2.50 2.50 2.50 2.50 2.50

Convective ap= 
ai

*ap/ai 
1.00 1.00 1.00 2.50 2.50 2.17

Fig. 13 Non-structural component dynamic amplification factor determined 
using RSA-NS with ASCE 7-10 limitations

The reduction and importance factors (Rp, Ip) are defined 
according to ASCE 7-10 Ch.13 Table 13.6-1 (same as for the 
ESA-NS method) [19]. The torsional amplification factor is 
defined in accordance with code section “Amplification of 
Accidental Torsional Moment” Ax=1.0, as detailed above. The 
RSA-NS method is the only procedure (except for RSA-NS 

Extended) that accounts for additional torsional factor effects 
that are not captured in the analysis or the model. The damping 
is defined as 5%, according to the supporting structure. The 
results for the RSA-NS method are presented in Table 9. The 
RSA-NS Mf overturning moment is shown in Fig. 14. As evi-
dent below, this method does not capture the dynamic amplifi-
cation for low H/R ratios. Therefore, a reduction in the actions 
occurs rather than the opposite.

Table 9 Actions: Responce Analysis for Non-Structural Components (RSA-
NS), code response spectrum, return period of 2475 years (SeismoStruct [26])

Units: kN, m Case A Case B Case C

Mf Overturning (SRSS) 1562 1108 673

Mf structure 149 118 91

Mf impulsive 1412 989 579

Mf convective 44 51 64

Base shear (SRSS) 208 201 192

Vf structure 20 21 26

Vf impulsive 188 180 165

Vf convective 6 9 18

% of seismic weight 8% 7% 7%

Units: kN, m Case D Case E Case F

Mf Overturning (SRSS) 430 364 312

Mf structure 79 77 73

Mf impulsive 311 240 192

Mf convective 182 180 165

Base shear (SRSS) 172 162 156

Vf structure 32 34 37

Vf impulsive 124 107 96

Vf convective 73 80 83

% of seismic weight 6% 6% 6%
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Fig. 14 RSA-NS: overturning moment and tank base shear

4.4 Proposed Design Procedure for the Case Study: 
Modal RSA Non-Structural Extended (RSA-NS 
Extended)

Our proposed design procedure RSA-NS Extended is based 
on the tank dynamic properties from the ground level AWWA 
D100-11 [18] procedure, in combination with ASCE 7-10 
Ch.15.3.1 [19] which refers to Eq. 13.3-4 in ASCE 7-10 Ch. 13. 
The design forces for the tank structure, impulsive component 
(Eq. (3)) and convective component (Eq. (4)) are computed in 
accordance with Eq. 13.3-4 of ASCE 7-10 (see also Eq. (2) and 
accompanying text):          

As noted, the workflow of the standard does not fully cap-
ture the requirements of our specific case study and thus, 
several adaptations have been made in our proposed design 
method. Of course, it is imperative to assure that the minimum 
requirements recommended by the standard are met, but all the 
while an extended and more elaborate procedure can provide a 
better estimate of the design forces. This is critical because the 
structure in our case study is part of an essential facility, and 
the designer should take into account the necessity to perform 
well under failure and provide better safety measures. Both the 
AWWA D100-11 [18] elevated tank procedure and the ASCE 
7-10 Ch.13 [19] for non-structural components neglect the 
sloshing effect in the tank. The convective contribution can-
not be ignored, especially for tanks with a low H/R ratio for 
which the sloshing effect is influential. For both the impulsive 
and convective components, an equivalent spring model can 
capture the components’ dynamic amplification by RSA. The 

acceleration and dynamic amplification are extracted as with 
RSA-NS. The equivalent simplified model for site specific 
spectra is used and instead of applying the force at the center 
of mass and following the code procedure for non-structural 
components, a more precise approach is used resembling the 
Housner [41] model. In addition, the reduction factors accord-
ing to the AWWA D100-11 [18] are used defining it as a non-
building structure. To extract the floor acceleration (ai), and the 
component dynamic amplification factor (ap), the procedure 
detailed above regarding RSA-NS is followed according to 
ASCE 7-10 Eq.13.3-4 [19], with the exception that here (RSA-
NS Extended), the actual maximum amplification from the 
analysis is considered (larger than 2.5) along with a minimum 
requirement from the code of ap=1.0, as shown in Table 9.

