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ABSTRACT  

The French regulation has been updated in 2010, and now explicitly requires that 
equipment of high hazard industrial facilities (outside nuclear field) do not lead to 
unacceptable consequences under the highest earthquake of the seismic zone where 
the facility is located. 

As well the seismic zones have been re-evaluated, considering four levels for the 
French metropolitan territory. 

To meet this new requirement AFPS has been asked to draft a guide that defines a 
strategy to stop the facility on detection of the earthquake. This specific guide is 
part of a set of documents that will support operators in the different design 
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requirements that could be implemented to demonstrate compliance with the 
regulation. 

The guide explains how automatic or manual actuators could isolate the dangerous 
inventory inside the facility to prevent or limit the impact. As well mitigation of 
indirect effects is considered. Earthquake phenomenology, threshold to trigger the 
safe shutdown, principle to demonstrate compliance with the regulation, logic, 
hardware & software requirements, qualification and in service inspection are 
described together with real case study. 

The present paper focuses on earthquake phenomenology, detection strategies and 
threshold to trigger the safe shutdown. 

As far as the threshold level is concerned a possible -very low- default threshold 
that would prevent long diagnostic analysis of the weaknesses of the equipment 
will be discussed. 

Keywords: regulation, automatic shutdown, PGA, accelerometer 

1 Introduction 

The French regulation has been updated in 2010, and now explicitly requires that 
equipment of high hazard industrial facilities (outside nuclear field) do not lead to 
unacceptable consequences under the highest earthquake of the seismic zone where 
the facility is located. 

To meet this new requirement AFPS has been asked to draft a guide that defines a 
strategy to stop the facility on detection of the earthquake. 

2 Phenomenology 

When an earthquake occurs, the released energy will spread as elastic waves. It is 
mainly these waves will cause the surface ground motion. 

There are several kinds of wave: 

- the body waves that can spread throughout the earth volume, 

- the surface waves, which are guided by the surface of the earth, and which 
is formed by conversion of energy from body waves. 

In the category of body waves, we drew a distinction between the compression 
waves (or P-waves) generating a movement parallel to the direction of propagation, 
and secondly shear waves (or S-waves) which generate a movement perpendicular 
to the direction of propagation. There are also different surface waves, but it does 
not seem necessary to detail these in this guide. 

Body waves are faster than surface waves. Similarly, the P-waves are faster than 
S-waves At a given site, P-waves are the first that will be felt (it is this property 
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that “named” these waves, the "P" corresponding to "Primary") that arrive the 
S-waves (the "S" corresponding to secondary), and finally the surface waves. 

Moreover, the propagation velocity of body wave decreases gradually as they 
approach the surface (due to the gradual decompression and weathering of 
geological material). This phenomenon implies refraction that involves a 
“verticalization” of the propagation direction. Therefore, the waves arrive at the 
surface with an incident angle substantially perpendicular to the surface ("vertical 
incidence") or at least close to the vertical. 

Therefore, P-waves generate essentially vertical movements, whereas S-wave 
generate essentially horizontal movements (see Figure 1). Adding this feature to 
the fact that the P-wave amplitude is generally lower than that of S-wave 
amplitude, we can conclude that the P-waves are less damaging for buildings than 
S-waves. 

 

 

Figure 1: Wave propagation form earthquake source to the studied site. 
Differences between P, S and surface waves and associated polarization. 

 

The fact that the P-waves (less damaging) arrive before the S-waves (with the 
strongest destructive potential) may be used in some cases as part of strategies for 
safe shutdown procidure (see Figure 2). 

In French seismic zones 1 to 4 (metropolitan area), the considered earthquakes in 
the framework of the seismic risk regulation have moderate to medium magnitude. 
Such earthquakes can have destructive effects within a few tens of kilometers up 
around the epicentral area. 

To set orders of magnitude, the time required for the P-wave to travel 35 km will 
be approximately 7 seconds, the time required for the S-wave to travel the same 
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distance will be approximately 10 seconds. The difference in arrival time between 
the P-wave and S-wave is around of 3 seconds in this example. 

This shows that these different orders of magnitude correspond to short duration. 
This should be kept in mind and compared to the durations required for shutdown. 

In seismic areas 5 (Guadeloupe, Martinique), we can consider thrust earthquakes 
with higher magnitudes that are likely to create damage at a greater distance from 
the epicentral area. The orders of magnitude given above are adapted to suit the 
distance considered (up to 80 km). 

 

 

Figure 2: Ground motion (here: acceleration) recorded at a given site 
(distance between source and site: around 15 km) 

 

3 Shutdown triggering strategies 

Depending on the time that is available to make the installation safe shutdown, 
different triggering strategies are possible. 

3.1 Triggering on strong movements 

The first strategy consists in triggering the shutdown when the ground motion 
measured at seismic sensor(s) seismic(s) is already strong and reaches amplitudes 
that may involve acceleration near or above the safety threshold. Therefore, this 
approach triggers the shutdown when the most harmful waves ("S-waves") already 
affect the considered site. 

