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Abstract. Elevated water tanks are considered as important structures due to its post-earthquake requirements. Elevated water
tank on reinforced concrete frame staging is widely used in India. Different response reduction factors depending on ductility of
frame members are used in seismic design of frame staging. The study on appropriateness of response reduction factor for
reinforced concrete tank staging is sparse in literature. In the present paper a systematic study on estimation of key components
of response reduction factors is presented. By considering the various combinations of tank capacity, height of staging, seismic
design level and design response reduction factors, forty-eight analytical models are developed and designed using relevant
Indian codes. The minimum specified design cross section of column as per Indian code is found to be sufficient to
accommodate the design steel. The strength factor and ductility factor are estimated using results of nonlinear static pushover
analysis. It was observed that for seismic design category ‘high’ the strength factor has lesser contribution than ductility factor,
whereas, opposite trend is observed for seismic design category ‘low’. Further, the effects of staging height and tank capacity on
strength and ductility factors for two different seismic design categories are studied. For both seismic design categories, the
response reduction factors obtained from the nonlinear static analysis is higher than the code specified response reduction
factors. The minimum dimension restriction of column is observed as key parameter in achieving the desired performance of the
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elevated water tank on frame staging.
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1. Introduction

The post-earthquake importance of elevated water tanks
is well known since in addition to provide potable water; it
also provides water to extinguish post-earthquake fires. In
most of the seismic design codes, water tanks are assigned
with higher importance factors than ordinary buildings and
are expected to exhibit a better performance during
earthquakes and remain functional. In contrary, many water
tanks during past earthquakes world over, have shown poor
performance (Steinbrugge and Flores 1963, Mehrain 1990,
Astaneh and Ashtiany 1990, Jain et al. 1994, Saffarini 2000,
Rai 2002, Rai 2003). Figs. 1(a)-(b) shows collapsed
elevated water tanks during Bhuj earthquake (Rai 2003) and
Killari earthquake (Jain et al. 1994).

Rai (2002, 2003) studied the performance of elevated
water tanks in Bhuj earthquake during which many water
tanks suffered damage to their supporting structure and
three water tanks were collapsed. It was pointed out that the
possibility of failures of the frame staging under seismic
overloads is more if the frame members and the beam-
column joints are not designed and detailed for inelastic
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deformations. Moreover, Rai (2003) clearly pointed out that
the damage to elevated water tank can be attributed to one
or more of the following reasons; brace and column
members do not meet the ductility and toughness
requirements for earthquake resistance, brace-column joints
were poorly detailed even for non-seismic moments,
termination of longitudinal bars in the joint region, stirrups
bent up at 90° instead of 135° insufficient number of
stirrups, poor quality of concrete and non-adherence to the
design and detailing code viz. 1S: 13920 (1993) and IS:
11682 (1985).

Generally, most of the seismic design codes (ASCE 7
2010, Eurocode 8 2006, IS 1893 part 1 2002) adopt force-
based design methodology in which the anticipated seismic
design force is reduced using single-valued response
reduction factor (R). The response reduction factor depends
on many factors such as over-strength, ductility and
redundancy of the structure. The selection of seismic
response reduction factor (R) is a key parameter in seismic
design, which is related to the acceptable level of damage of
structure under a defined hazard. Most of the force-based
design codes consider life safety level as the minimum
design criteria; however, the explicit identification of
performance can only be achieved either by nonlinear
analysis or experimentation. Since, the single-valued R
factor for a particular class of structure covers the entire
range of variation of that class of structure, it is expected
that the R factor will provide a conservative design and the
actual performance of the structure during anticipated
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(b)
Fig. 1 Elevated water tank collapse during an earthquake
(@) Bhuj earthquake (Rai 2003) (b) Killari earthquake
(Jain et al. 1994)

seismic hazard will be either better or at least similar to the
expected damage level. Several studies on investigation of
the R factor for building have been conducted (Mitchell and
Paultre 1994, Jain and Navin 1995, Kappos 1999, Elnashai
and Mwafy 2002, Ozmen and Inel 2008, Kim et al. 2009,
AlHamaydeh et al. 2011, Mondal et al. 2013, Chaulagain et
al. 2014, Ozmen et al. 2014, Fanaie and Dizaj 2014,
Chaulagain et al. 2015, Mohammadi et al. 2015, Massumi
and Mohammadi 2016), however, very few studies are
carried out to determine the seismic response factors for the
elevated water tanks (Masoudi et al. 2012, Ghateh et al.
2015). ATC 19 (1995) is one of the primary documents
which provide a detailed discussion on response
modification factor. The primary emphasis of the document
was to provide the basis of the values assigned to R for
buildings in the seismic codes. However, the document
provides means for decomposition of R factor in key
components along with methods to evaluate the key
components, which is useful for evaluation of R for other
structures. Another document providing detailed guidelines
for quantification of building seismic performance factors is
FEMA P695 (2009). Primarily, the methods of FEMA P695
is applicable to building frame, however, the procedure is
generalized and can be applied to other structures too. As
discussed previously, the documents dealing with R factor
are consistent with life safety performance objective which
is the basic mandate of most of the seismic design codes on
buildings. In the case of elevated water tanks, the basic
question is how much damage shall be allowed so that the
structure can remain operational even after the earthquake
and correspondingly, what level of R factor can be assigned
for this class of structures?