Table 9 Component acceleration and dynamic amplification

Units: kN, m Case A Case B Case C

ai  El 63 [g] 0.052 0.052 0.052

Impulsive ap=ai*ap/ai 3.78 3.77 3.75

Convective  ap= ai*ap/ai 1.00 1.00 1.00

Units: kN, m Case D Case E Case F

ai  El 63 [g] 0.051 0.049 0.051

Impulsive ap=ai*ap/ai 3.83 3.99 3.87

Convective  ap= ai*ap/ai 3.57 5.33 2.17

The dynamic amplification factors used here are shown (for 
the different tank cases) in Fig. 15. Clearly, both the impulsive 
and convective components are affected by system coupling; 
this is especially evident for tanks with a low H/R ratio, where 
the impulsive component is heavily influenced by the higher 
mode effects, and the convective component is influenced by 
the first mode of vibration.

Fig. 15 RSA-NS Extended: Dynamic amplification factor used to calculate the 
actions

The damping is defined according to the AWWA D100-11 
[18] (for elevated tanks) and the ASCE 7-10 standards [19] as 
the default value of 5%. The AWWA D100-11 [18] for elevated 
tanks considers only the impulsive component and disregards 
the convective component, and the ASCE 7-10 [19] non-struc-
tural component procedures (e.g. ESA-NS) use 5% damping 
according to the supporting structure. Especially for tanks with 
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low H/R ratios, where the contribution of the convective com-
ponent is large, 5% damping might not be conservative. Neither 
the AWWA D100-11[18]  nor the ASCE 7-10 [19] distinguishes 
between the different materials of which the tank structure is 
composed. For concrete structures, the damping ratio is usually 
5% and for steel structures 2% damping is usually applied, and 
values can be even lower if the connections in the structure 
are mostly welded rather than bolted. The value used here is 
in accordance with the IITK-GSDMA guidelines [40], which 
recommend using 2% damping for the impulsive component 
in steel storage tanks. Linear interpolation of the values is not 
possible since acceleration values vary logarithmically with the 
damping (Newmark and Hall [50]); however, because an elas-
tic analysis is performed, it is possible to linearly multiply the 
actions by a factor of 1.2 (according to the nonlinear Equation 
(5) taken from the EC8 [39]) to account for the amplification 
brought about by using 2% damping instead of 5%:

The convective component 0.5% damping is accounted for 
by using a 1.5 factor according to the American code. The anal-
ysis results for the RSA-NS Extended method are presented in 
Table 11.

Table 11 Component acceleration and dynamic amplification

Units: kN, m Case A Case B Case C

Mf Overturning (SRSS) 2436 1759 1121

Mf structure 224 177 137

Mf impulsive 2206 1573 968

Mf convective 160 176 193

Base shear (SRSS) 314 303 289

Vf structure 30 32 39

Vf  impulsive 283 270 247

Vf convective 12 19 36

% of seismic weight 12% 12% 11%

Units: kN, m Case D Case E Case F

Mf Overturning (SRSS) 1070 1362 846

Mf structure 120 122 113

Mf impulsive 637 586 533

Mf convective 756 1164 546

Base shear (SRSS) 316 408 262

Vf structure 48 54 56

Vf  impulsive 190 170 148

Vf convective 207 341 165

% of seismic weight 12% 16% 10%

Fig. 16 RSA-NS Extended: overturning moment and tank base shear

The RSA-NS Extended Mf overturning moment and base 
shear are shown in Fig. 16. As evident for the low H/R ratios, 
this method captures dynamic amplifications for coupled sys-
tems for both the convective and impulsive components. Table 
12 provides a summary of the different analysis methods, high-
lighting differences in the parameters used in each method.
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5 STEP IV: Comparison of the different methods
Decision-making and optimization of structure characteris-

tics, while complying with code regulations, are crucial in the 
design process, especially in this study, in view of the facil-
ity importance and performance requirements even under an 
extreme event. Attempting to use a “default” design procedure 
may produce very different results. In this section, the methods 
used in our case study are compared based on the following 
central design factors: floor acceleration, component dynamic 
amplification factor, higher mode effects, damping, reduction 
factor, equivalent model, action comparison and site specific 
and code response spectra.

