
1250 Jignesh A. Amin and D.P.Soni

International Journal of Engineering Technology Science and Research
IJETSR

www.ijetsr.com
ISSN 2394 – 3386

Volume 4, Issue 12
December 2017

Assessment Response Reduction Factor of Elevated Tanks
with Alternate RC Frame Staging Configurations

Jignesh A. Amin1 and D.P.Soni
1, 2 Sardar Vallabhbhai Patel Institute of Technology,

Vasad, Gujarat, India.

Abstract
The RC frame staging with a central column and single row of columns placed along the periphery of a circle, are
generally adopted for elevated water tanks to support the tank container. Apart from this usual staging configuration,
some alternate configurations are also used in practice. These alternate configurations are made by adding few
structural members to the usual configuration. The seismic response reduction (R) factor permits the design engineer to
use a linear elastic force based design while accounting for nonlinear behaviour and deformation limits. The present
study aims to evaluate the effects of staging patterns on the realistic values of response reduction factor for RC frame
staging elevated water tank designed and detailed using relevant Indian codes. Three elevated RC frame staging water
tanks of 2000 m3 capacity and staging height of 16m but having a different staging patterns are analyzed using
displacement controlled nonlinear static pushover analysis to evaluate the base shear capacity and ductility of tanks. The
‘R’ factor of study RC staging elevated water tanks at two-performance level is evaluated. The results of this study show
that ductility factor and seismic response reduction factor is considerably affected by staging pattern of tank.

Keywords: Response reduction factor, elevated RC water tank, staging pattern, pushover analysis.

1. Introduction
Intze type RC water tank are quite susceptible to seismic forces due to their basic configuration consisting of
large mass concentrated at the top with relatively slender supporting system. The poor seismic performance of
many elevated water tanks was observed during past major earthquakes due to the inappropriate structural
design of framing system and joints, low overall strength and ductility. Present forced based design method
adopted by earthquake resistant design code for water retaining structures IS 1893 (Part-II) 2014 permits the
seismic design of structures using elastic design spectra. The inelastic behavior of structures is usually
considered into the design by dividing the elastic spectra by seismic response modification factor, which
decreases the spectrum from its actual elastic demand level to a design level. Indian standards for water
retaining structures suggest one constant value of R factor for elevated RC frame staging water tanks
irrespective of their staging patterns. The available literature in this area do not explain any specific basis on
which a value of 4 is assigned for reinforced concrete SMRF staging water tank in the IS 1893 (Part-II).

The reinforced concrete frame type staging of elevated water tanks generally has vertical columns placed at
the perimeter and centre of a circle as shown in Fig. 1(a). The columns are connected by circumferential
beams at regular intervals to reduce its unsupported length. These circumferential beams divide the staging
configuration into a number of panels. This type of staging configuration more frequently used in practice has
been referred as basic configuration. Apart from this basic configuration of staging of elevated water tanks,
some alternate configurations are also used in practice. These alternate configurations can be made by minor
alterations of the basic configuration, by adding few more members to it. Two such configurations are made
by modifying the usual configuration: (i) providing another concentric row of columns connected through
radial and circumferential beams, and (ii) proving diagonal braces. These alternate configurations involve
higher number of structural members as compared to the basic configuration and may be beneficial in some
aspects by increase in redundancy of the staging system. Hence, there may be better scope of re-distribution of
forces in the post-elastic range and that may increase the possibility of survival of the structure with some
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damage avoiding collapse in case of a severe seismic ground shaking. The staging with two concentric rows
of columns or that with diagonal braces is used for their larger structural redundancy and higher stiffness.

In past few researchers had made efforts to evaluate the response reduction factor for RC frame buildings or
existing water tanks assuming the acceptable limit states arbitrarily. Mondal et al. (2013) estimated the actual
values of response reduction factor of realistic RC moment frame structure designed and detailed using the
Indian codes for earthquake, RC designs and for ductile detailing. Ghateh et al. (2015) presented a methodical
approach to evaluate the response modification factor for shaft supported RC elevated tank of different
capacity generally used in industry. Patel et. al. (2014) made efforts for component-wise computation of
response reduction factor for existing elevated water tank having equal staging height but different capacities.
Dutta et. al.  (2004) investigated the effects of soil-structure interaction on the dynamic responses of elevated
water tanks with different configurations.