Past research on modelling of the elevated water tank
can be broadly categorized into two groups viz. modelling

of water and container, and the modelling of supporting
structure. The research on modelling and analysis of water
tanks gained impetus after 1960 Chilean earthquake in
which significant damage to steel and reinforced concrete
tanks were observed (Stembrugge and Clough 1960). This
led to improvements in seismic design methodology of
water tanks, such as consideration of two mass model,
representing the impulsive and the convective mass of water
(Housner 1963) and three mass model which includes
additional effect of wall flexibility (Haroun and Housner
1981) in place of the single mass model (Chandrasekaran
and Krishna 1954). Further, many improvements in
modelling of water tanks were proposed by various
researchers (Sonobe and Nishikawa 1969, Shepherd 1972,
Chen and Barber 1976, Haroun and Ellaithy 1985, Veletsos
and Tang 1990, Malhotra et al. 2000, Dutta et al. 2004,
Livaoglu and Dogangun 2005, 2006, 2007a, 2007h, Dutta et
al. 2009, Shakib et.al. 2010, Omidinasab and Shakib 2012,
Livaoglu 2013). During this period the implementation of
improved research findings was included in building codes
time to time (Jaiswal et al. 2007). However, in the present
study, the main focus is on the performance RC frame
staging, rather than the behaviour of tank container, and
thus the container and water have been modelled as lumped
mass.

Masoudi et al. (2012) have estimated seismic response
factors for elevated water tanks supported on both RC
frame staging and RC pedestals. The effect of fluid
structure interaction and P-A effect has been considered. It
was observed that the frame staging in comparison to the
building frames are less redundant and have limited
capability to redistribute seismic induced moments.
Moreover, while designing the frame staging the hinge
formation in the columns should be prevented, and the
hinges should be directed to the beam ends. Ghateh et al.
(2015) employed a systematic approach to determine the
seismic response factor for elevated water tanks supported
on RC pedestals. The impulsive and convective water mass
and the mass of container have been modelled as lumped
mass. A wide range of tank sizes and pedestal heights has
been considered. The nonlinear static analysis procedure is
adopted to compute the seismic response factors.

The present study focuses on the nonlinear behavior of
RC frame staging and the estimation of different
components of response reduction factor. A wide range of
tank models are selected based on various criteria viz.
structural plan configuration, tank capacity, height of frame
staging, and seismicity. The tank model dimensions and
sizes are selected in accordance with the commonly
constructed tank sizes and staging heights. In the study, the
weight of tank container and water is modelled as lumped
mass over the frame staging. In total, 48 tank models are
analyzed and designed based on the requirements of IS
11682 (1985), IS 456 (2000) and IS 1893 part 2 (2014).
Two levels of seismicity (seismic design category) are
adopted for designing the tank models. The nonlinear static
pushover analysis is carried out on each tank model.
Finally, the seismic response factors are calculated from the
pushover curves. However, it is important to note that in the
present study, the nonlinear static procedure has been used
which has some limitations in capturing the precise
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Table 1 Drift limits corresponding to various damage states
(ASCE 41-06 2007)
Immediate occupancy Life safety Collapse prevention
Transient 1% 2% 4%
Permanent negligible 1% 4%

nonlinear dynamic behavior of the structure. Furthermore,
the effect of liquid-structure interaction, soil-structure
interaction and amplification of ground motion due to soil
has also not been considered in the study, which may affect
the results to a certain extent.

2. Expected seismic performance of elevated water
tank and drift limit

Generally, for normal buildings, life safety structural
performance is expected during the severe seismic event
and the response reduction factors considered in various
codes is to ensure this performance level. For concrete
frames, ASCE 41-13 (2014) defines three structural
performance levels viz. immediate occupancy, life safety
and collapse prevention. Each of these performance levels
are defined on the basis of levels of cracking, damage and
hinge formation in the members. It also defines
qualitatively the drift limits for each structural performance
levels. Similarly, ASCE 41-06 (2007) quantitatively defines
drift limits based on transient and permanent drifts as
shown in Table 1. However, in case of water tank due to its
post-earthquake importance, it is desired to have a better
performance than buildings so as to retain the stability and
uninterrupted  functionality. Therefore, the allowable
inelastic drift limit shall be limited to 1% and the response
reduction factors shall be computed in such a way that the
designed structure should satisfy the desired performance.
Therefore, in the present study, the response reduction
factor has been computed at 1% drift limit.

3. Parameters of response reduction factor (R)

The response reduction factor is generally a function of
four key parameters of the structural system i.e., strength
factor (Rs), ductility factor (R,), redundancy factor (Rg) and
damping factor (R;). However, the contribution of each of
the key factor varies and depends on several parameters. In
general, the response reduction factor (R) can be written as
shown in Eq. (1). If the structures are not provided with
dampers (supplemental energy devices) then the R: value is
assumed as 1.

