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ABSTRACT
This paper presents the design and application of nonlinear fluid viscous dampers for the seismic
retrofit of a spherical tank located at a chemical plant in the Haifa Bay area. A three-dimensional finite
element model was developed to represent the original and the retrofitted spherical tanks, taking into
consideration soil-structure interaction effects. Detailed nonlinear static analyses of the spherical tank
was carried out using advanced performance-based standards to predict and define all seismic
deficiencies, and to estimate the effective damping ratio to be supplemented by viscous dampers in
order to achieve the desired target performance level. Then, using the well-established equivalent
viscous damping concept, the viscous damping constant of the dampers was estimated, and detailed
nonlinear time history analyses were carried out using three time histories scaled to a 2% probability
of exceedance in 50 years spectrum. In addition to the added viscous dampers, seismic retrofitting
measures were applied to both the foundation system and the supporting steel column system. The
advantages of seismic retrofit using viscous dampers, as presented herein, over a conventional retrofit
approach of replacing the tension-only bracing systems with stiffer braces able to act in compression
are briefly discussed. A brief description of the qualification tests conducted on the viscous dampers
prior to installation is also presented. Seismic retrofitting work on the tanks, including site inspections,
was successfully completed in the summer of 2013.

INTRODUCTION
Elevated spherical storage tanks are widely used in major industrial facilities worldwide for containing
various types of liquids, including hazardous content. This unique type of structure is part of a group
of critical structures whose withstanding capability against failure during seismic events is of critical
concern.
Recently, there has been increased attention to the seismic safety of industrial facilities (e.g.,
refineries, chemical plants, fertilizers plants, refrigerating facilities in the food industry and other
chemical industries) located in seismic regions in Israel, particularly on those critical structures that if
failed during an earthquake can potentially endanger a large population, and may cause substantial
financial losses. It should be mentioned that in the year 2008, for the first time, the Israeli Ministry of
Environmental Protection issued preliminary requirements document for the seismic design and
retrofit for the industry and hazardous materials.
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In this paper, an advanced seismic retrofit design scheme for a spherical storage tank located at
a chemical plant in the Haifa Bay area is described. Eight nonlinear fluid viscous dampers, acting as
energy-dissipating devices, were used to retrofit the spherical tank, together with a new bracing system
to replace the existing tension-only braces. The capabilities of the proposed seismic retrofit system to
significantly reduce seismic demands (accelerations, displacement, etc.) are shown through detailed
nonlinear analyses using performance-based seismic provisions (e.g., ASCE 41, FEMA 273 and
FEMA 274). This allows enhancing structural performance and meeting the desired performance level.
Seismic retrofit actions included liquid ammonia pipeline supports and peripheral RC walls; however,
they are not presented in this paper.
The examined spherical tank, shown in Fig.1, is selected as a representative of two similar
existing spheres. The spherical tank is identified as a critical facility since it contains liquid ammonia
product – a hazardous material, which, if released, could cause damage to the environment, and be of
high risk to the public and to company personnel and assets.
The reference sphere was constructed in 1968, while the other one was constructed in the late
nineteen-fifties. Both spheres contain liquid ammonia. The reference sphere has a diameter of 12.5m
with a volume capacity of 1000m3, and is supported on eight steel columns made of circular 508mmx
7.94mm hollow sections, with conventional cross bracing tie-rods (behaving as tension-only elements)
of 28.57mm diameter. The columns' height from base to sphere centre is 8.2m. The sphere contains
liquid hazardous ammonia with a mass density of ρL=0.65 ton/m3, and is usually at 80% capacity,
giving a total mass of 0.65x0.8x1000=520 tons. The self-mass of the empty sphere, supporting
columns and tie-rods is 30 tons. This gives a total seismic mass of 550 tons. Lateral seismic forces are
primarily resisted by the supporting steel columns and by the existing tension-only cross braces
between them. For these systems, the very slender cross diagonal braces made of tie-rods is expected
to buckle prematurely, as well as to fail in tension due to excessive seismic plastic strain demands.
The foundation system consists of 8 reinforced concrete (RC) cap piles supported on 24 piles (3
piles per pile cap) of 50cm diameter and 10m length. Note that, the cap piles are not tied together by
grade beams. Each steel column is supported on a 100cm cross-section RC pedestal of 55cm high, and
connected to it using two anchor bolts of 25mm diameter.
The relevant material properties of the steel elements are as follows: Young’s modulus Es=200
GPa, Poisson’s ratio ν=0.3, and mass density ρs=7.85 ton/m3. The relevant material properties of the
concrete are as follows: Young’s modulus Es=30 GPa, Poisson’s ratio ν=0.2, and mass density ρc=2.5
ton/m3. Each tie-rod has a tensile yield strength of 120 kN and negligible compression strength.