The aim of this study is to study the effects of staging patterns on ‘R’ factor of RC frame staging elevated
water tank designed and detailed as per relevant Indian standards. Total three elevated RC frame staging water
tanks having capacities of 2000 m3 with three different types of staging patterns are analyzed using
displacement controlled non-linear static pushover analysis to evaluate the base shear capacity, ductility and
response reduction factor of study water tanks.

2. Definition of ‘R’ Factor
Seismic response reduction factor is defined as a function of various structural parameters such as strength
factor, redundancy factor and ductility factor of RC frame system.

(1)

Strength Factor (Rs):

Strength factor (Rs) accounts for the yielding of a structure at load higher than the design load due to use of
various partial safety factors, strain hardening, oversized members, and confinement of concrete. The strength
factor (Rs) is measured as the ratio of maximum base shear capacity (Vu) to the design base shear (Vd).

Ductility Factor (Rµ):

Displacement ductility ratio (µ) is defined as the ratio of maximum displacement to the yield displacement.
The equations of ductility factor derived by Miranda and Bertero (1994) using 124 ground motions recorded
on different soil conditions, and assumed 5% of critical damping is shown below.

(2)

Where

For Rock sites: (3)

For alluvium sites: (4)

For soft soil sites: (5)

µ= displacement ductility and T is the predominant time of the ground motion.

Redundancy Factor (RR):

RC structural systems with multiple lines of lateral load resisting frames are normally considered as redundant
structure, as each of the seismic frames is designed to transfer the seismic forces to the soil. Following the
conservative assumption, RR = 1.0 is used in this study.
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3. Description of Study Water Tanks
Three elevated RC frame staging water tanks each having a capacity of 2000 m3 and  staging height of 16 m
but having different staging patterns of basic configuration (Fig.1a), providing another concentric row of
columns connected through radial and circumferential beams, (Figs. 1b), and provision of bracing (Fig. 1c) are
considered in this study. The dimensions of the columns of all three configurations are selected in such a way
that the total cross-sectional area of the columns is remaining same. All the study tanks are assumed to be in
the seismic zone IV as per IS 1893. The seismic demands on these elevated water tanks buildings are
calculated as per IS 1893 (Part-II) 2014. The RC designs for these tanks are based on IS 456 and IS 13920
guidelines. The RC frame staging are designed with Fe415 grade reinforcements and M25 grade of concrete.
All the water tanks are designed using zone factor (Z) = 0.24 for zone IV, structure’s importance factor (I) =
1.5, response reduction factor (R) = 4.0 for ductile/special moment resisting frames (SMRF) staging and
assuming rested on medium soil. The design seismic base shear for a water tank is derived as per IS 1893
(Part-II) 2014 provisions. The fundamental periods, convective mass, impulsive mass and staging stiffness of
the structures are calculated based on the empirical formulas recommended in IS 1893 (Part-II). The
considered study elevated water tanks are designed for the most critical load combinations and relevant Indian
codes for seismic and RC designs. Table-1 shows the RC section details of staging of study water tanks. The
impulsive time period of the water tanks with staging pattern-1, pattern-2 and pattern-3 is 1.18, 1.05 and 0.98
seconds respectively

4. Modeling of RC Members and Nonlinear Static Pushover Analysis
The RC beams and columns are modeled as 3-D frame elements. The convective mass and impulsive mass are
assigned at the appropriate height of the structure, whereas self-weight of the container are assigned as
uniformly distributed load on the top circular beam. Fig. 2 shows the modeling of a typical elevated tank for
the pushover analysis. Walls and domes/slabs are modeled using the rigid diaphragm action. Damping ratio of
5 % is assumed. Flexural (M3) and axial biaxial moment (P–M2-M3) plastic hinges are assigned to each ends
of the beams and columns respectively. Axial (P) plastic hinges are assigned at the centre of each diagonal
bracing. The idealized nonlinear force-deformation curve (Fig.3) and acceptance criteria for various
performance levels in beams and columns have been considered as per FEMA 356 guidelines for the pushover
analysis.