R=RR, R R: 1)

3.1 Strength factor (Rs)

From past earthquakes, it has been observed that
structures possess overstrength i.e., the surplus strength than
the design strength. In actual structure there are many
reasons which contributes in overstrength (Whittaker and

Rojahn 1999, Humar and Rahgozar 1996), such as,
conservative models for determining the member capacity,
structural members designed for higher capacities than the
required, material strengths used in design to the strength
used in determining the capacity, requirement from drift
demand may govern the design, ratio of gravity load
demand to seismic demand varies with seismic zones, local
construction practices can influence the capacity of
members and contribution of non-structural elements.
Nevertheless, amongst the various aforementioned
contributors of overstrength, only some of the parameters
can be numerically estimated. Generally, the strength factor
corresponding to collapse level is calculated as the ratio of
maximum base shear (Vi) determined from nonlinear
analysis and the design base shear (Vy). However, it is
expected that the elevated water tank being important
structure, shall remain functional in case of anticipated
design seismic event, therefore the maximum base shear
(Vmax) at collapse level is not useful. Subsequently in the
present study, the inelastic drift limit has been fixed to 1%
of the total height of the frame staging (i.e., calculated from
foundation to top of staging). The corresponding base shear
at 1% drift (V,) of the idealized pushover curve has been
used to calculate strength factor (Vi/Vg). The pushover
curves are bi-linearized using procedure of ASCE 41-13
(2014). In this procedure the first line segment of the
idealized force-displacement curve starts at the origin and
have slope equal to secant stiffness calculated at base shear
equal to 60% of the effective yield strength. The second line
segment has a positive post yield slope. This line intersects
the first line segment in such a way that the areas above and
below, between the idealized and the actual curves are
approximately balanced (see Fig. 2). The intersection of
first and second line segment indicates effective yield base
shear (Vy) and effective yield displacement (A,).

3.2 Ductility factor (R,)

The ductility factor is defined based on displacement
ductility of the whole framing system. Despite the fact that
ductility factor (R,) and displacement ductility ratio () are
closely related, they carry a different meaning. The
displacement ductility ratio («) of a structure is the ratio of
ultimate displacement (An,y) to effective yield displacement
(Ay). The ductility factor (R,) quantifies the expected
nonlinear response of the complete framing system,
depending on the period of the structure. Several studies
have been carried out to determine the ductility factor (R,)
based on displacement ductility ratio («). The research work
by Riddell and Newmark (1979), Newmark and Hall
(1982), Fajfar and Krawinkler (1992), Miranda (1993) and
Miranda and Bertero (1994) are notable in this area. The R-
u-T relationship proposed by Newmark and Hall (1982)
provides a conservative lower bound value (Ghateh et al.
2015) and suitable for the water tank. Therefore, in the
present study, this relationship has been used to calculate
ductility factor. However, rather considering the ultimate
displacement A, the displacement corresponding to 1%
drift (A;) has been considered keeping in view the desired
performance of elevated water tank. The relationship of R,
and p are period (frequency) dependent. Generally, the
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elevated water tank on frame staging are long period
structure and therefore, the ductility factor (R,) equal to
displacement ductility ratio («) has been considered.

3.3 Redundancy factor (Rg)

Redundancy can be defined as a number of alternate
load paths available to transfer the load without failure of
the entire system. In a framed structure (which is an
assemblage of various members) various alternate load
paths are available. Therefore, the failure of the complete
system is delayed till the failure of the critical
member/component, beyond which the entire structure is
considered as failed. Bertero and Bertero (1999) classified
two types of redundancy in a system, i.e., active type and
standby type. A system is considered to have active
redundancy when all the components are sharing loads. The
systems with standby redundancy have active and inactive
components. The inactive components become active only
when some of the active components fail. In case of standby
type, the redundancy factor is dependent on the over-
strength and ductility of the structural system. In another
study, Husain and Tsopelas (2004) and Tsopelas and
Husain (2004) proposed explicit equations to study the
effect of redundancy of RC buildings. They introduced two
indices, the redundancy strength index and redundancy
variation index to quantify the deterministic and
probabilistic effects of redundancy, respectively. It was
indicated by the authors that some of the factors used in
computing redundancy factor was based on gravity load
assumptions. Mohammadi et al. (2015) wused the
formulation proposed by Husain and Tsopelas (2004) on
three dimensional building frames and computed the
redundancy and reliability index.

It is generally observed that the shaft/pedestal staging of
elevated water tank has lesser redundancy compared to the
building frame (Rai 2002, Ghateh et al. 2015), since it has a
single load path. However, in a realistic water tank frame
staging, it is difficult to accurately define the redundancy
factor since several members are available creating number
of alternate load paths and therefore, the system redundancy
can be categorized as standby type based on Bertero and
Bertero (1999). Generally, the strength factor encompasses
the effect of redundancy (Chaulagain et al. 2014) especially
for standby type structures. In present study it is assumed
that the redundancy factor is a part of strength factor and
explicit computation of redundancy factor has not been
considered.

3.4 Formulation adopted for response reduction
factor

The formulation adopted for determining response
reduction factor is given by Eqg. (2), where Rq is the strength
factor (V1/Vq) which implicitly includes the contribution of
the redundancy factor (Rg), and R, is the ductility factor
corresponding to displacement ductility at 1% drift (A,).
Fig. 2 shows the components of seismic response factors.
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Fig. 2 Seismic response factors

It is important to note that the factors R, and R, are
sensitive to bi-linearization method of the pushover curves.
Many methods of bi-linearization are presented in literature
(Park 1988, Priestley and Park 1987, Paulay and Priestley
1992, ATC 19 1995, ATC 40 1996, Kadas 2006, ASCE 41-
13 2014), however, four common methods are, bi-
linearization based on first yield, based on equivalent
elasto-plastic yield, based on equivalent elasto-plastic
energy absorption and based on reduced stiffness equivalent
elasto-plastic yield (Park 1988). In present study the bi-
linearization procedure of ASCE 41-13 (2014) based on
effective lateral stiffness and effective yield strength has
been used.

