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On the Use of Seismic Passive Control Systems in Industrial Facilities
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1. Introduction

During the last twenty years several natural disasters
occurred: Kobe earthquake (Japan, 1995), Izmit earthquake
(Turkey, 1999), Gujarat earthquake (India, 2001), Tokachi-
Oki earthquake (Japan, 2003), Katrina tornado earthquake
(United States, 2005) and Tohoku earthquake (Japan, 2011).
Those events highlighted how natural disasters can cause
considerable damages to industrial plants. This evidenced the
need to adjust the risk analysis because of natural events, and
to improve the actual design rules which often do not take
into account natural actions to industrial plants.

The historical analysis, carried out on certified databases
(MARS, MHIDAS, EPA) showed that accidental events
which have a natural beginning, such as earthquakes, even
though they have a relatively modest frequency, often
caused serious consequences. Both scientists and competent
authorities agree on the necessity to improve the knowledge
about the effects that some strong natural phenomena
can have on industrial activities in order to improve the
management of emergences in case of crisis.

For these reasons, in Europe, several research have
recently carried out with the aim to analyze the seismic
responses of components of industrial process plants and the
study of applicability of innovative systems for their seismic
protection.

In this paper, the components of an industrial plant are
analyzed and classified; then the main damages caused
by earthquakes are highlighted and, after pointing out the
vulnerabilities of industrial plants to earthquakes, the most
suitable passive control techniques (PCT) are identified.
As case-study, in this work the use of Tuned Mass Damper
(TMD) for reducing the response of an oil separation column

is investigated.

2. Definition of the problem

Industrial plants are complex systems, and it is just the
complexity of such a kind of layout, with all its numerous
connections, equipment and components, together with the
complexity of their functions that make them particularly

vulnerable (local vulnerability) to earthquakes ".

Daniele Corritore
@PhD, SAFEPLANT srl, Rome, Ttaly @PhD, SAFEPLANT srl, Rome, Ttaly

/ Stefano Caprinozzi

Activities carried out in the process plants can also be
arranged in series, which means that process activities are
realized with specific sequence and surrounding conditions.
The “failure” of even a single element can therefore get the
whole system out of order. This is of fundamental importance
for the seismic vulnerability of the entire plant .

Among events that can cause serious accidents to industrial
plants, seismic action must be potentially considered one of
the most important ones. As a matter of fact, in Italy about
30% of industrial plants with major-accident hazards are
in areas with a high seismic risk. In addition, in case of a
seismic event, the earthquake can induce the simultaneous
damage of more apparatus, where effects can result amplified
because of the unsuccessful working of safety systems or
because of the simultaneous generation of multiple accidental
chains ¥.

For these reasons, during the last years, to increase safety
against earthquakes, PCT have been developed, which are
based on the concept of reducing the seismic action instead
of increasing the strength ¥. These techniques that for civil
constructions are nowadays considered as a consolidated
alternative design tool, can also be used for seismic
protection of industrial structures.

Unfortunately, a few applications to plant components have
been realized, whereas many research project highlighted
their importance *. In the last decade, some single and
isolated applications for plants with major-accident hazards
have been realized, especially regarding the isolation of
medium and large sized tanks at their basis . For this
reason, in this paper the applicability of a such techniques is

investigated aiming at providing general applicability criteria.

3. Structural classification and applicability of PCT
The experience derived from observing damages caused to
industrial plants by past earthquakes is very useful to identify
the most exposed components and what consequences their
damage could generate. In the following, the main apparatus
of process industrial plants will be gathered and collected
into a restricted number of classes and the main observed

damages will be analyzed. Moreover, an effort on recognize
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which PCT could be considered more suitable has been done
for each identified structural group. A more extended analysis
can be found in Paolacci et al. (2013) V.