Figure 1. Examined existing spherical tank and observed pitting corrosion on columns
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SEISMIC EVALUATION OF THE SPHERE STRUCTURE
The spherical tank is located in an area in which a strong earthquake with a return period of 2475
years and peak ground acceleration (PGA) of 0.4g is expected (as estimated by a geotechnical
investigation in a site-specific seismic hazard evaluation study). The acceleration response spectrum
for several damping ratios obtained from the site-specific investigation is shown in Fig.2. In addition,
three scaled time history records representative of the site were provided as part of the site-specific
study, and are to be used during the verification stage. The scaled records, shown in Fig.3, are Ducze
(1999), Kobe (1995) and Imperial Valley (1979). Each scaled record contains two horizontal
components and a vertical component. Note that the determined soil profile based on two borehole
logs data performed as part of geotechnical study are mainly consists of fat silty clay of 10 m
thickness, clay with calcareous sand-stone of 10-14 m thickness, and sand with calcareous sand-stone
layers below 14 m.
A three-dimensional (3-D) finite element model representing the basic and the retrofitted
spheres was constructed. Soil-structure interaction (SSI) effects were accounted for by taking upper
and lower bound properties of the soil. LUSAS computer code was used to perform eigenvalue
analysis, modal spectral analysis, nonlinear static analysis (pushover analysis) and nonlinear time
history analysis. The finite element model of the sphere is shown in Fig.4. In this model, the
supporting columns were modelled using shell elements taking into account a nominal yield stress of
fy=235 MPa for steel. The tie-rod braces were modelled as tension-only nonlinear joint elements. An
elastic-plastic force-displacement hysteretic rule was assumed for the columns and the tension-only
braces.
The piles were modelled as nonlinear beam-column elements and an elastic-plastic forcedisplacement hysteretic rule was constructed considering reinforcement details and material strengths.
Load-deformation characteristic for soil-pile interaction by means of P-Y curves were developed by
the geotechnical engineer to model the lateral and vertical stiffness and capacities at different depths.
This was based on laboratory tests performed on selected soil samples obtained during field
investigations to evaluate pertinent physical properties. Because of the difficulties in determining soil
properties and likelihood of variability and uncertainty in soil properties, upper and lower-bound
values of soil stiffness and capacity, as per ACSE 41 (2007) requirements, were considered in the
analysis in order to evaluate the sensitivity of the structural response to these parameters.
The sphere itself was modelled using shell elements. The sphere contains liquid ammonia filled
to 80% capacity at operation condition, giving a ratio of H/D=0.71 where H is the filled height and D
is the sphere diameter. According to the facility engineer, the spherical tank would be given to internal
pressure and lower capacity level than that above mentioned should not be considered. Hence, in the
analysis, it was conservatively assumed that the whole contained material would act as an impulsive
rigid mass which contributes to the dynamic response of the sphere structure. In the analytical model,
the impulsive mass was added to the self-weight of the sphere. The convective mass was ignored in
the analytical model. Note that, for the given sphere (with H/D=0.71), the sloshing motion of the
convective mass is characterized by a small mass component and a long fundamental period (of ≈3.4
seconds), giving low spectral acceleration values. Such dynamic characteristics of the convective mass
make its effect insignificant in comparison to the impulsive mass component.
The detailed seismic evaluation of the sphere using performance-based standards (ASCE 41,
FEMA 273, FEMA 274) was performed to gain a better understanding of the potential seismic
deficiencies. Pushover analyses were carried out by subjecting the sphere structure to a monotonically
increasing uniform pattern of lateral loads representing the inertial forces which would be experienced
by the structure when subjected to an earthquake event. Gravity loads and soil-structure interaction
were considered in the pushover analyses, taking into account upper and lower-bound representatives
of the soil's properties. The Base shear versus sphere centre displacement curves (pushover curve)
obtained for the lower and upper-bound soil properties are shown in Fig.5. Target displacement at the
performance point was calculated using the coefficient method specified in ASCE 41 with an elastic
acceleration spectrum considering 2% damping ratio. The estimated target displacements for both soil
properties are shown in Fig.3, corresponding to a drift ratio value of 2.6%. The onset and sequence
formation of failure modes are presented in Fig.5. Similar results were obtained from the time history