5.1 Equivalent model
For ESA-NS and RSA-NS, the horizontal force is applied 

at the center of mass. RSA and RSA-NS Extended follow 
the AWWA D100-11 standard [18], in which the horizontal 
force is applied at the equivalent center of pressure that may 
develop on the tank wall during an event. For calculating the 
moment, the standard distinguishes between the bottom base 
wall moment and the overturning moment, and provides a dif-
ferent level arm for the impulsive and convective components 
(Ximf, Xi, Xcmf, Xc, respectively). Similar to the AWWA D100-11 
elevated tank procedure [18], ESA-NS and RSA-NS apply the 
total (equivalent) force that may develop at the center of mass 
without accounting for the impulsive and convective compo-
nents. Also, in ESA-NS, the convective component is neglected 
and the moment is defined as the overturning moment. The 
level arm for moment calculation, based on equations from 

the AWWA D100-11 standard [18], is presented in Fig. 17. As 
shown below, for extremely slender or squat tanks the force can 
be applied at the center of mass; otherwise it is conservative.

Fig. 17 Convective and impulsive height for the force location according to 
the AWWA D100-11 [18]

Table 12 Parameters comparison

Parameter ESA-NS RSA RSA-NS RSA-NS Extended

Equivalent Simplified 
Model Not accounted Model dependent Model and code dependent Model and 

code dependent

Design acceleration (a) a=PGA=0.4SDS
a=Sa(Tn supporting struc-

ture from the  analysis)
a=Sa(Tn supporting structure 

from the  analysis)
a=Sa(Tn supporting structure 

from the  analysis)

Amplification along the 
structure height

Linear:
1+2(z/h) values:1.0-3.0

ai*ap/ai
“black box”

Developed from the analysis 
results using ai*ap/ai     

Developed from the analysis 
results using 

ai*ap/ai 

Component dynamic ampli-
fication factor (ap)

ASCE 7-10 [19] 
Non-structural components 
Table 13.6-1: ap=1.0*      *for 
flexible component ap=2.5

Analysis dependent Analysis dependent, 
Min:  ap=1.0 Max: ap=2.5

Analysis dependent,  
Min:  ap=1.0

Max: No limit

Torsional amplification 
factor (Ax)

Not accounted Model dependent Model and code dependent Model and code dependent

Damping (ξ) Supporting structure depen-
dent

Supporting structure 
dependent

Fixed 5% Impulsive, 0.5% 
Convective

Material components depen-
dent

Importance Factor (I) Engineering judgement
Ip=1.0-1.5

Engineering judgement 
I=1.0-1.5

Engineering judgement
Ip=1.0-1.5

Engineering judgement 
I=1.0-1.5

Reduction Factor (R)

ASCE 7-10 [19]
Non-structural components 

Table 13.6-1: 
Rp=2.5

AWWA D100-11 [18]: 
Table 28 Anchored  at 

ground level Parameters:  
Rimpulsive=3.0 Rconvective=1.5

ASCE 7-10 [19] 
Non-structural components 

Table 13.6-1: Rp=2.5

AWWA D100-11 [18]: Table 
28 Anchored  at ground level 

Parameters:  Rimpulsive=3.0 
Rconvective=1.5

Convective Height

X
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As shown in Fig. 18, it is more conservative to consider the 
equivalent horizontal force at the center of mass rather than 
at the location of the pressure. This is shown for RSA-NS 
Extended, but applies also to all other methods.

