Seismic early warning systems for the process industry
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ABSTRACT: Early Warning System, i.e. a set of actions that can be taken from the moment when a seismic
event is triggered with a significant reliability to the moment the quake strikes in a given location, seems to be
a very valuable tool for the prevention of industrial damages. In the present paper, some insights for the proc-
ess industry are presented. The aim is to discuss the main aspects related to management of large amounts of
hazardous substances as well as to protection against failures and faults generated by seismic base excitations.
Relations between structural monitoring, seismic reliability of equipments and industrial quantitative risk
analyses will be analysed; critical issues will be discussed from an interdisciplinary standpoint in order to ex-
ploit the potentialities and define even limitations of the approach.

1 INTRODUCTION

Safety of industrial facilities and interaction be-
tween natural hazards and industrial risks are be-
coming a key issues in view of urbanised areas and
environment protection. This circumstance is related
to the development and the refinement of risk as-
sessment procedures able to evaluate from a quanti-
tative point of view the consequences of failures
and/or faults of processes involving hazardous mate-
rials. With specific reference to earthquakes, the ex-
tension of areas exposed to seismic risk worldwide
is leading the process industry to develop method-
ologies for the assessment of risk either in the early
design of plants or for existing installations, to in-
troduce acceptable risk criteria and thresholds values
for earthquake intensity, and consequently to de-
velop active and passive actions for the prevention
and mitigation of accidental scenario triggered by
earthquakes.

In this framework, Early Warning System (EWS)
seems to be valuable tools. An EWS is a set of ac-
tions that can be taken from the moment when a
seismic event is triggered with a significant reliabil-
ity to the moment the quake strikes in a given loca-
tion. As a result, prevention of damages via relevant
countermeasures can be started. To this regard, it’s
worth noting that early warnings of earthquake are
recognised as a focal point for the prevention of nu-
clear accidents, whereas few attention is given to the
seismic safety management in the wider case of

chemical processes where large inventories of haz-
ardous chemicals are stored. Indeed, active protec-
tion system as safety interlock systems (SIS) are
normally installed for the shut-off of plants for rela-
tively fast, process-related loss of control, whereas
the few seconds allowed typically by the seismic
wave propagation to reach the installation location
are rarely considered for mitigation of earthquake
effects on plants, processes and storage systems.

Safety interlock systems (SIS), also defined
emergency shutdown systems, are among the most
important protective measurements in process
plants, and provides automatic actions to correct an
abnormal plant event that has not been controlled by
basic control systems and manual interventions
(CCPS, 1993; Green & Dowell, 1995). The design
and maintenance of SIS present a special challenge
created by the infrequent need for these systems to
act; i.e., a SIS is only needed on those rare occasions
when normal process controls are inadequate to keep
the process within acceptable bounds (Chung et al.,
2000). In the normal process-life, a SIS failure is
likely to be followed by environmental damage or
loss of human lives.

In this paper, the current authors propose a meth-
odology to analyse the possibility to predict, prevent
and mitigate earthquake damages, not only in terms
of structural, mechanical damages but also in terms
of loss of containment of hazardous materials from
the containment system or, more simply, from the
storage equipment. More specifically, a main issue
is that only industrial accidents which are followed
by the release of large amount of hazardous materi-



als or energy into the surrounding environment will
be considered (Lindell & Perry, 1996), i.e., our pur-
poses is addressed to the mitigations of effect on
human body due to toxic dispersion of vapour or gas
substances, due to fire of liquid releases on the
ground or the fire and explosion of flammable
clouds formed after the dispersion of gas or vapour
from the system of containment. In other words in
what is called “relevant accident” (Council Directive
96/82/EC; COMAH, 1999). Also, some indications
for the threshold limits for the earthquake intensity
are given.

