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Introduction

E. Krausmann*, A.M. Cruz**, E. Salzano†

*European Commission, Joint Research Centre, Ispra, Italy; **Disaster Prevention Research 
Institute, Kyoto University, Kyoto, Japan; †Department of Civil, Chemical, Environmental, and 
Materials Engineering, University of Bologna, Bologna, Italy

In Mar. 2011 the whole world watched in shock as a tsunami slammed into a 
Japanese nuclear power plant, causing a nuclear meltdown and raising the spectre 
of nuclear contamination with potentially widespread and long-term consequences. 
Raging fires and explosions at oil refineries in the wake of the massive earthquake 
that triggered the tsunami also made global headlines. The Cabinet Office of Japan 
estimated losses in the order of $US 210 billion in direct damage, making the double 
disasters the most destructive on record.

The past years set a record in the number of natural disasters accompanied by un-
precedented damage to industrial facilities and other infrastructures. In addition to 
the Japan twin disasters in 2011, recent major examples include Hurricane Sandy in 
2012 that caused multiple hydrocarbon spills and releases of raw sewage, the damage 
to industrial parks during the Thai floods in 2011, or Hurricanes Katrina and Rita 
in 2005 that wreaked havoc on the offshore oil and gas infrastructure in the Gulf of 
Mexico.

These events clearly demonstrated the potential for natural hazards to trigger 
fires, explosions, and toxic or radioactive releases at hazardous installations and 
other infrastructures that process, store, or transport dangerous substances. These 
technological “secondary effects” caused by natural hazards are also called “Natech” 
accidents. They are a recurring but often overlooked feature in many natural-disaster 
situations and have repeatedly had significant and long-term social, environmental, 
and economic impacts. In the immediate aftermath of a natural disaster, Natech ac-
cidents add significantly to the burden of the population already struggling to cope 
with the effects of the triggering natural event.

Natural hazards can cause multiple and simultaneous releases of hazardous mate-
rials over extended areas, damage or destroy safety barriers and systems, and disrupt 
lifelines often needed for accident prevention and mitigation. These are also the 
ingredients for cascading disasters. Successfully controlling a Natech accident has 
often turned out to be a major challenge, if not impossible, where no prior prepared-
ness planning has taken place.

Unfortunately, experience has shown that disaster risk reduction frameworks do 
not fully address the issue of technological hazards in general, and Natech hazards 
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2 CHAPTER 1  Introduction

in particular. Also, chemical-accident prevention and preparedness programs of-
ten overlook the specific aspects of Natech risk. This is compounded by the likely 
increase of future Natech risk due to worldwide industrialization, climate change, 
population growth, and community encroachment in areas subject to these kinds of 
hazards.

With increasing awareness of Natech risk and a growing body of research into 
the topic, in some countries first steps have been taken toward implementing stricter 
regulations for the design and operation of industrial activities in natural-hazard 
prone areas. Nonetheless, dedicated risk-assessment methodologies are lacking, as is 
guidance for industry and authorities on how to manage Natech risks in their instal-
lations and offsite. It is necessary to revisit existing expertise and practices in risk 
management at industrial facilities and to implement dedicated measures for Natech 
risk reduction where gaps are identified.

This book aims to address the entire spectrum of issues pertinent to Natech 
risk assessment and management in an effort to support the reduction of Natech 
risks. While in principle also natural-hazard triggered nuclear and radiological ac-
cidents qualify as Natech events, the book focuses on Natech risk management in 
the chemical industry. Nuclear risks are governed by different legislation and mature 
risk-assessment methodologies that allow the evaluation of natural-hazard impacts 
are available.

The book is also intended to serve as a reference information repository and 
state-of-the-art support tool for the industry user, government authorities, disaster 
risk reduction practitioners, and academia. In its 15 chapters, it collects modeling 
and assessment approaches, methodologies and tools, and presents measures to pre-
vent Natech accidents or to mitigate their consequences.

Chapters 2–4 are introductory chapters that discuss the characteristics of Na-
tech risk by giving detailed descriptions of selected Natech accident case studies 
at chemical plants, pipelines, and offshore infrastructure. This is complemented 
by general and natural-hazard specific lessons learned and a discussion of the treat-
ment of Natech risk in regulatory frameworks for chemical-accident prevention and 
preparedness currently in force. Chapters 5 and 6 address the prediction and mea-
surement of natural hazards from an engineering point of view and introduce the 
characteristics of technological hazards arising from the use of hazardous materials. 
Chapters 7–12 are dedicated to Natech risk assessment. They outline the general as-
sessment process and describe the different approaches available. Examples of exist-
ing Natech risk-assessment methodologies are presented and applied to case studies. 
Chapters 13 and 14 focus on structural and organizational prevention and mitigation 
measures. These measures range from engineered safety barriers to early-warning sys-
tems and risk governance. Finally, Chapter 15 summarizes recommendations for ef-
fective Natech risk reduction and remaining gaps that need to be addressed in the 
future. A glossary of terms is included in the Annex.
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CHAPTER

Natech Risk Assessment and Management. http://dx.doi.org/10.1016/B978-0-12-803807-9.00002-4
Copyright © 2017 Elsevier Inc. All rights reserved.