Fig. 18 Code Spectra, RSA-NS Extended Overturning moment, comparison of 
the height coordinate for the equivalent horizontal force

5.2 Floor Acceleration
The RSA, RSA-NS, and RSA-NS Extended methods all 

account for the design acceleration at the tank location through 
the modal analysis. In RSA, the acceleration at the connec-
tion point is a function of the different modes, while in RSA-
NS and RSA-NS Extended, its value is derived from the base 
shear. Thus, when using software to extract the forces with 
RSA, the acceleration value is sometimes lost in the results. 
Modal RSA accounts for the different H/R ratios, as shown in 
Fig. 19. The acceleration for case E is lower than for the other 
cases and brings about a TMD effect on the chimney; however 
in this specific case, the effect is negligible. ESA-NS is exces-
sively conservative, and does not account for the differences 
in H/R ratios. As evident in Fig. 19, in both cases, A and E, 
despite the large difference in geometry, the accelerations for 
calculation of the design forces are the same. The acceleration 
is independent of the supporting structure properties, and the 
supporting structure period is ignored. Furthermore, the peak 
ground acceleration (PGA) is amplified linearly according to a 
general first mode that may be adequate only for low to mid-
height buildings. In addition, it has been shown that higher 
modes affect the acceleration more than the displacement and 
should be considered in the amplification profile. Therefore, 
the accelerations are always larger than the PGA; for tall struc-
tures with a long period, in which the accelerations are gener-
ally lower, this may result in unnecessarily large actions. The 
peak floor acceleration used for elevation 63 m in the different 
methods is presented in Fig. 19.

Fig. 19 Case A vs. Case E: Comparison of the PGA according  

to the different methods

5.3 Component Dynamic Amplification Factor
For ESA-NS and RSA-NS, the ASCE 7-10 guidelines [19] 

specify upper and lower bounds for ap. The upper bound lim-
itation is applied here although, as noted earlier, studies have 
shown that, especially for coupled systems, the amplification can 
greatly exceed 2.5. As noted, ESA-NS does not account for the 
tank H/R ratio or the period of the supporting structure; this is 
even more pronounced when the periods of the supporting struc-
ture and the convective component are close and a much larger 
amplification may occur (as in case E; see Fig. 20).  In ESA-NS, 
the amplification is limited to two values: 1.0 for a rigid compo-
nent or 2.5 for a flexible one. The tank is thus defined rigid here, 
although its period is longer than 0.06 sec which enables defin-
ing it as flexible. The RSA and RSA-NS Extended do not specify 
an upper bound for the amplification. Both have the same high 
amplification values, capturing higher mode effects and coupled 
systems (see Fig. 20). RSA-NS Extended, however, sets a mini-
mum bound for the ground level amplification (1.0; in case D the 
factor obtained from RSA was 0.77). The advantage of RSA-NS 
Extended is that it accounts for the minimum amplification as in 
the code, and the designer is able to understand the magnitude of 
the factor used in the analysis. In RSA, the amplification is lost 
in the results and in some cases (slender tanks) it does not meet 
the minimum code requirements. The tank dynamic amplifica-
tion used for elevation 63 m according to the different methods 
is presented in Fig. 20.

Fig. 20 Case A vs Case E: Dynamic amplification factor for different methods
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5.4 Higher Mode Effects
RSA, RSA-NS and RSA-NS Extended all account for 

higher mode effects through the dynamic amplification factor. 
This influences the tank structure and impulsive components 
which are both attached to the chimney by a stiff-spring con-
nection that is sensitive to these modes. The convective compo-
nent is modelled by a flexible connection and is influenced by 
the supporting structure’s first mode. The upper region of the 
chimney is more sensitive to higher mode effects than low and 
mid-level heights. ESA-NS is defined and used for low to mid-
height buildings where higher mode effects are not as influen-
tial. Therefore, the equation does not account for these modes.

5.5 Damping
Analyses for all the methods are performed with a response 

spectrum of 5% damping. RSA and RSA-NS follow the ASCE 
7-10 [19] which refers to AWWA D100-11 [18] and defines 
5% damping for the impulsive and tank structure component, 
regardless of the material. ESA-NS defines damping accord-
ing to the supporting structure rather than by tank structure or 
content. For the case of a slender concrete tank, 5% damping 
would have been a close approximation of the actual damping. 
According to the literature, for a squat steel tank, 2% damping 
should be applied to account for steel connections. The convec-
tive component for which 0.5% damping is applied here (in all 
methods except ESA-NS) has a substantial role for low H/R

5.6 Reduction Factor
The reduction factor for RSA-NS and ESA-NS is defined 

according to ASCE 7-10 Ch.13 [19], where each non-structural 
component is assigned a different factor. The tank is assigned 
a single value of 2.5 for both the impulsive and convective 
components, which simplifies the design but renders it some-
what less accurate for tanks that are either extremely slender or 
extremely squat. Both RSA and RSA-NS Extended apply the 
reduction factor according to the AWWA D100-11 ground level 
procedure [18], where a separate factor is specified for each 
component, improving method accuracy.