The main aspect of EWS to take into account for
the development of mitigation actions for earthquake
and its relation with process industry is the charac-
teristic time for earthquake scenario to strike in a
given location, which is now defined as tgws, to be
correlated to the characteristic time of EWS action
on the process industry, Taction-

Our proposal is then related to the definition of a
specific a-dimensional number, the Earthquake
Process-industry early Warning number (EPW)
which is the ratio of these two characteristic times.:

EPW= g —EWS (1)
TAction

where a is a coefficient which depends on the earth-
quake intensity parameter and is discussed in the fol-
lowing.

The EPW number allows to address safety man-
agement to mitigation actions Quite clearly, the
greater the EPW the stronger the possibility of pre-
venting damages to plant installations and possibly
mitigating the effects of earthquake, due to the
longer available time of seismic wave arrival, due to
the short time of intervention or even to the very low
intensity of earthquake, which however depends on
the equipment specificity.

Table 1 reports the ranges of EPW value which
characterize the possibility and the effectiveness of
earthquake mitigation action on the process plant, as
proposed by the current authors.

From the words above, it’s clear that the defini-
tion of both EPW characteristic times for a specific
location is the key point of this analysis. Indeed,
they are strongly dependent on location, type of
process, and many — often — unpredictable figures.
Large variation are then expected.

Finally, following the definition of EPW, it’s
likely that spurious shutdowns may result. In the fol-
lowing some indications for the threshold limits for
the earthquake intensity are given.

Table 1:Early Warning System correlated by means of the
EPW number, the type of action and the earthquake intensity.

EPW Type of action Earthquake intensity
The arrival time of earth-
00-1.0 quake is short and/or char- The earthquake intensity does

acteristic times for mitiga- not affect the mitigation action

tion action are very long

The earthquake intensity affects
the mitigation action if multiple
catastrophic failure of contain-
ment systems and mitigation
safety auxiliary systems (e.g.
sprinkler systems) are affected

The arrival time of earth-
1 quake and mitigation action
are comparable

The earthquake intensity affects

the mitigation action if multiple

catastrophic failure of contain-
ment systems and mitigation
safety auxiliary systems (e.g.

The arrival time of earth-
quake is long and/or the

>1 time needed for effective sprinkler systems) are affected.
mitigation action is low However, several action prior to
the arrival of earthquake are
possible to avoid further catas-
trophic consequences
The arrival time of carth- Earthquakes and mitigation ac-
quake is very long and/or tion are independent. Effective
>> 1 the time needed for effec- P :

actions prior to the arrival of

tive mitigation action is .
v & earthquake are possible

very low

2 THE CHARACTERISTIC EWS TIME, twgs .

Early Warning Systems can determine location,
origin time and magnitude of an earthquake based
on the analysis of the energy content of the low am-
plitude P waves which generates ahead of time com-
pared to the high amplitude S waves. Provided that
both a network of properly operating sensors and a
fast communication system are available, an EWS
can forecast an earthquake from a few to some doz-
ens seconds before its arrival at a selected location,
up to about 90 seconds.

The interest of the current author is specifically
addressed to the Neapolitan area, which is a very
high seismic risk area, and it is subjected to earth-
quakes of volcanic and tectonic origin, that have the
epicenter in the Appennino Range, at 70 km from
the city. Hence, the seismic activity is monitored by
the national seismic network of Istituto Nazionale di
Geofisica e Vulcanologia (INGV). The seismic net-
work is improving and at the same time a seis-
mic/accelerometric network for the Irpinia zone is
being implemented by the Regional Center of Com-
petence on Analysis and Monitoring of Environ-
mental Risk (CRAC-AMRA) (Gasparini et al.,
2003).

Clearly, the knowledge of EPW number can ad-
dress the location of network system in terms of dis-
tance from the process industry, by knowing the
characteristic velocity of propagation in the soil of
seismic wave.