The NSPA are performed using structural analysis software SAP 2000. In Pushover analysis, first, a static
analysis is performed for the full dead load, convective mass, impulsive mass and 25% of live load in a single
step. The state of the structure from this analysis is saved and subsequently the static pushover analysis is
conducted starting from this state of the structure. The node associated with the centre of gravity of container
is used as target node to apply the push loading. The gradually increasing lateral load is applied at this node
until the failure of structure. The base shear versus lateral displacement curve of the structure, usually called
static pushover curve is obtained from the pushover analysis.

5. Assessment of Seismic Response Reduction (R) factor
IS 1893 (Part-II) does not describe the limit state equivalent to which values of ‘R’ are suggested in this code.
In this study, two performance limits namely local/element limits and global/structural limits are considered in
the computation of ‘R’ for the considered water tanks. Performance Limit 1 or PL1 (member level)
corresponds to the life safety limit state of RC frame member in terms of the allowable plastic hinge rotation
at member ends defined in FEMA-356. The second Performance Limit 2 or PL2 is defined at the point
corresponding to the maximum base shear on the force-displacement relationship curve of structures. This
limit state PL2 is defined at the structural level in terms of the ultimate capacity of the structural system.

Figures 4 to 6 shows the pushover curves considering the p-∆ effects and their bi-linear representations for the
study elevated water tanks. The parameters required for the evaluation of response reduction factor like the
maximum base shear (Vu), ultimate displacement (∆u), yield base shear (Vd) and the yield displacement (∆y)
are obtained from the pushover curves. The components of response reduction factor of study water tanks like
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ductility factor (Rµ), over strength factor (Rs) are derived from these parameters corresponding to PL1 and
PL2 are shown in Table-4. The ‘R’ values corresponding to PL1 range from 4.39 to 5.21 for the three water
tanks of different staging patterns are considered and are all  close to or higher than the IS 1893, part-II
specified value of (R=4) for ductile/special moment resistance RC frames staging water tanks. The time
period, staging stiffness and ductility ratio of water tanks are significantly affected by the staging
configurations. The staging with two concentric rows of columns or that with diagonal braces are used for
their larger structural redundancy and also increases the stiffness of staging system. The staging with two
concentric rows of columns or that with diagonal braces increases the strength factor, ductility factor and
response reduction factor as compared to basic staging configuration. The reserve strength factor of staging
pattern-2 is reduced 4.2 % whereas for pattern-3 increases 2.3% respectively as compared to staging pattern-1.
The ductility factor of staging pattern-2 and pattern-3 is increased 9.8 % and 16% respectively as compared to
basic staging configuration. The response reduction factor of staging pattern-2 and pattern-3 is increased 5.1%
and 18.7% respectively as compared to staging pattern-1.
From pushover curves, it is observed that, for all tanks, PL2 is reached after PL1 (i.e., at a larger
displacement). According to pushover curves and their bilinearisation, maximum shear is almost same as that
of PL1. Since design shear do not change, reserve strength factor are also the same as in PL1. There is no
change in yield displacement values for PL2 as compared to PL1. Ultimate displacement values for PL2 are
higher as compared to PL1 values, and therefore the ductility values are higher for PL2 as compared to PL1.
Therefore the 'R factor corresponding to PL2, finally works out to be higher, and ranges from 6.25 to 6.85.
The actual value of ‘R’ of realistic water tanks is expected to be  even smaller than what is evaluated in this
study, because of a variety of reasons, such as poor quality control and workmanship during construction
stage, not following ductile detailing guidelines as per the codal guidelines, deterioration in concrete with time
etc.

6. Conclusions
This paper present the effects of staging patterns on the seismic response reduction factor of RC staging
elevated water tank of 2000 m3 capacity and staging height of 16 m designed and detailed as per the Indian
standards. The significant outcomes of present study are summarized as follows:
 The R values corresponding to Performance Limit-1 range from 4.39 to 5.21 for the three study water

tanks with different staging configuration are considered, and are all  close to or higher than the IS
1893(Part-II)  specified value of (R=4) for ductile/special moment resistance RC frames staging water
tanks.