nonlinear analysis under the scaled Ducze (1999) record. In summary, the critical deficiencies
predicted and observed from the detailed nonlinear analyses were as follows:
1. Inadequate flexural, shear, and ductility capacities of the piles and absence of grade tie-beams
between pile caps.
2. Very slender cross diagonal braces made of tie-rods are expected to buckle prematurely, as well
as fail in tension due to excessive seismic plastic strain demands.
3. Inadequate tension and shear capacities of the anchor bolts connecting the columns to their base.
4. Significant flexural yielding of the eight supporting steel columns.

2475 years

Figure 2. Acceleration response spectrum created per site-specific investigation study by soil-engineer (2%
inherent damping for steel structure)

Figure 3. Sets of three scaled time history ground-motion records compatible with the site-specific spectra
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Figure 4. Finite element model for the sphere including soil-structure interaction for seismic analysis
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Figure 5. Pushover curves for upper and lower-bound soil properties: onset and sequence formation of failure
modes and performance point for return period of 2475 years are presented

SEISMIC RETROFITTNG AND REMEDIAL MEASURES
According to the detailed seismic analysis results, the predicted extent of damage to the sphere's main
elements is large. Hence, there is a need for applying appropriate retrofitting measures to protect the
sphere from experiencing severe damage under seismic events.
The applied seismic retrofitting remedial measures were as follows:
1. Casting of new RC grade beams to connect and tie the piles together, as well as to resist part of
the seismic base shear through mobilizing horizontal soil friction and lateral pressure (field
compaction of soil was performed to ensure grade beams-soil contribution). The grade beams
sections are 2.35m x 1.2m with a mass of 185 tons.
2. Replacing the tension-only braces with eight nonlinear fluid viscous dampers, together with a
new bracing system.
3. Providing steel jacketing around the supporting steel columns, welded at their bottom and top
ends in order to efficiently connect the viscous dampers and the column ends by pin-ended
connections and to enhance columns' shear and flexural capacities. Note that due to pitting
corrosion observed on few columns' surfaces, special remedial measures were successfully
implemented based on metallurgic specifications (see Fig.1).
4. Retrofitting liquid ammonia pipeline supports to resist earthquake loads.
The target structural performance level to be targeted after applying the seismic upgrading
measures was defined using the ASCE 41 standard, considering chemical plant requirements. The
selected target performance level was Damage Control for the maximum considered earthquake,
having a return period of 2475 years.

SEISMIC RETROFIT USING NONLINEAR VISCOUS DAMPERS
An advanced retrofit scheme has been adopted, utilizing eight nonlinear fluid viscous dampers as
energy-dissipating devices with damping exponents of α = 0.3 and with a new bracing system to
replace the existing tension-only braces. A 3-D finite element model using LUSAS was modelled to
represent the retrofitted spherical tank while considering SSI effects. The added nonlinear viscous
dampers were modelled using joint elements that enable the use of a realistic force-velocity
relationship, as given in Eqn. 1. A scheme of the seismically retrofitted spherical tank, including all
the above-mentioned retrofit measures is shown in Fig.6.
Nonlinear viscous dampers are velocity-dependent devices whose hysteretic force-displacement
response hysteretic rule depends primarily on the relative velocity of motion. Fluid viscous dampers
typically operate on the principle of fluid flowing through orifices. A stainless steel piston travels
through chambers that are filled with silicone oil. The pressure difference between the two chambers
causes silicone oil to flow through an orifice in the piston head, while seismic energy is transformed
into heat, which is dissipated into the atmosphere. The relationship between the damper force FD and
the applied velocity V between the two ends of the damper is as follows:

FD = C V sgn (V )
α

(1)

where C and α are the damping constant and damper velocity exponent, respectively, and sgn (⋅) is
the signum function. Typical values of α are in the range of 0.15-1.0. A more detailed description of
the principles of energy dissipation devices can be found in papers, research reports and textbooks,
e.g., Ramirez et al. (2001), Soong and Dargush (1997), and Christopoulos and Filiatrault (2006).
Nonlinear viscous dampers (with low damping exponents, e.g., 0.15 - 0.50) are preferable to
linear ones because of their significantly increased energy dissipation capabilities, even at low
displacements. Another main advantage of using nonlinear viscous dampers is the limitation of
damper forces at high velocity (Christopoulos and Filiatrault 2006, Symans et al. 2008, Soong and
Spencer 2002). Viscous damper costs are primary related to the maximum force and design
displacement (stroke) the damper can develop, and hence the reduction of damper force demands will
directly lead to significant cost savings. Since fluid viscous energy dissipation devices do not have
inherent stiffness, the pushover curve of the seismically retrofitted sphere structure, as determined by
the pushover analysis, is identical to that of the structure without the energy dissipation system.
A simple design procedure was adopted for the determination of the viscous damping constant
of the added viscous dampers required to attain the defined target structural performance level.
Pushover analyses were initially carried out to examine the seismic response of the spherical tank and
to evaluate the effective damping ratio βeff to be supplemented by the viscous dampers in order to
achieve the desired improved seismic performance level. This was done by implementing an iterative
design procedure using the well-established equivalent viscous damping concept, assuming harmonic
motion. Subsequently, using available relationships as given in the literature (e.g., FEMA 273, FEMA
274, Ramirez et al. 2001, Ramirez et al. 2002, Christopoulos and Filiatrault 2006, Symans et al. 2008),
the viscous damping constant characterizing the constitutive law of the dampers was evaluated. Then,
considering the calculated viscous damping constant, detailed nonlinear time history analyses were
carried out using as an input the three aforementioned time histories (shown in Fig.3) for the final
verification stage of design.
The added viscous dampers are designed to satisfy two main requirements: (1) to ensure an
elastic behaviour of the original structure under the design basis earthquake having a 10% exceedance
probability in 50 years; (2) to ensure limited damage to the original structure under the maximum
considered earthquake having a 2% exceedance probability in 50 years, i.e., attaining a plastic rotation
demand equal or smaller than ≈ 0.003 radians in the most critical column, in order to achieve, at most,
a performance level of damage control (according to ASCE 41 definitions).

Figure 6. Scheme of the seismically retrofitted spherical tank
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The target displacement in the pushover curve should be reduced to account for the damping
added by the velocity-dependent energy dissipation devices. The calculation of the damping effect was
estimated as follows:
1. Estimate target displacement (performance point)
2. Estimate the needed effective damping in the retrofitted structure, including the damping provided
by the viscous dampers. A uniformly distributed damping giving a predetermined damping ratio of
e.g., β eff = 0.25 was used as a starting point for the design process.
3. Calculate damping modification factor B1 corresponding to the effective damping estimated in step
2., and estimate the modified target displacement, secant stiffness and effective period.
The target displacement was calculated using the coefficient method given in the following
equations:

B1 =

4
5.6 − ln(100β eff )

Te2
δ t = C0C1C2 S a (Te , β eff ) 2 g
4π

1.0;
Te > 1.0

 R −1
C1 = 1 +
; 0.2 < Te ≤ 1.0
aT
e


R −1
; Te ≤ 0.2
1 +
 0.04a
Te > 0.7
1.0;

2
C2 = 
1  R −1

 ; Te ≤ 0.7
1 +
 800  Te 
S a (Te , β eff )
R=
Cm
Vy W

(2)
(3)

(4)

(5)

(6)

where Cm is the effective modal mass of the structure, C 0 is the first modal participation factor
corresponding to the first mode shape having a unity ordinate at the roof, C1 and C 2 are modification

(

)

factors, S a Te , β eff is the response spectrum acceleration at the effective fundamental period Te and
effective damping ratio β eff of the structure in the direction under consideration, R is the ratio of
elastic strength demand to yield strength coefficient, V y is the yield strength calculated using the
results of the nonlinear static analysis, W is the effective seismic weight of the structure, g is the
acceleration of gravity, C m is the effective mass factor for the fundamental mode taken equal to 1.0
for the sphere structure, and a is the site class dependent factor.
4. Impose lateral forces on the mathematical model of the retrofitted structure until the target
displacement calculated in step 2 is reached. Estimate the horizontal load, horizontal displacements,
and relative lateral displacements between the ends of each viscous damper δ rj for device j.
5. Using the calculated value from step 4, estimate a new value for the effective damping β eff , as
follows:

β eff = β 0 +

∑W

j

j

4πWk

(7)

Wk =

 2π
W j = 
 Ts

α





∑ λC

j

1
Ftδ t
2

(8)

δ rj cos(90o − θ j )cos ϕ j

1+α

(9)

j

λ = 22+α

 α
Γ 2 1 + 
 2
Γ(2 + α )

(10)

where Ts is the secant fundamental period calculated using the secant stiffness K s at the target
displacement, Γ is the gamma function, λ = 3.674 is taken for a damping exponent of α = 0.3 . C j is
the damping constant for device j, δ rj is the relative displacement between the ends of device j along
the axis of device j at a displacement corresponding to the target displacement, θ j is the angle of
inclination of device j to the vertical z axis or to the column, and ϕ j is the angle of inclination of
device j with respect to the horizontal global X-axis.