3 THE CHARACTERISTIC TIME FOR
ACTION, Taction .

The time for action after earthquake alarm de-
pends on many factor and it’s clearly dependent on
the type of process considered. Indeed, quite obvi-
ously, each process has its own peculiarity and gen-
eral assumption are often not applicable. However,
some insight may be given if different, general
classes of processes involving high amounts of
flammable or toxic substances may be sketched: 1)
liquid fuel storage or large-scale atmospheric
equipment; ii) above-ground gas storage system; iii)
under-ground gas reservoir, mounded or buried gas
storage system and pipelines. As cited above, this
list is not exhaustive as only some representative in-
dustrial equipment are considered. Moreover, often
chemical processes are often composed by two or
more classes.

In the following the time 14 is defined for atmos-
pheric storage plant category and pressurised above
ground storage facility only. The methodology has
been already assessed for liquid storage plant,
whereas only preliminary analysis is given in this
paper for pressurised equipment.

The entire procedure is extensible to any other
process.

3.1 Liquid fuel storage plant

The current authors have produced recently a
methodology for the earthquake hazard of liquid fuel
storage plants (Salzano et al., 2004; Fabbrocino et
al., 2005). The probability of failure and loss of con-
tainment with respect to the Peak Ground Accelera-
tion (PGA) has been defined by means of simple sta-
tistical function. The assumption of PGA as the only
intensity parameter for seismic intensity has been
necessary in the light of simplification needed when
complex risk assessment of industrial plants is per-
formed.

In the case of liquid fuels, unless earthquake is so
intense that the rapid catastrophic failure of one or
more tanks is observed, the release of liquid after the
failure is typically slow and mitigable.

With specific respect to the preventing and miti-
gation actions, the shutdown of operation should be
directed essentially to the lock of operation of load-
ing/unloading of fuels from/to tank truck or boat (by
pipeline). In this case, the SIS consists of simple
safety valves which almost instantaneously can sec-
tion pipelines. Moreover, the transient phases and
the possible release of fuel on the ground should be
negligible and fires (explosions are very unlikely for
many categories of fuel and the possible presence of
early ignition of vapour cloud due to static energy)
are only related to the presence of fuel in catch ba-
sin.

Eventually, the typical time of 30s and 10min as
reported in the well known Yellow Book (Lees,
1996; Uijt de Haag, P.A.M. & Ale, B.J.M., 1999) re-
spectively for the automatic and manual safety valve
isolation should be considered.

If major loss of containment are of concern, miti-
gation interventions for the slow release are always
possible in the catch basins from the failed tanks,
whereas (often delayed) localized fires are likely.
Foam can be sprayed over the catch surface prior the
tank shaking and thus fires are avoided. The foaming
action is of course difficult if the earthquake is so
energetic that the entire foaming system has failed
structurally. The time for foaming action to cover
the basin surface surrounding the tank can be again
considered within the 30 seconds as said above.

The factor o in the EPW number takes into ac-
count the earthquake intensity. To this regard, in
previous papers (Salzano et al., 2003; Fabbrocino et
al., 2005), we have defined the concept of limit
states for the classification of equipment damage,
following HAZUS damage classification (1997). A
linguistic term DS has been referred to the mechani-
cal damage, and the term RS has been used to define
the loss of containment which derives from the DS
level of damage to equipment. In the same papers,
for the sole loss of containment RS state from stor-
age tanks, the probability of occurrence of any limit
state has been assessed by means of fragility curves,
starting from a consistent data set describing the be-
haviour of tank loaded by earthquakes.

Here, extension of those analysis has been re-
ported for both unanchored and anchored storage
tank, at different fill level. The results has been then
used for the statistical definition of minimum thresh-
old values for PGA (PGAy) for the mechanical dam-
age and for the intensity of loss of containment, the
latest being the main issue to take into account for
emergency response. More specifically, the value of
PGA corresponding to the zero probability of occur-
rence of risk state (DS=structural damage or
RS=risk state for the loss of containment), has been
obtained, for all risk state. Results and details are re-
ported in the Table 2.