4. Description of the tank models considered for the
study

The models for the study are selected on the basis of
various criteria such as staging height, tank capacity,
structural plan configuration of frame staging, site
seismicity (seismic design category) and response reduction
factor. Three frame staging heights of 16, 20 and 24 m and
four tank capacities i.e., 0.09 MI (Megaliters), 0.6 MI, 1.7
MI, 2.6 MI, representing small, medium, large and very
large tanks, respectively, are considered for the study.
Based on the considered tank capacities four staging plan
configuration are considered. For the small tank capacity 4
column configuration, for medium tank capacity 12 column
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Table 2 Specification of tank models

Normalized
Staging Design load level Tank base shear*
Model height — Capacit (%)
g pacity
D Ty Sesmic e ()
design category R=25 R=4
category

1o Small 009 1147 7.19
16-H-0.6 High ~ Medium 0.6 10.82 6.76
16-H-1.7 Large 1.7 10.15 6.34
16-H-2.6 Very large 2.6 10.04 6.27

16-L- 16
0.09 Small 0.09 1.58 0.93
16-L-0.6 Low  Medium 0.6 1.25 0.78
16-L-1.7 Large 1.7 117 0.73
16-L-2.6 Very large 2.6 121 0.76
P Small 009 981 6.15
20-H-0.6 High ~ Medium 0.6 9.43 590
20-H-1.7 Large 1.7 8.90 556
20-H-2.6 Very large 2.6 8.84 553

20-L- 20
0.09 Small 0.09 1.28 0.82
20-L-0.6 Low  Medium 0.6 1.03 0.64
20-L-1.7 Large 1.7 097 0.61
20-L-2.6 Very large 2.6 1.01 0.63
Py Small 009 865 5.42
24-H-0.6 High ~ Medium 0.6 839 524
24-H-1.7 Large 1.7 7.98 4.99
24-H-2.6 Very large 2.6 796 4.98

24-L- 24
0.09 Small 0.09 1.08 0.72
24-1-0.6 Low  Medium 0.6 0.89 0.56
24-1-1.7 Large 1.7 0.84 0.52
24-1-2.6 Very large 2.6 0.87 0.55

*design base shear normalized to the seismic weight

configuration, for large tank capacity 24 column
configuration and for very large tank 37 column
configuration as shown in Fig. 3 are considered. The
seismicity of site plays important role in computation of
seismic design base shear. The ratio of gravity load and
seismic design base shear varies with the seismicity of site,
which in turn affects the response reduction factor
significantly. In the present study two levels of seismic
design categories are considered and indicated as ‘high’ and
‘low’ in Table 2. The consideration of seismic design
category ‘high’ and ‘low’ is based on seismic zones V and
Il of Indian Standard IS 1893 part 1 (2002). The Indian
Standard defines the PGA of 0.36g for the highest seismic
zone (Zone V) and 0.1g for the lowest seismic zone of India
(Zone 1) corresponding to the maximum considered
earthquake (MCE) and uses a multiplication factor of 0.5 to
convert it into design basis earthquake (DBE). All the
considered tanks are assumed to be resting on hard soil. IS
1893 part 2 (2014), provides two values of the response
reduction factor (R) for elevated water tanks supported on

frame staging. If the tank is supported on ordinary moment
resisting frame the R is 2.5 and if the tank is supported on
special moment resisting frame conforming to the ductility
requirements of 1S 13920 (1993) the R is 4. In the present
study, the tanks are designed for both the aforementioned R
factors, and examined using pushover analysis. Elevated
water tanks being an important structure, the Importance
factor | of 1.5 is considered. The seismic design base shear
is computed using the equivalent static method of 1S 1893
part 2 (2014). Concrete grade of M30 having the
characteristic cube strength of 30 MPa and modulus of
elasticity of 27386 MPa and steel grade of Fe415 having
yield strength of 415 MPa and modulus of elasticity of
2x10° MPa are used in design. The elastic drift limit of all
the forty-eight elevated tank models have been checked and
found to be well within the prescribed limit of IS 1893 Part
1 (2002) (i.e., 0.4 percent of the height of staging).

Based on the combinations of tank staging height,
capacity, seismic design category (SDC) and response
reduction factors, forty-eight elevated tank models are
developed as shown in Table 2. Each tank model has been
designated with a unique model number based on staging
height, SDC and tank capacity. For example, model ID 16-
H-0.09 stands for an elevated water tank with 16 m staging
height, designed for SDC ‘high’ and tank capacity of 0.09
MI (90000 liters). Out of the three parts of the elevated
water tank i.e., container, staging and foundation, the
primary focus of the study is on behavior of staging.
Therefore, rather using a complicated model for container
and liquid, the mass of water and the container are
distributed over the bottom beam and the foundation is
modelled as fixed by constraining all the six degrees of
freedom at bottom of the columns. While designing the tank
models, first the minimum dimensions of columns and
braces based on IS 1893 part 2 (2014) (minimum column
cross section is 400 mmx400 mm and minimum brace cross
section is 200 mmx200 mm) are considered in the three-
dimensional model. The lateral stiffness of the structure is
calculated and the base shear is obtained taking the
complete mass of liquid as impulsive (IS 1893 part 2 2014).