5.7 Shear & Moment
As exemplified in Figures 21, 22 and 23, large differences 

exist in the shears and moments obtained using each method. 
ESA-NS is too conservative, whereas RSA-NS is non-conserv-
ative. RSA-NS Extended captures the higher demand for shear 
in the low H/R ratio tanks. It accounts for material-specific 
damping characteristics, and for the amplification due to very 
close periods of the supporting system and tank components, 
and results in larger actions than the code requirements. In this 
case study, a high amplification occurs for the low H/R ratio 
(case E). RSA and RSA-NS Extended capture this phenom-
enon. For these methods, the actions are larger for low H/R 
ratio tanks than for slender tanks (case A). The actions obtained 

using RSA-NS, however, are reduced instead. A comprehen-
sive comparison of the actions is shown in Fig. 21 to 23. As 
noted, ESA-NS shear is conservative and does not rely on tank 
H/R ratios. Furthermore, as expected, slender tanks (e.g. case 
A) have a higher overturning moment.

5.8 Site specific and code response spectra
The results obtained for the site specific response spectra are 

quite similar to those obtained using code spectra, with some 
exceptions related to a higher dynamic amplification; in this 
case study, a certain range of frequencies is amplified by the 
inherent site characteristics. Generally, methods that capture 
the dynamic amplification show that low H/R ratio tanks, with 
a longer sloshing wave period, are more affected. ESA-NS 
results are the same for both types of response spectra. 

Fig. 21 Code Spectra, Case A and Case E shear and overturning moment 
comparison

Fig. 22 Code Spectra, overturning moment comparison

Fig. 23 Code Spectra, base shear comparison
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As shown above, when the convective component period 
matches the chimney fundamental period, this may result in a 
tuned mass damper (TMD) that affects the period of the struc-
ture, and therefore also the design acceleration. Different fre-
quency ranges are amplified differently in the code and site-
specific spectra. Thus, the chimney base shear obtained using 
modal RSA results in different reductions of the actions for 
each spectrum. A comparison of the TMD effect when using 
code and site-specific spectra is shown in Table 13. For the 
code spectra, when comparing case A to case E (where the 
tank is a TMD) the base shear is reduced by 3%, while for the 
site-specific spectra there is a 9% reduction.

Table 13 Chimney Base Shear (TDM effect)

Units: kN Case A Case B Case C

Code spectra 8808 8800 8791

Site-specific spectra 9907 9901 9903

Units: kN Case D Case E Case F

Code spectra 8703 8539 8666

Site-specific spectra 9694 9080 9630

The resulting actions are compared in Fig. 24 and 25. Due 
to a coupling between the periods of the tank convective com-
ponent and the fundamental period of the chimney (case E) for 
the site-specific spectra, the overturning moment is not con-
servative and was underestimated (Fig. 24; RSA and RSA-NS 
Extended). While RSA and RSA-NS Extended captured the 
amplification due to the coupling, RSA-NS not only did not 
capture the amplification, but showed a reduction in the shear 
and the overturning moment. 

Thus, when selecting the proper analysis method, designers 
should be aware of potential sources of coupling between the 
structures. For slender tanks, all methods (with the exception 
of ESA-NS) provide more or less similar results and can in 
principle be used interchangeably

Fig. 24 Site-specific, overturning moment comparison

Fig. 25 Site-specific, base shear comparison

6 Summary and conclusions
The codes provide detailed and specific procedures for the 

case of elevated tanks in which the dominant portion of the total 
mass is located at the top of the supporting structure, resulting 
in a cantilever first mode. When the supporting structure period 
is coupled with the tank component, an amplification related 
to resonance phenomena occurs. In this case, the use of the 
code procedure for elevated tanks is not permitted, and alterna-
tive methods are used to calculate the actions that may develop 
during an earthquake. None of these methods, however, fully 
captures the actual actions that may develop for a wide range 
of tank H/R ratios. The key findings of this work will be briefly 
summarized below:

1.	 The proposed method, RSA-NS Extended, follows the 
RSA-NS procedure but captures the actual dynamic 
amplification, and applies a lower bound to it in order 
to avoid the possibility of attenuation. ESA-NS is 
overly conservative (especially for slender tanks, with 
the exception of case E) and inadequate for the case of 
an RC chimney as the supporting structure. The RSA 
method is a “black box” that accounts for amplifications. 
Analysis of the actions, however, reveals that in some 
cases, attenuation occurs rather than amplification, pro-
viding results for the component dynamic amplification 
that are lower than ground level (and the minimal code 
requirement of ap=1.0). RSA-NS provides the necessary 
information related to the acceleration and the amplifi-
cation. However, due to several issues – the reduction 
factor used, the equivalent force location, and the code 
limitations on the amplification, the resulting actions 
are very low, rendering it inaccurate for use here. For 
instance, with the geometry of case E in our study, for 
which the convective component period is close to that 
of the chimney, an amplification of the actions (as with 
the other methods) was expected but rather, these limi-
tations resulted in the opposite.

2.	 Site characteristics substantially affect both the sup-
porting structure and the tank. The spectral accelera-
tions for periods shorter than 0.2 sec are lower than the 
code spectra. For periods in the range of 0.2-0.4 sec, a 
large local amplification occurs, and in general for long 
periods there is a higher spectral acceleration than the 
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code spectra. In ESA-NS, the maximum code spectral 
acceleration values are used. The other methods (RSA, 
RSA-NS, RSA-NS Extended) account for the different 
modes; the convective component is influenced by long 
period values which are higher for the site-specific spec-
tra, and the impulsive and tank structure components 
are influenced by short period spectra values which are 
lower for the site-specific spectra.

3.	 When coupling occurs, the dynamic amplification of the 
tank components may reach values much higher than the 
code. In the site-specific spectra, the convective compo-
nent reaches an amplification value greater than 8, and 
in the code spectra the value is larger than 5. Even the 
impulsive and tank structure components, which were 
analysed with stiff-spring connections, are dynamically 
amplified by a factor of 4 due to higher mode effects. 
These results are in agreement with several studies (e.g. 
Naeim [45], Fathali and Lizundia [44]), which claim 
that the upper bound limitation of ap=2.5 may be too 
low. As evident from the results of this case study, this 
is especially true for the case of tall reinforced concrete 
chimneys. 

4.	 The model proposed for the RSA-NS Extended, resem-
bling the Housner [41] mechanical model of the equiva-
lent spring–mass system, should be used with the reduc-
tion factors defined in the AWWA D100-11 ground level 
procedure [18]. 

5.	 When the convective component period matches the 
fundamental period of the chimney, this may result in a 
TMD that reduces the design acceleration for the chim-
ney, but amplifies the actions on the tank. Earthquakes 
are usually dominated by a wide range of frequencies, 
and thus, using the tank as a TMD is not an optimal 
solution, since this type of TMD operates in a narrow 
band of frequencies. For the code spectra, when com-
paring case A to case E (where the tank is a TMD) the 
base shear is reduced by 3% and for the site-specific 
spectra by 9%. 

6.	 Torsional effects, which may be important in the design 
and detailing of the structure, are sometimes reduced or 
neglected altogether. A reduction of the torsional effects 
in this case study is a result of the common approach of 
applying the spectra in one direction and using a sim-
plified model (the effect of the openings in the chimney 
are not fully captured here albeit the work by Livshits 
[28] and Wilson [2] that has indicated that it can be 
influential).

7.	 Comparison of the obtained results suggests that the pre-
ferred method of choice, which provides the most accu-
rate results for the actions for all different tank geome-
tries (H/R ratios) and both for the code and site-specific 
spectra, is the RSA-NS Extended. This is most evident 

in cases where coupling occurs, and in other cases in 
which the values obtained using this method exceed 
even those obtained using conservative methods.
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