As observed in the table, storage tanks with fill
level close to the full are the most sensitive to earth-
quake and can be used for conservative results on
threshold values, even keeping into account the un-
certainties in the level of tank at earthquake time.

Unless specific values are used for the analysis,
the PGAx = 0.120 g obtained for anchored storage
tanks (typically designed in seismic areas) for the
catastrophic loss of containment (RS = 3; DS > 4)
can be considered for the effectiveness of EWS ac-
tion. Indeed, greater values of PGA produce possi-
bly multiple tank damage and time for intervention
is strongly affected.



Table 2: PGA threshold value (PGAy) for damage states DS
and RS for atmospheric oil storage tanks subjected to earth-
quake.

Type of Fill PGA
RS DS yp k
storage level [a]
_ - > 50% <0395
RS. .1 DS. .1 Anchored =7
Negligible Negligible Near full <0.075
ltos.s of . sdtructural Unanchored > 50% <0115
containmen amages Near full 20045
DS=1 >50% 0.395
Anchored
Negligible fienore Near full 0.075
RS=2 structural Unanchored >50% 0.115
Considerable damages Near full 0.045
loss of DS=2 >50% 0.370
containment Low Anchored I ar full 0.170
structural U hored >50% 0.100
damage nanchore Near full 0.770
— 0,
DS.73 Anchored >50% 0.580
RS=3 High Near full 0.120
- structural >50% 0.165
| Total damage | Unanchored = T 0.120
1nstantaneous >30% 0.660
loss of DS=4 Anchored =50% -
containment Catastrophic Near full 0.395
structural U hored >50% 0.895
damage HARCROTEE ™ Near full 0.070

The value of o can be considered as a function of
PGA following, in first approximation, the fragility
function. Hence:

—> ® PGA << 0.1g

LI PGA< PGA; =0.1g 2
~0.831In(2.5 PGA) 0.1g < PGA<0.399g
-0 PGA > 0.4g

The value of o = 0 for PGA values much greater
than 0.4 g means that no intervention keeps the plant
in a safe state as it exists a probability greater than
zero for total damage of the entire process plant, in-
cluding auxiliary system and fire system. To this re-
gard, PGA threshold value for buried pipelines as
those typically used in the fire system installations
should be considered as reference.

On the contrary, very high values of a means
very high EPW number, i.e. a no damaging earth-
quake as PGA is too low. The a value is asymptoti-
cally the infinite for PGA = 0 and reach the value of
unity around 0.1 g, where the prevention and mitiga-
tion action is only related only to the process safety
action, if any damage to equipment. Simple function
as f(a) = 0.1 PGA™ can be used.

In the range between 0.1 g and 0.4 g, the possibil-
ity of having damages is high: the function for alpha
has been built by considering a logarithmic depend-
ence of damage with the PGA.

Figure 1 reports the proposed plot for the function
f(a) to be used in the following for the calculation of
EPW number with specific reference to atmospheric
storage tank.
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Figure 1. Proposed values for a as a function of PGA (g).

Figs. 2-3 report the EPW number by using the
methodology proposed, and considering an auto-
matic safety valve operating in a relatively very
short time (30 s) and a manual, long operating time
safety valve (10 min), which is closed after the
earthquake alarm. The results are parametrical with
respect to earthquake arrival time, expressed in sec-
onds, in the range between 1 s and 60 s. Near full
anchored atmospheric tank is considered for refer-
ence.
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Figure 2. Calculated EPW for automatic safety valve by vary-
ing earthquake intensity expressed in PGA (g) and time of ar-
rival of seismic wave (ranging from 1 s to 60 s) to the installa-
tion location. Near full anchored storage tank is considered.
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Figure 3. Calculated EPW for manual safety valve by varying
earthquake intensity expressed in PGA (g) and time of arrival



of seismic wave (ranging from 1 s to 30 s) to the installation
location. Near full anchored storage tank is considered.