The design base shear is applied at the center of gravity
of the container. Then the analysis of the tank model is
carried out followed by design. Further, the adequacy of
cross sections of braces and columns are checked along
with limiting the reinforcement in column cross section
within 4% and limiting reinforcement in brace cross section
within 2.5% (with limiting the maximum reinforcement of
1.5% on either face of the brace). If the cross sections are
found unsafe or exceeding the specified reinforcement
limits, the sections are revised. The sections are designed as
per the provisions of 1S 456 (2000). While designing the
tank models for seismic design category ‘low’, the
minimum code specified dimensions of columns and braces
were safe to carry loads except the bottom beams. In the
case of an elevated water tank, the maximum load is
concentrated at the top of the frame staging and hence the
bottom beam is generally having bigger dimensions than the
braces. For seismic design category ‘high’ the minimum
column dimension is found sufficient to accommodate the
design reinforcement but the brace sections are increased
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Table 3 Dimensions and typical percentage reinforcement
of the members of tank models

Bottom Brace Column R=25 R=4
beam beam Reinforcement (%)  Reinforcement (%)

Model ID Bottom Brace Bottom Brace
Size Size Size Beam Beam Column Beam Beam Column

m) (em) (cm) (Top/ (Top  *  (Top/ (Top/ =

Bot.) /Bot.) Bot) Bot)
T6H- 30« 25x 40x 098/ L2712 5 074 0690 oo
009 45 45 40 067 1 05 gm0 7 2%
35x 40x 061 142 0.5/0.3 098/
16-H06 75 3%55 4o 032 o075 3% o a9 2O
40« 30x 40x 058 143/ 0.5/0.3 0.99/
16517 70 55 40 032 080 °37 2 ag 264
40« 30x 40x 067 153/ 0.58/ 1.08/
16-H-26 o 50 a0 033 083 3% 032 o054 207
161~ 30x 20x 40 086/ 067/ o . 075 0403 o
009 40 20 40 043 060 1 o038 2 %
30x  20x 40x 044/ 1.15/ 041/ 0.84/
16-L-06 70 20 40 032 o057 62 g3 o4 1%
30x 20x 40x 052/ 115/ 05002 0.83/
16-L-17 25 50 a0 o026 o057 3% 5 a1 0%
30x 20x 40x 0502 1.13/ 0.48/
1626 S 20 A% 0502 30 135 0% 0804 095
20-H- 30x 25x 40x 085/ 095/ 0.69/

009 45 45 40 059 091 347 5o 0606 298
35%  30x 40x 057/ 136/ 047/ 0.96/
0-H06 70 55 40 032 068 °%° 032 o048 2%
40x  30x 40x 055 137/ 048/ 0.95/
0HLT 70 55 a0 032 069 °* 032 o048 28
40x 30x 40x 063/ 145/ 0.55/ 1.0/
0-H26 o5 50 40 032 073 3% o032 o052 262
20L- 30x 20x 40x 082 067/ .o 075 043 oo
009 40 20 40 o041 057 39 037 o34 ?
30x 20x 40x 039 1.16/ 037/ 0.89/
0-1-06 50 50 40 032 o058 89 032 a4 148
30x 20x 40x 052/ 114/ 05002 0.86/
0-L-17 95 50 40 026 057 39 5 a3 109
30x  20x 40x 049 112/ 047/ 083/
0-L-26 75 50 a0 032 057 4 024 o041 M
24-H- 30x 25x 40x 085 0.94/0. ., 066/ 056/ o
009 45 45 40 061 9 % 046 053 %
35%  30x 40x 054/ 133/ 0.44/ 095/
24006 0 55 a0 032 o066 Y o032 o047 2
40« 30x 40x 052 132/ 045/ 0.94/
2-HLT 20 55 40 032 066 °2° 032 o047 298
40x  30x 40x 0.61/ 0.54/ 1.0/
2426 ‘o B A 00 qan7 32 O30 10 250

24-L- 30x 20x 40x 0.65/ 0.73/ 044/
009 40 20 40 9804 o553 037 034 29
30x 20x 40x 035/ 1.18/ 033/ 0.94/
2106 25 50 a0 032 o059 7 032 047 16
30x 20x 40x 051/ 1.15/ 049/ 0.89/
L1795 50 40 032 057 4 024 o045 12
30x  20x 40x 048 112/ 047/ 086/
24126 G5 50 40 032 057 023 a3 1%

*reinforcement shown is for the columns just below the
bottom beam, for lower columns the reinforcement reduces
and most of the bottom columns are having only 0.8%
reinforcement (minimum specified in IS 456 2000).

and optimized to maintain the desired reinforcement
percentages. By following the aforementioned criteria, the
strong column weak beam condition is achieved in the
models designed for R=4, however, for models designed for
R=2.5 the same has not been achieved. The typical
reinforcement detailing for the tank models designed for R
as 2.5 and 4 for various staging heights and capacities under
seismic design category ‘high’ and ‘low’ are shown in

Table 3.