 The ‘R’ values corresponding to Performance Limit-2 range from 6.25 to 6.85 for the three study water
tanks considered, indicating the IS 1893 (Part-II) recommendations for “R’ factor is on the conservative
side.

 The ductility factor of staging pattern-2 and pattern-3 is increased as much as 9.75% and 16% respectively
as compared to staging pattern-1

 The staging pattern has considerable effects on impulsive time period, over strength factor, ductility factor
and response reduction factor of water tank. The response reduction factor of staging pattern-2 and
pattern-3 is increased 5% and 18.7 % respectively as compared to staging pattern-1.

 The staging with two concentric rows of columns or that with diagonal braces (i.e. structural system
having more redundancy) increases the strength factor, ductility factor and response reduction factor as
compared to basic staging configuration

The conclusions of this study are limited by the facts that only a limited circular staging pattern having sixteen
columns in seismic zone-IV has been considered.
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Table 1 RC Section details of 2000 m3 water tank with different staging patterns
Capacity(m3)/ Height of staging(m) 2000 (16m height)

Staging pattern 1 (with
Radial Beam and center
column)

Staging pattern 2 (two
concentric row)

Staging pattern 3 (with
diagonal bracing)

No. of columns 16 16 16
Column dia. (mm) 600 600 600

Dia. of staging 15 m
7.5 m (inner)
15m (outer)

15m

Percentage of steel in Columns
(600mm dia)

1.48% 1.27% 1.26 %

Tie beam or Circumferential
beam(600X300) @4m,8m,12m(Outer)

[3-20]Top+[3-20]bottom
[4-16]Top+[4-

16]bottom
[4-16#]Top+[4-

16#]bottom
Tie beam or Circumferential

beam(600X300) @4m,8m,12m(Inner)
-

[3-20]Top+[3-
20]bottom

-

Radial beam(600X300) @4m,8m,12m [6-12#]Top+[6-12#]bottom
[5-20#]Top+[5-

16#]bottom
-

Radial beam (1000X500)@16m -
[8-20#]Top+[5-

20#]bottom
-

Diagonal braces (250mmx 250mm) - -
[3-12#]Top+[3-

12#]bottom
Lower circular beam(1000X500)

@16m(outer)
[5-20#]Top+[5-20#]bottom

[8-20#]Top+[5-
20#]bottom

[5-20#]Top+[5-
20#]bottom

Lower circular beam(1000X500)
@16m(inner)

-
[5-20#]Top+[5-

20#]bottom
-
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Table 4 Component of ‘R’ for 2000m3 tank having different staging patterns

Staging
pattern

Ti (sec)

(Impulsive)

∆
(mm)

∆1

PL1

(mm)

∆2
PL1

(mm)

V0

(kN)

Vd

(kN)

Rs RR BASED
ON PL1

BASED
ON PL2

Rµ R Rµ R

1(Radial beam
& central
column)

1.18 45 82 114 2132 995 2.14 1 2.05 4.39 3.04 6.5

2(two
concentric rows
of column)

1.05 47 91 118 2122 1035 2.05 1 2.25 4.61 3.05 6.25

3(with diagonal
braces) 0.95 36 72 93 2655 1214 2.19 1 2.38 5.21 3.13 6.85

Fig. 1(a) Plan of staging with radial beams and a central column

Fig 1 (b) Plan of staging with two-concentric rows of columns connected by circumferential and radial beams

Fig. 1 (c) Staging with diagonal braces

Column
Radial beam

Circumferential
beam

Column

Columns of inner row

Outer Circumferential
beam

Inner circumferential
beam

Radial beam connecting
two rows of columns

Columns of outer row

Circumferential
beam

Diagonal
braces

Column
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Fig. 2. Water tank model for pushover analysis

Fig.3 Generalized force-deformation curve for frame elements

Fig. 4 Pushover curve of water tank with staging pattern-1
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Fig. 5 Pushover curve of water tank with staging pattern-2

Fig. 6 Pushover curve of water tank with staging pattern-3