This approach does not allow anticipation. Its choice implies that the action of 
shutdown can occur even when the system suffers or has suffered the most severe 
seismic load. It also means that any effect (e.g. release of pollutants) that may 
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occur between the beginning of the seismic loading and the completion of the 
action of safe shutdown is acceptable. 

However, this approach has the advantage of using relatively high trigger 
threshold, which limits the risk of false alarm of the security system. 

3.2 Delayed triggering on strong movements 

The second strategy is a variant of the previous strategy. The triggering is also 
made on the strongest ground motion phase, but it does not directly involve the 
shutdown. However, it initiates a temporization (for a period to be determined) that 
will involves the shutdown latter if an operator does not cancel the order during the 
temporization. 

This is the strategy that is most appropriate to avoid the risk of false triggering. 
However, it is also the one that maximizes the time between the occurrence of the 
strongest motions and the completion of the safety procedure. It implies that any 
effect (e.g. release of pollutants) that may occur between the beginning of the 
seismic loading and the completion of the action of safety procedure is acceptable. 
It is the evaluation of these consequences that allows better defining the duration of 
the temporization. 

3.3 Anticipated triggering on low threshold (called strategy "P wave") 

The third strategy valorizes the arrival time delay between P-wave and S-wave. 
One uses here the fact that the P-wave amplitude is less than that of S-waves and 
S-waves have a greater destructive potential due to their orientation. The shutdown 
action is triggered by using an acceleration threshold relatively low, corresponding 
to a fraction of the acceleration threshold beyond which the shutdown is expected. 

This approach has the advantage of giving a reaction time between the shutdown 
start and the arrival of the most damaging waves. The gain is low and therefore this 
only useful for very fast shutdown (<1 s) or shutdown that have to be initiated 
before the arrival of S-wave (even if the shutdown action is not fully completed 
before the S-wave arrival). 

The main drawback of this strategy is a higher rate of false alarms, inherent to the 
choice of a low threshold. Moreover, it should be noted that although this risk is 
statistically low, the P-wave may already have high and damaging amplitude. It 
should also be noted that even if P-waves are weaker than S-waves, the facility is 
already subject to seismic loading between the arrival of the P-wave and S-wave. 

3.4 Early triggering by remote instrumentation 

A final triggering strategy is mentioned here as a reminder. It seems relatively 
poorly adapted to French contexts. Here, the seismic instrumentation is located 
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close to the potential seismic sources. One tries to detect the seismic movements as 
earlier as possible, before the waves have reached the site to be protected. 

While this strategy has the advantage to produce longer reaction delays, it has 
however a number of disadvantages: 

- it requires placing instrumentation outside the concerned facility, 

- it creates the need to maintain and demonstrate reliability and availability 
of systems transmitting information between remote sensors and facility, 

- it implies that seismic hazard sources are well known and localized in 
order to identify the area to be instrumented. 

Note also that, given the orders of magnitude of time provided above, this strategy 
seems irrelevant in France because the potential gains are very small. 

4 Physical value to measure 

Earthquake engineering studies may use different indicators, more or less complex. 
One of the most commonly used parameter is the response spectrum expressed in 
acceleration that produces a value of spectral acceleration at different frequencies. 

In the framework automatic safety actions, however, it is difficult and unreliable to 
evaluate complex indicators in real-time. It seems more appropriate to analyze 
directly the ground acceleration, instantly felt. 

We therefore propose to use the maximum instantaneous acceleration (for "free 
field measurement", the maximum instantaneous acceleration is the "Peak Ground 
Acceleration" or PGA, this notion also corresponds to the "Zero Period 
Acceleration" or ZPA). 

The typical frequency band of seismic movements which could damage buildings 
and equipment is bound by 0.1 Hz and 35 Hz 

The sensors to be used (accelerometers) usually allow filtering the received signal 
in a frequency band that rejects some unwanted signals. This filtering frequency 
band may be smaller than that mentioned. However, we should not choose 
excessive filtering. 

5 Choice of sensor number and location 

The choice of location for installing seismic sensors (accelerometers) and the 
definition of the shutdown threshold are not independent. 

A given component (valve, oven ...) is generally placed in a building or a structure. 
However, these last may modify the seismic movement that would be recorded "in 
free field" (that is to say the surface, without any disturbance of buildings). On the 
one hand, the soil-structure interaction (effect of the building on the ground) 
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modifies the seismic motion. On the other hand, the building or structure seismic 
response also changes the seismic movements (typically the upper floors of a 
building are subject to amplified seismic movements by comparison with the 
lowest floors). 

Depending on the location to be chosen for placing seismic sensors, these changes 
in the movement should be taken into account. 