5. Modelling of RC frame staging

The general purpose software SAP 2000 (2004)
nonlinear is used for the modelling of the RC frame staging
of elevated water tanks. The columns and braces are
modelled using frame elements. The frame element is
having 6-degree of freedom at each connecting joint with
the capability of including the effect of biaxial bending,
torsion, axial deformation and biaxial shear deformation. To
consider the effect of tank bottom slab rigidity, the rigid
diaphragm constraint is used. The nonlinearity in frame
elements are provided using lumped plasticity models as per
FEMA 356 (2000) /ASCE 41-13 (2014). In case of braces,
uncoupled moment hinges (M3) and for column members,
coupled axial force and biaxial bending moment hinges (P-
M2-M3), have been assigned at both the ends of the
members.

6. Nonlinear static pushover analysis

Pushover is a static nonlinear analysis method where a
structure is subjected to gravity loading and then to the
lateral loading whose magnitude is increased incrementally
in line with a predefined load pattern and the corresponding
top displacement is recorded. In this study, the lateral load
is applied in accordance with the fundamental mode shape,
since the modal mass participation factor of the first mode
is above 90%. The pushover curve is plotted as top lateral
displacement and corresponding base shear. The bi-
linearization of pushover curves is carried out using the
procedure suggested in ASCE 41-13 (2014) and
accordingly, the effective yield displacement and effective
base shear has been calculated.

Forty-eight pushover curves were developed for the
models listed in Table 2. The pushover curves for seismic
design category ‘high’ and ‘low’ are shown in Figs. 4(a)-(d)
and Figs. 5(a)-(d), respectively. From the pushover analysis
it is observed that in the models designed for R=2.5, the
hinge formation starts in the lower brace beams followed by
hinge formation in column and upper brace beams,
however, for the models designed for R=4 the hinge
formation starts in the column only after all the hinges are
formed in the brace beams. As discussed previously, the
column cross section is governed by minimum size
requirement and therefore, initial slope of the pushover
curve for both types of models (R=2.5 and R=4) are almost
same. As anticipated, the maximum base shear of models
designed for R=2.5 is more than the models designed for
R=4. Similarly, the maximum top lateral displacement
corresponding to maximum base shear is more in the
models designed for R=4 than the models designed for
R=2.5. It can be seen from Figs. 4(a)-(d) and Figs. 5(a)-(d)
that invariably the maximum base shear and base shear
corresponding to 1% drift reduces with increase in staging
height. This is in line with reduction of design base shear
for taller staging. For seismic design category ‘high’, in
comparison to 16 m staging height the maximum base shear
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Fig. 4(b) Pushover curves for tank capacity 0.6 ml designed for SDC ‘high’

approximately reduces by 12% and 23% for staging height
20 m and 24 m, respectively. This effect for the 1.7 Ml tank
for SDC ‘high’ is shown in Fig. 6. Similarly, for seismic
design category ‘low’, in comparison to 16 m staging height
the maximum base shear approximately reduces by 18%
and 38% for staging height 20 m and 24 m, respectively.
These percentage variations of base shear are not affected
by tank capacity. The effect of staging height and
corresponding maximum base shear can be correlated to
design base shear. With increase in staging height the
fundamental period of the models increases, thereby
reducing the design base shear. It is also important to note

that with increase in staging height stiffness is reducing and
thus the yield displacement is increasing. It is also observed
that with increase in tank capacity the initial slope of the
pushover curve is increasing, however, the yield and
maximum displacement more or less remains constant. This
trend for a 20 m staging model for SDC ‘high’ is shown in
Fig. 7.

7. Seismic response factors

As discussed in section 3.4, the seismic response factors
i.e., Rs and R, are obtained from nonlinear static pushover



Estimation of response reduction factor of RC frame staging in elevated water tanks using nonlinear static procedure 217
Staging height: 16 m Staging height: 20 m Staging height: 24 m
4000 — 4000 4000
—R=25 . — R=25 —R=25
- T \‘"n’.ax A%
—_ WV, =3250 kN =000 TS —— = 3000 { ™
= = I - = s
= V= 2940 kN = ;
< E ! E T v, = 2650 kN
S 2000 A V,=2355 kN < 2000 4 < 2000 ,
Z 2 V= 2092.5 kN 2 V= 19005 kN
2 1000 = 1000 A ~ 1000 |
. A A AL 0 A, A | Bps . A, A A
0 02 04 0.6 0 02 04 0.6 0 02 04 0.6
Top lateral displacement (m) Top lateral displacement (m) Top lateral displacement (m)
4000 —R-1 4000 —R-12 4000 —  R=4
= 3000 Z 3000 A Z 3000 -
v 7 v . v
t/ L. S - \:/ \‘"n’ax \:/ A%
3 = 3 3 e
22000 g " = 2150 kKN = 2000 | ey <2000 - . ,
B — e V1= 1900 kN 2 TN, = 1750 KN
o | V= 1471.5 kN & ; - Z ; _
1000 i 1000 A \.-'czl 1308 kN 1000 Vy= 1}88 kN
0 A iy A 0 Ay ! | A 0 Ay Ay { Arax
T T T T T T
0 02 04 0.6 0 02 0.4 0.6 0 02 04 0.6
Top lateral displacement (m) Top lateral displacement (m) Top lateral displacement (m)
Fig. 4(c) Pushover curves for tank capacity 1.7 ml designed for SDC ‘high’
Staging height: 16 m Staging height: 20 m Staging height: 24 m
6000 — 6000
6000 v’ ] ——R=125 ——R=25
— \.ﬂ'ax r
_ R —ey e
z T 4000 V1= 4400 kN Z 4000 4 g
= o =2 = i
< 4000 3 5 — v, = 3860 kN
2 2 Ve=3112.5 kN £ '
= V= 3492 kN z fa=31125K = 233 5 LN
o I o V= 28335 kN
2 2000 2000 1 % 2000 ¢ :
Ay A Ape . A, A A . T
0 0.2 0.4 0.6 0 0.2 0.4 0.6 0 0.2 0.4 0.6
Top lateral displacement (m) Top lateral displacement (m) Top lateral displacement (m)
6000 6000 6000
——R=4 —R=4 ——R=4
z z z
= 4000 Ve < 4000 4 =< 4000
2 2 = 2800 kN 2
= 2 - o | H o
2 2000 V,=2182.5 kN @ 2000 — @ :
Vo= 1945.5 kN Ve=1771.5 kN
0 Ay A - 0 Ay 4 | Qs 0 Ay A A
0 02 04 0.6 0 02 04 0.6 0 02 04 0.6