Slim vessels. Cylindrical vessels, with a high ratio height/
diameter (between 5 and 30, and even higher) belong to this
category. Among them, on the basis of their process function
and the system of constraints to which they are subjected, it
is possible to identify: Vertical cylindrical vessels which are
directly anchored to foundations and free along the height,
which include distillation columns and many reactors:
Vertical cylindrical vessels which include very slender
columns such as stacks and flare: Horizontal cylindrical
vessels, supported by two or more saddles connected to a
foundation platform as pressurized storage tanks and shell-
and-tube heat exchangers.

As far as vertical slim vessels are concerned, the most
frequent damages in case of seismic event are the anchor
bolts failure at the foundation due to the excessive actions,
and the loss of contained fluids because of the failure of
connected flanges due to excessive relative displacements.
The technique of seismic protection which appears as the
more suitable for the slim vessels is the dissipative coupling
between adjacent structures. For example, a distillation
column is typically associated to a service frame and the
dissipative connection between the two structures could be
very effective in reducing the seismic action ",

On-ground squat equipment. Such equipment have similar
dimensions in the three space directions and are characterized
by heavy masses; the main category of structures belonging
to this group is the large cylindrical steel storage tanks with
a height/diameter ratio between 0.2 and 2. The roof can be
welded to the shell (fixed conic roof) or floating over the
contained liquid. The operating volume varies from some
tens to 200,000 m’.

The typical damages associated to these structures are
related to buckling phenomena of the wall (elephant foot
buckling, sloshing buckling) or to failure of the tank bottom-
wall joint. But other possible damages and accidents are
possible, especially due to excessive sloshing motion,
even in presence of a floating roof, which can cause liquid
overtopping and fire due to the crash between roof and wall.
During 1999 Izmit and 2003 Tokachi-oki earthquakes most
of the tanks were destroyed for excessive sloshing motion.
For the buckling damages the base isolation can be very
effective as already shown by tens of theoretical works and

experimental investigations ”. Unfortunately, the damages

due to excessive sloshing movements cannot be reduced by
base isolation technique. A possible reduction of this effects
could be obtained inserting a Tuned Column Mass Damper
system into the roof. Alternatively, very recently a solution
based on the Metamaterial application like metafoundation
has been proposed, which seems very promising *.

Squat equipment supported by columns. This category
includes: a) Spherical storage vessels, essentially used for
pressure liquefied gases. They are generally elevated with
respect to ground, using steel columns placed along the
circumference and welded to the shell at the equatorial
level and normally linked each-other by diagonal braces, b)
Vertical large storage vessels for cryogenic liquefied gases
(LNG); their configuration is similar to that of the large
atmospheric storage vessels for liquids above mentioned,
but their walls are realized by a double shell, in the inner-
space of which an efficient thermal insulation is located, their
bottom is anchored to a concrete plate, supported by short
reinforced concrete columns, ¢) Process furnaces and steam
boilers. Such equipment have the function to heat or vaporize
large amounts of liquid products, according to the chemical
process demand. Process furnaces are structures with
generally large size, with few standardized shapes, mainly
cathedral-type and vertical cylinder. These furnaces are kept
elevated from the ground by means of short columns, usually
reinforced concrete columns, according to the location of
burners that requires pipes and space for maintenance. For
these components, the collapse is mainly due to the soft-
story phenomenon caused by the shear failure of the short
columns. The collapse of chimneys is also possible, as well
as the detachment of pipes and of the internal wayward
covering.

For this kind of structures, the use of seismic isolation
appears effective, with the only problem to increase the
relative displacement between the apparatus and the
connected pipes, which could compromise the integrity of
connected pipelines; even the use of dissipative bracings
can be effective. These devices reduce accelerations and
displacements, but in some cases, they can result invasive
and can limit the efficiency of the protected component.
In some situations, for example for spherical vessels, a
dissipative coupling can be used by a rigid auxiliary truss
structure. Also, in this case there is the inconvenience to have
an intervention which can be too much invasive. Finally, for
furnaces, as an alternative to isolation, an improved technique

for reduction of the stresses could consist in designing the
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eventual overstanding chimney in order to used it as a Tuned
Mass Damper.