Past Natech Events

E. Krausmann*, A.M. Cruz**
*European Commission, Joint Research Centre, Ispra, Italy; **Disaster Prevention Research 
Institute, Kyoto University, Kyoto, Japan

Numerous past Natech accidents are testimony to the dangers that can arise when 
the natural and technological worlds collide. Past experience also teaches that Na-
tech accidents can in principle be triggered by any kind of natural hazard and that 
it does not necessarily require a major natural-hazard event, such as a strong earth-
quake or a hurricane, to provoke the release of hazardous materials. In fact, Natech 
accidents were often caused by rain, lightning or freeze, to name a few. This chapter 
provides selected examples of past Natech events to show the wide variety of natural 
hazard triggers and also the multitude of hazardous target infrastructures.

2.1  CHARACTERISTICS OF NATECH EVENTS
The extent and consequences of Natech accidents have often reached major propor-
tions, indicating low levels of preparedness. The reasons are manifold and cannot be 
attributed to a single determining factor. The main difficulty probably stems from the 
fact that Natech risk reduction is fundamentally a multidisciplinary topic that cuts 
across traditional professional boundaries. In addition, Natech risk is still considered 
somewhat of an emerging risk that has only been receiving more attention after a 
number of recent major accidents. As a consequence, there is still a lack of dedicated 
knowledge on the dynamics of Natech accidents and not much guidance for industry 
and authorities on how to address this type of risk. This makes scenario development 
for planning purposes very difficult.

Another factor is the misconception that engineered and organizational pro-
tection measures implemented to prevent and mitigate the so-called conventional 
industrial accidents would also protect against Natech events. However, Natech ac-
cidents differ significantly from those caused by, for example, mechanical failure or 
human error, and therefore require targeted prevention, preparedness, and response 
activities.

For instance, when impacting hazardous installations, natural hazards can trigger 
multiple and simultaneous loss-of-containment (LOC) events over extended areas 
within a very short timeframe. This was observed repeatedly in areas hit by strong 
earthquakes where it has posed a severe strain on emergency responders who are 
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4 CHAPTER 2  Past Natech Events

usually not trained and equipped to handle a large number of hazardous-materials 
(hazmat) releases simultaneously. In these situations, the risk of cascading events is 
high.

Furthermore, the very natural event that damages or destroys industrial buildings 
and equipment, can also render inoperable engineered safety barriers (e.g., contain-
ment dikes, deluge systems) and lifelines (power, water for firefighting or cooling, 
communication) needed for preventing an accident, mitigating its consequences, 
and keeping it from escalating. This can complicate the successful containment of 
hazmat releases.

In case of strong natural disasters with releases of dangerous substances, simulta-
neous emergency-response efforts are required to cope with the consequences of the 
natural disaster on the population and the Natech accident that poses a secondary 
hazard. This undoubtedly leads to a competition for scarce resources, possibly leav-
ing some urgently needed response mechanisms unavailable. The hazmat releases 
can also hamper response to the natural disaster when toxic substances, fires, or ex-
plosions endanger the rescue workers themselves. During some Natech accidents an 
evacuation order was issued to first responders when their lives were in danger, which 
sometimes meant leaving behind people who were trapped in residential buildings 
and in need of help.

Another complicating factor is that civil-protection measures, commonly used 
to protect the population around a hazardous installation from dangerous-substance 
releases, may not be available or appropriate in the wake of a natural disaster. For 
instance, in case of toxic releases during conventional technological accidents, resi-
dents in close proximity to a damaged chemical plant would likely be asked to shel-
ter in place and close their windows. This measure would not be applicable after 
an earthquake as the integrity of the residential structures might be compromised. 
Similarly, evacuation might prove difficult in case roads have been washed away by 
a flood or are obstructed by a landslide.

These examples clearly show how the characteristics of Natech events differ 
significantly from those of conventional technological accidents both in terms of 
prevention and mitigation. They also highlight why the management of Natech 
accidents can be challenging without proper planning, and it clarifies why dedi-
cated assessment methodologies and tools are necessary for addressing this type 
of risk.