Top lateral displacement (m)

Top lateral displacement (m)

Top lateral displacement (m)

Fig. 4(d) Pushover curves for tank capacity 2.6 ml designed for SDC ‘high’

curves for the criteria considered in section 6. The strength
and ductility factors of the various models for seismic
design category ‘high’ and ‘low’ are shown in Table 4. For
SDC ‘high’ there is small increase (about 6%) in strength
factor for the models designed for R=4 than the models
designed for R=2.5, however, the increase in ductility factor
is significant (about 49%). In case of SDC ‘low’ the effect
is opposite i.e., the increase in strength factor is
significantly high (about 37%) and the increase in ductility
factor is small (about 4%) for the models designed for R=4
than the models designed for R=2.5. This behavior for SDC
‘low” can be attributed to the fact that the design sizes for

frame members are governed by the minimum criteria
rather than required by analysis, leading to high strength
factor. Moreover, due to larger member sizes the effective
yield base shear increases, congruently increasing the
effective yield displacement and thus leading to smaller
increase in ductility factor at the considered 1% drift limit.

7.1 Effect of staging height
The effect of staging height on ductility factor is shown

in Fig. 8(a). It can be observed from the figure that in the
case of SDC ‘high’, the ductility factor increases with the
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Fig. 5(b) Pushover curves for tank capacity 0.6 ml designed for SDC ‘low’

increase in staging height whereas; in the case of SDC ‘low’
the effect of change in staging height on ductility factor is
only marginal. The effect of staging height on strength
factor is shown in Fig. 8(b). It can be observed from the
figure that in the case of SDC ‘low’, the value of strength
factor marginally decreases with the increase in staging
height. This decrease is more prominent for low capacity
tanks designed for R=4. Moreover, in the case of SDC
‘high’, the effect of staging height on strength factor is
negligible.

7.2 Effect of tank capacity

The effect of tank capacity on the seismic response
factors is shown in Figs. 9(a)-(b). In the case of SDC ‘high’,
the effect of tank capacity on ductility factor is negligible.
While, in case of SDC ‘low’, mostly the ductility factor
increases with the increase in tank capacity for 0.09 Ml, 0.6
Ml and 1.7 MI, however, for tank capacity of 2.6 MI the
ductility factor decreases. The effect of tank capacity on
strength factor is shown in Fig. 9(b). It can be observed
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from the figure that in the case of SDC ‘low’, the strength
factor decreases with the increase in tank capacity.
Whereas, in the case of SDC ‘high’ effect of tank capacity
on the strength factor is not significant.

8. Response reduction factor
The seismic response factors are determined for 48 tank

models and grouped with respect to tank capacities. The
average value of strength and ductility factors for the three

staging heights i.e., 16 m, 20 m and 24 m are shown in
Table 5 for SDC ‘high’ and ‘low’. In general, it can be
observed from the table that the strength factor is smaller
for SDC ‘high’ than SDC ‘low’. For SDC ‘high’ the
strength factor remains more or less same for a particular R
value and not influenced by the tank capacity. However, in
case of SDC ‘low’ the strength factor is more for low
capacity tanks and marginally reduces with increase in tank
capacity. In contrary to the strength factor, the ductility
factors are higher for SDC ‘high’ than SDC ‘low’.
Moreover, no distinct pattern of change in ductility factor
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Table 4 Seismic response factors for seismicity design category ‘high’ and ‘low’

SDC *high’ SDC “low’

Model 1D Ry Ry Model 1D Ry Ry
R=25 R=4 R=25 R=4 R=25 R=4 R=25 R=4
16-H-0.09 14 15 2.4 32  16L009 30 4.4 16 17
20-H-0.09 13 15 2.8 39  20-L-009 3.0 4.0 15 16
24-H-009 14 15 2.7 40  24-L-009 2.9 3.8 16 16
16-H-0.6 14 15 23 35  16-L-06 2.8 4.0 14 14
20-H-0.6 14 15 25 38  20-L06 26 3.7 17 17
24-H-0.6 14 15 2.7 40  24-L-06 2.4 3.3 21 22
16-H-1.7 1.4 15 2.3 34  16-L-17 2.4 3.3 2.2 23
20-H-1.7 1.4 15 2.4 37 20-L-17 2.4 3.2 25 26
24-H-1.7 1.4 15 2.6 39 24117 2.2 31 2.4 25
16-H-2.6 1.4 15 2.2 33 16-L-26 25 3.4 2.3 2.4
20-H-2.6 14 14 2.4 37  20-L26 2.4 3.3 1.9 2.0
24-H-2.6 14 15 25 41 24-L-26 23 3.0 21 22

with tank capacity is observed. For both seismic design
categories, the response reduction factors obtained from the
nonlinear static analysis is higher than the code specified
designed response reduction factors. The obtained response
reduction factor is approximately 1.4 times higher for SDC
‘high’ and 2 times higher for SDC ‘low’. It is important to
note that the specified minimum member dimension (IS