C=

2π (β eff − β 0 )∑ Fiδ i
 2π
∑j  T
 s

i

α





∑λ δ

rj

(

)

cos 90 − θ j cos ϕ j
o

(11)
1+α

j

5. Iterate on steps 1 through 4 until the estimate of the effective damping β eff used to calculate the
modified target displacement (used in step 2) is equal to the effective damping calculated in the
subsequent step 4.
The design actions for components of the retrofitted structure were calculated in three distinct
stages of deformation as follows:
1. at the stage of maximum drift.
2. at the stage of maximum velocity and zero drift. The viscous component of force in each damper
shall be calculated using Eqn.1, where the relative velocity is given by:

Vj =

2π
δ rj cos 90o − θ j cos ϕ j
Ts

(

)

(12)

The calculated viscous damping forces should be applied to the mathematical model of the
structure at the points of attachment of the devices and in directions consistent with the deformed
shape of the structure at maximum drift. The horizontal inertia forces of the structure should be
applied concurrently with the viscous forces so that the horizontal displacement is zero.
3. At the stage of maximum floor acceleration, design actions in components of the retrofitted
structure should be determined as the sum of actions determined at the stage of maximum drift times
CF1 and actions determined at the stage of maximum velocity times CF2 , where

CF1 = cos γ

(13)

CF2 = (sin γ )

α

 2παβ eff 

 λ 

γ = 

(14)

1
2−α

(15)

The load combination factors CF1 and CF2 for nonlinear viscous dampers was taken from Ramirez et
al. (2001) and is as implemented in NEHRP (2003).
Base shear vs. sphere centre displacement of the retrofitted 3-D model having 35% effective
damping ratio is shown in Fig.7 for lower and upper-bound soil properties. The performance points for
the two cases are located in the upward portion of the pushover curves before the onset of flexural
8
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yielding in the piles and shear yielding in the bolts. As can be clearly seen in Fig.7, only a very minor
flexural yield (ductile behaviour) is expected to take place in the columns top. Note that in the
retrofitted structure, the initial yield of the columns (Fig.7) occurrs in a base shear level higher than
that in Fig.5 due to the steel-jacketing provided around the columns ends.
Fig.8(a) shows the friction forces generated between the grade beams' bottom and the
supporting soil resisting seismic shear vs. the shear force resisted by the piles of the retrofitted sphere.
The added grade beams take nearly 45% of the total base shear by means of friction forces.
Nonlinear time history analyses were performed using simultaneously the three components of
each scaled record (only results of Ducze 1999 are shown herein). The analysis results by means of
base shear vs. time are shown in Fig.8(b). As can be clearly seen, the added grade beams take a
significant part of the total base shear (47%) by means of friction forces between the beams and the
supporting soil, hence reducing shear demands on piles and preventing the formation of plastic hinges
on them. Note also that a 40% decrease in horizontal floor displacement was achieved after adding the
viscous dampers. The viscous damper force demands for the 8 installed dampers vs. time are shown in
Fig.9.
As shown, the proposed seismic retrofit measures are capable of significantly reducing seismic
vulnerability while enhancing seismic performance of the sphere, to meet the selected performance
objectives, hence preventing shutdown of the facility or even destruction of the sphere and build new
one as was firstly intended by the chemical plant.
Note that seismic stress concentrations at the welded sphere shell - column ends joints were
checked and found to be adequate and satisfactory.
The seismic retrofit measures presented herein have an advantage over a conventional retrofit
approach including the replacement of the tension-only bracing systems with stiffer braces able to act
in compression. Seismic retrofit using conventional steel braces stiffens the sphere structure and
increases its acceleration and seismic base shear demands. This results in minimal damage only up to a
PGA of approximately 0.2g. Beyond that level, the columns would need to be strengthened at a
considerably greater expense, and shear failure of piles could not be prevented, even though RC grade
tie beams were added, whereas retrofit by replacing the existing braces with nonlinear viscous
dampers can result in minimal damage up to a PGA of approximately 0.5g.
These results pointed out that unlike the viscous damper scheme, the conventional seismic
upgrading approach was found to be inapplicable as well as impractical since it required significant
strengthening of columns and the addition of a new piling system due to the higher seismic demands
(axial and shear forces, etc.) on columns and piles.
Note that a peer review by an independent external engineering panel was performed for the
seismic retrofit scheme and for the structural calculations. The seismic retrofit scheme and design for
the spherical tank was considered to be appropriate and adequate.