We begin by presenting possible solutions for the location of seismic sensors, and 
then we present the proposed methodology to determining triggering threshold. 

5.1 Sensor position  

Different solutions are possible to place seismic sensors. Three main solutions can 
be developed: 

- In the open field, that is to say, outside of buildings and structures (or 
possibly in small buildings without floors and with a small surface) and far 
enough form other buildings in order to avoid their effects on ground 
motion (typically at a distance of 2 times the height of buildings). When 
"free field" sites are well chosen, this solution has the advantage of 
minimizing the risk of false triggering due to human disturbance. A single 
installation (that could implement several accelerometers to allow a “2 out 
of 3” logical triggering strategy) may be mutualized for all of the actions 
that will secure the installation. However, it requires a more stringent 
implementation (sites outside of buildings, length of wiring ...) and 
involves taking into account the effects of soil structure interaction and 
buildings themselves (see below). 

- Installation of accelerometers in the lower parts of the facility (slab, 
basement in direct contact with the geological formations ...). This solution 
is a good compromise between ease of implementation (inside the 
building) and reduced risk of false alarms. Such an approach also allows 
the instrumentation sharing for all shutdowns. However, it requires the 
appropriate consideration of the behavior of structures or buildings. 

- Installation of accelerometers close to the component that motivates the 
shutdown action. This approach eliminates the need of soil / structure 
interaction evaluation and building behavior computation. Nevertheless, 
the risk of false triggering is higher (noisy area, unwanted movements 
amplified by structures) and this strategy does not allow the sharing of 
instrumentation for various components. 

To increase the availability of the seismic sensor installation while limiting the risk 
of false alarm, it is advisable to use several seismic sensors installed in different 
places, associated to a triggering strategy (2 out of 2, 2 out of 3, ...). Indeed, this 
approach to preserve a shutdown triggering function even in case of failure of one 
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sensor (diagnosed or not) and also to avoid false alarm if one sensor is affected by 
a purely local acceleration (not affecting other sensors) due to a cause other than 
earthquake. 

 

 

Figure 3: Different possible position of sensors. 

 

Similarly, the sensors may be either "uniaxial" (movement measurement in one 
space direction) or triaxial (movement measurement in three directions of space). It 
is advisable to use triaxial accelerometers (also called "three components"), 
particularly in the context of positioning sensors in open field or on basement. In 
the case of the use of a uni-axial accelerometer, the choice of the orientation of the 
sensor must be motivated. We consider that a tri-axial accelerometer exceeds a 
given threshold when one of the three components has exceeded this threshold. In 
this sense, the so-called "2 out of 3" logic is defined as "two accelerometers out of 
three" (with each triggered by at least one component) and not "2 out of 3 
components." 

5.2 Triggering threshold determination 

The definition of the threshold that will trigger the shutdown procedure if the 
acceleration of ground motion exceeds it is a key issue of the overall shutdown 
procedure We propose two approaches: a simplified one and an optimized one. 

The simplify approach implies to trigger the shutdown if the instantaneous 
measured acceleration exceeds 0.01 g (when accelerometers are placed in “free 
field” or on the basement of the facility) or 0.05 g (when accelerometers are placed 
near the equipment that motivated the shutdown approach). This second value 
takes into account the possible amplification due to the building behavior. The 
simplify approach cannot by applied with an anticipated P-wave strategy.  
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These values may appear very low, but one could be confident in the fact that if an 
earthquake remains below these values, no damage will occur in the facility. 
Moreover, if we take care in implementing an instrumental device that place 
sensors in free-field or basement, associated with a “2 out of 3” triggering logic, 
the risk of false alarm will remain very low, even at low triggering levels. Finally, 
in low to moderate seismicity area, like metropolitan France, the probability that 
and earthquake implies acceleration in a given location that exceeds 0.01 g remains 
acceptable. The exceedance probability of 0.01 g is usually associated to return 
period of several tens of years in most regions in France 

Alternatively, the guide introduces the possibility of an optimized approach to 
define the shutdown threshold. This approach implies that we may be able to 
compute the seismic acceleration at which the different equipment (that may 
produce inacceptable consequence if they failed) will lose their integrity. It also 
implies to be able to compute the overall building behavior and also the soil-
structure interaction. This approach may allow defining threshold significantly 
higher that the one proposed in the simplified one, but needs more studies and 
knowledge concerning existing buildings. 

6 Conclusion 

The French regulation has been updated in 2010, and now explicitly requires that 
equipment of high hazard industrial facilities (outside nuclear field) do not lead to 
unacceptable consequences under the highest earthquake of the seismic zone where 
the facility is located. 

The new regulation, could in most cases, easily be met through robust design of 
equipment, but a large number of existing industrial facilities may benefit of 
shutdown procedure, mainly base on seismic instrumental devices, that may 
prevent high cost modifications or an anticipated closure which would lead to 
serious economic consequences. 