1893 part 2 2014) is the key consideration in achieving the
desired performance of water tank on frame staging.
Moreover, in the present study the R factors have been
computed using nonlinear static procedure which has
certain limitations in capturing the precise nonlinear
response. Also, the effect of fluid-structure interaction, soil-
structure interaction and ground motion amplification due
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to soil layers have not been considered, which may further
affect the analytically computed response reduction factors.

9. Conclusions

From past earthquakes it was observed that common
failures of elevated water tanks were due to failure of
staging. However, these water tanks are considered as
important structures and an operational performance after
earthquake is desired, no specific guidelines to limit
thenonlinear roof drift as well as the level of allowed
damage has been specified in the literature. The code
specified seismic design is based on reducing the
anticipated level of earthquake force by a single valued
response reduction factor. Broadly, the response reduction
factor can be decomposed into strength factor (includes the
effect of redundancy) and ductility factor. In the present
study RC elevated water tanks supported on frame staging
is considered and designed for two response reduction
factors i.e., R=2.5 and R=4 for ordinary moment resisting
frame and special moment resisting frame detailed for
improved ductility, respectively. A total of 48 models are
developed considering the various combinations of tank
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Fig. 9 Effect of tank size on seismic response factors

Table 5 Average seismic response factors for RC frame
staging

. SDC ‘high’ SDC ‘low’
Tank size
R=2.5 R=4 R=2.5 R=4
Small 14 15 3.0 4.1
R* Medium 14 15 2.6 3.7
s Large 1.4 15 2.4 3.2
Very large 14 15 24 3.2
Small 2.7 3.7 1.6 1.6
R Medium 25 3.8 1.7 1.8
“ Large 2.4 3.7 2.4 25
Very large 2.4 3.7 2.1 2.2
Small 3.7 5.6 4.7 6.7
Medium 3.6 5.7 4.5 6.5
Large 3.4 54 5.6 7.9
Very large 3.3 54 5.0 7.0

*R,: Strength factor; R,: Ductility factor; R: Response
reduction factor

capacity, staging height and seismicity. The design criteria
and minimum cross section is decided on the basis of IS
1893 part 2 (2014). The key components of response
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reduction factor i.e., strength and ductility factor is obtained
from nonlinear static pushover analysis.

For the models considered in the study it is observed
that the strength and ductility factors are higher for the
models designed for R=4 as compared to models designed
for R=2.5. The progressive hinge formation pattern differs
for models designed for R=2.5 and R=4. In case of model
designed for R=4 the hinge formation in column starts after
formation of hinges in several brace beams, whereas, in the
model designed for R=2.5 the hinge in column starts after
formation of hinges in few brace beams. This is also
reflected from the ductility factor (R,) which is relatively
more in models designed for R=4. With respect to change in
staging height, it is observed that the maximum base shear
decreases with the increase in staging height, however, its
effect on strength factor is only marginal. This is due to the
fact that with increase in staging height the fundamental
period of structure increases leading to reduction in design
base shear. In case of SDC ‘high’, the ductility factor
increases with the increase in staging height, whereas, in
case of SDC ‘low’, the ductility factor has a negligible
effect on staging height, but the strength factor marginally
decreases with the increase in staging height. With respect
to change in tank capacity, it is observed that with the
increase in tank capacity the initial slope of the pushover
curves increases; however, the yield and the maximum
displacements are almost constant. It is observed that for
SDC ‘high’ the effect of increase in tank capacity is
negligible on both R and R,. In contrary, for SDC ‘low’ the
R decreases with increase in tank capacity, whereas, R,
increases with the increase in tank capacity. The response
reduction factor computed from the pushover analysis
indicates that the consideration of R=2.5 for ordinary
moment resisting frame and R=4 for special moment
resisting frame is a reasonable approximation for SDC
‘high’. However, for SDC ‘low’ the computed response
reduction factor is higher than code specified response
reduction factor. This may be attributed to the fact that the
minimum section dimension specified in code is same for
all seismic design categories, whereas, for SDC ‘low’ the
required dimension of members from analysis are smaller.
Therefore, it is suggested that the minimum dimension
criteria can be varied with the level of seismicity.
Moreover, the higher response reduction factor computed
from nonlinear static pushover analysis has certain
limitations in capturing the precise nonlinear response.
Also, the effect of fluid-structure interaction, soil-structure
interaction and ground motion amplification due to soil
layers has not been considered, which may further affect the
analytically computed response reduction factors. These
issues require analytical and experimental studies, and the
study can be further extended incorporating the
aforementioned parameters to achieve more reasonable
values of response reduction factor.
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