Figure 7. Pushover curves for lower and upper bound soil properties: formation sequence of failure modes and
performance points for return period of 2475 years are presented

(a)

(b)

Figure 8. Base shear response of the added grade beams vs. piles obtained from: (a) pushover analysis; (b) time
history analysis for scaled Ducze record (for selected significant time interval)

Figure 9. Joint numbering and viscous damper force demands in kN vs. time for scaled Ducze record (for
selected main time interval)

VISCOUS DAMPER TESTING
The viscous dampers for this project were developed and produced by FIP Industriale in Italy. Prior to
shipment and installation, qualification tests for the viscous dampers in accordance with the EN 15129
(2009) for anti-seismic devices were carried out and witnessed at the FIP Industriale testing
laboratories in the province of Padua in Italy. The aim of the production tests was to verify the
compliance of the fabricated viscous damper units with the engineer's design specifications, to
determine whether or not their reaction and damping characteristics fall within the design tolerance
ranges. The eight viscous dampers have all the same properties: each viscous damper unit is
characterized by a 500 kN design reaction at the maximum design velocity of ±700 mm/s (viscous
damping constant C=560 kN·(s/m)0.3), a ±70 mm stroke, and maximum rotation at hinges of ± 5°.
The following type tests were performed for an arbitrarily selected device (except for the pressure test
which was performed for all units):
1. Proof pressure: the test aimed to verify whether the damper vessel can withstand 125% of the
design internal pressure with no signs of physical deterioration, damage or leakage.
2. Low velocity: the test aimed to evaluate the damper’s axial force resistance under simulated
thermal movements (for velocity less than 0.1 mm/s).
3. Constitutive law: the test aimed to verify whether the damper units can provide a reaction that
follows the theoretical constitutive law with a maximum dispersion of ±15%.
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4. Damping efficiency: the test aimed to evaluate the energy dissipating capability of the device,
and the reaction stability for harmonic full displacement loading history, together with the
design applicable velocity (circa 700 mm/s).
5. Stroke verification: the test aimed to ensure that the damper is able to accommodate the design
stroke.
All the above mentioned tests yielded positive outcomes. Typical production test on a fluid
viscous damper unit for the sphere structure at FIP laboratory is shown in Fig.10.

Figure 10. Production tests at FIP laboratory on a fluid viscous damper for the sphere structure, and
typical hysteresis loop measured in a sinusoidal test with amplitude of ±55 mm and a peak velocity of 525 mm/s

APPLICATION OF THE SEISMIC RETROFIT
By the end of summer 2013, all the seismic retrofit work, including site inspections, were successfully
completed. Some photos from site inspections are shown in Fig.11.

Figure 11. Application of seismic retrofit work at site

CONCLUSIONS
An advanced seismic retrofit of an existing sphere was successfully applied by means of added
nonlinear viscous fluid dampers. Pushover analyses were performed to identify potential seismic
deficiencies, as well as to estimate the required effective damping ratio to be supplemented by the
damping system in order to achieve a desired level of seismic protection, based on an iterative
straight-forward procedure that is transparent to practicing engineers. Then, by applying the wellknown equivalent viscous damping concept, damping constants of the viscous dampers were
estimated. The obtained results of the nonlinear time history analyses showed the capability of the
added viscous dampers in significantly decreasing displacement as well as acceleration seismic
demands, hence successfully fulfilling the pre-set target design objectives.
Additional retrofit measures included casting of new RC grade tie beams connecting the
foundation piles and designed to participate in the seismic base shear resistance to a larger extent,
adding new steel jackets welded to the supporting columns, pitting corrosion treatment, modification
of liquid ammonia pipeline supports, and foundation strengthening of peripheral RC walls. By the
application of these retrofit measures, destruction of the sphere to build a new one, as was firstly
intended by the chemical plant administration, was prevented leading to a significant cost savings.
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