Results show that when manual valves operate,
process safety is only related to the intensity of
earthquake. Indeed, EPW is positive only for low in-
tensity earthquakes with low PGA values . On the
other hand, when automatic operation is provided,
even very destructive earthquake are possibly miti-
gable by emergency system.

The loss of containment is not directly linked
with an escalation of accidents because ignition, for
instance, is necessary for the pool fire to occur.
Moreover, the benefit of mitigation action even for
delayed fires (as the deluge system for adjacent
tanks, if still working) may benefit. Quantitative risk
analysis is then necessary for the safety management
in order to identify global risks for the storage plant
and for the preliminary comparison of possible
seismic actions.

3.2 Above-ground gas storage system

When highly dangerous equipment are of con-
cern, the leaflet of HSE (2005) is quite useful as a
hierarchy of action should be analyzed, starting from
the simple abandon of the plant to the isolation of
pipelines and auxiliary system (e.g. pumping sys-
tem) or both, and to the avoidance of escalation be-
tween adjacent vessels. Remotely automatic shut-off
valves are mandatory for the velocity of action and
for the necessity of avoiding the hazard of either
toxic and/or flammable gases or vapors released
from the system of containment. In the case of
ground shaking able to produce structural damage to
the systems, even of low intensity, considering as in-
stantaneous the shutoff action, the time to be ana-
lyzed is referred essentially to 1) the escape of per-
sonnel; ii) the limitation of escalation probability for
the interaction of fires (mainly jet fire as the ignition
probability is very high when earthquakes occur).

In the case of abandon of installation, toxic sub-
stances should be considered separately with respect
to flammable materials. In the first case, water cur-
tain are often necessary and the preferential way of
escape should be described. The time for escape is
simply proportional to the length of the safe path L,
to a safe area (e.g. control room) and to the average
human velocity of escape. The latest ranges from 5
ms' (De Pinna, 1998) to 0.2 ms™ and 0.5 ms™ in the
case of smoke conditions (Wright et al., 2005).

Earthquake early warning system should trigger
the mitigation action for the possibility of escalation
if other above-ground system are present, e.g. water
deluge, aiming at cooling the walls. Emergency
emptying of vessel to a safe area or equipment (e.g.
scrubber systems or to emergency discharge to
torch) could be also considered in the case of very
toxic substances.

Analysis of PGA threshold values (PGAy) for
damage states DS (structural damage) and RS (loss
of containment) for pressurized equipment is still
missing. Quite clearly, the effect of earthquakes
should be by far more intense in terms of PGA for
having structural damage. A preliminary analysis
has showed a value of 1 g as the minimum PGA for
some damage to the shell and pipelines of pressur-
ised on-ground equipment.

On the contrary, no words can be said with re-
spect to the loss of containment, as even low dam-
ages may result in crack of shell with the rapid flow
of containment to the external environment or in
some cases within buildings (e.g. ammonia cooling
equipment).

Explosion and flash fire (see Lees, 1996 for de-
tails on accidental scenarios after earthquake ac-
tions) are always possible when large structural
damage occurs.

4 CONCLUSIONS

The earthquake shutdown logic discussed in this
paper is addressed to the minimization the conse-
quences of hazardous release. To this aim, designers
and managers of chemical manifacturing and on-
shore oil processing operations often adopt simple
isolation of inventories (HSE, 2005), for instance by
closing valves, either manually (remotely operated
or automatic) or removing power from motors,
whereas a number of active and passive actions may
represent appropriate tools to bring process plant in
safe state after earthquake warning.

An a-dimensional number for early warning sys-
tem has been adopted and applied for atmospheric
liquid storage plants. Other processes and equipment
are still under observation. However, when under-
ground gas reservoir or mounded /buried gas vessels
are of concern, no escalation is likely and only shut-
down of pipelines is necessary.

Finally, spurious shutdowns may have safety and
economic implications because they lead to more
dangerous operation as shutdown and start-up of in-
dustrial installations. These effects should be then
considered for further investigations.
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