Piperack and piping systems. Pipelines connect all
equipment involved in the process, transferring the fluids
within the plants; as above mentioned, in a large refinery,
hundreds kilometers of pipe-ways of different size are
installed, and they are mainly realized with steel, but in some
cases also with ceramics, glass, concrete, etc., if a specific
resistance to corrosion is required. Metallic pipes themselves
are not particularly vulnerable to seismic actions ”, but
they can suffer the effects of differential displacements,
which could be not compatible with the pipe deformations.
They can also be damaged because of the collapse of the
supporting structures.

To reduce the seismic response of this kind of structures,
dissipative bracings or dissipative coupling may be easily
used. Moreover, to avoid damages to critical components
(pipes, compressors, pumps, vessels ...) supported by framed
structures, the technique of the floor isolation can also be
used. In this way it is possible not only to reduce stresses in
the structure, but also to reduce stresses in the supporting
structures. Also, in this case it is necessary to take care
of the unavoidable relative displacements due to the high

deformability of the isolation system.

4. Analysis of a representative case study

In this section an example of use of PCT for the seismic
control of industrial is presented and discussed. In particular,
the use of TMD for seismic control of a oil separation
column typically present in an upstream plant is presented
and discussed. The column is 25 m heigh, with a diameter
of the vessel of 3 m. The vessel is welded on a skirt that is
anchored in turn at the RC foundation with steel anchors. The
numerical models of the columns is presented in Fig. 1 along
with the position of the TMD. The TMD system is composed
by 3 masses of 0.7 tons/each connected to the column with
a stiffness of about 20,000 N/m, mutually placed at 120° in
plane and located at about 20 m from the ground.

The design of the TMD has been performed by using a
risk-based design approach . The columns is located in the
south of Italy whose seismic hazard curve is presented Fig. 2.

The PSHA conducted to derive the hazard curve has also
been used to evaluate the UHS corresponding to the return
period for Safe Shutdown Earthquake (SSE) limit state
that is Tr=1950 years, allowing the selection of a set of 7

accelerograms by using the compatibility rules prescribed

Approx. 25m

Approx.
90000 kg

Fig.1. Numerical model of column and position of TMD
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Fig. 2 Hazard curve

by the Eurocode 8. These accelerograms have been used to
perform time-history analysis and evaluate the effectiveness
of the proposed PCT system.

From the analysis a reduction of about 25% in base shear
is obtained, with a similar result also for the displacement at
the top of the columns, as reported in Table 1. Moreover, a
good control of the rotation of the flanged joints of the pipes
connected to the columns has been obtained with a reduction

of the same order to those of Table 1.

Table 1 - Summary of the seismic response quantities

Top Displ. (m) Base Shear (kN)
W/O TMD 0.214 1600
With TMD 0.169 1200

There is also a hidden advantage in using the TMD
with respect to traditional rehabilitation solutions. In fact,

traditional solutions could entail the modification of some
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structural and non-structural parts of the columns like
welding operations on the vessel or modification of the pipe-
column connection or the modification of the pipe’s layout.
TMD can be easily placed on the several platforms typically
present along the height of the column and connect using

simple bolted connections.

5. Conclusions

In this work the earthquake effects on industrial plants
with major-accident hazards has been analyzed and the use of
PCT solutions have been investigated. Typical equipment and
components of hazardous industrial plants, like refineries,
were identified, and their seismic vulnerability was analyzed.
This allowed identifying the most critical elements both in
terms of seismic vulnerability and consequences, providing
a general guideline for identifying critical conditions.
Subsequently, the applicability of PCT systems for seismic
risk reduction and resilience enhancement of industrial was
investigated, completing the above guideline with the most
proper mitigation strategies. Finally, a preliminary study
about the applicability of TMD for the seismic rehabilitation
of an oil separation column. The TMD has been optimized by
using a Risk-based approach, whose effectiveness has been
demonstrated by using a refined modeling of the column and
time-history analysis. Despite the slenderness of the column
a reduction of about 25% of the base-shear and displacement

has been obtained.
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