2.2  KOCAELI EARTHQUAKE, 1999, TURKEY
The Mw 7.4 Kocaeli earthquake in Turkey occurred at 3 a.m. on Aug. 17, 1999. 
The earthquake killed over 15,000 people and left over 250,000 homeless. The 
earthquake affected an area of 41,500 km 2 from west Istanbul to the City of 
Bolu (Tang, 2000). Modified Mercalli Intensity (MMI) values for the Kocaeli 
earthquake ranged from VIII to X. Roads, bridges, water distribution, power 
distribution, telecommunications, and ports were also heavily damaged by the 
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52.2 Kocaeli Earthquake, 1999, Turkey

earthquake (Steinberg and Cruz,  2004). The affected area was densely popu -
lated and the most industrialized region of the country. Not surprisingly, the 
earthquake damaged more than 350  industrial firms in the Izmit Bay area and 
resulted in multiple hazardous-materials releases. Cruz and Steinberg (2005)  
reported that  releases occurred from about 8% of industrial plants subject to 
MMI≥IX.

Steinberg and Cruz (2004) carried out field visits and interviews in the af -
fected areas about a year after the earthquake. The authors visited and analyzed 
hazardous-materials releases at 19 industrial facilities impacted by the earth -
quake. They found that 18 of the facilities they visited suffered structural damage, 
while 14 reported hazardous-materials releases during or immediately following 
the earthquake. The authors reported that nine of these facilities suffered severe 
chemical releases, while an additional five had only “minor” releases with little 
or no adverse effects. It is important to note that some facilities reported multiple 
releases.

Steinberg and Cruz (2004) identified over 20 cases of hazardous-materials re-
leases in their study. They found that structural failure as the primary cause of the 
release was reported in six of the 14 facilities that had hazardous-materials releases. 
Eleven facilities reported liquid sloshing in storage tanks, while nine of these plants 
indicated that liquid sloshing was the main cause of hazardous-materials releases 
at their plant. The authors found that damage to containment dike walls resulted 
in spills in four of six cases while rupture of pipes and connections led to chemical 
releases in six out of 12 cases. The most important hazardous-materials releases they 
reported include:

•	 The intentional air release of 200,000 kg of anhydrous ammonia at a fertilizer 
plant to avoid tank overpressurization due to loss of refrigeration.

•	 The leakage of 6.5 million kg of acrylonitrile. The acrylonitrile was released 
into air, soil, and water from ruptured tanks and connected pipes at an acrylic 
fiber plant.

•	 The spill of 50,000 kg of diesel fuel into Izmit Bay from a broken fuel-loading 
arm at a petrochemical storage facility.

•	 The release of 1.2 million kg of cryogenic liquid oxygen caused by structural 
failure of concrete support columns in two oxygen storage tanks at an industrial 
gas company.

•	 The multiple fires in the crude-oil unit, naphtha tank farm, and chemical warehouse, 
the exposure of 350,000 m3 of naphtha and crude oil directly to the atmosphere, 
and the LPG leakages and oil spills at the port terminal at an oil refinery.

In the following sections, two major Natech accidents triggered by the Kocaeli 
earthquake are described. The accident reports are based on personal communi-
cation with refinery officials, municipal fire fighters, and other responders during 
field visits carried out in 2000 and 2001, and work published by Steinberg and 
Cruz (2004), Cruz and Steinberg (2005), and Girgin (2011), unless otherwise 
indicated.
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6 CHAPTER 2  Past Natech Events

2.2.1  Fires at a Refinery in Izmit Bay
2.2.1.1  Accident Sequence and Emergency Response
The affected refinery was operating at full capacity at 3  a.m. the morning the 
earthquake occurred. The refinery was subjected to strong ground motion, surface 
faulting, and a tsunami wave (Tang, 2000; Tsunami Research Group, 1999). The 
combined earthquake effects resulted in three fires and multiple hazardous-materials 
releases at the refinery. The first fire occurred at the facility’s chemical warehouse. It 
is believed that chemicals stored on the shelves fell down due to the strong ground 
motion, breaking glass containers and resulting in the spreading and possible mixing 
and reacting of the released chemicals. The fire, which was ignited either by sparks 
or by exothermic chemical reactions, was extinguished in less than half an hour 
(Girgin, 2011; Steinberg and Cruz, 2004).

The second fire started at the crude-oil processing plant due to the structural 
failure and collapse of a reinforced concrete stack tower measuring 115 m. The col-
lapsed stack fell over the crude-oil charge heater and a pipe rack, breaking 63 prod-
uct and utility pipes. The fire, which started when the highly flammable substances 
found in the pipes ignited, was put out by fire-fighters after 4 h, reignited around 
noon, was extinguished again, and then reignited again at about 6 p.m. on the same 
evening of the earthquake. The fire kept reigniting due to the continued supply of 
fuel from the broken pipes. The number of shut-off valves on the product pipelines 
was insufficient in the vicinity of the charge heater, and flow from the product lines 
could not be stopped.

The third fire occurred at the refinery’s naphtha tank farm (Fig. 2.1). Four floating 
roof naphtha storage tanks were simultaneously ignited following the earthquake. 
The fires were caused by sparking resulting from metal-to-metal contact between 
the  metallic seals and the tank walls due to the bouncing of the floating roofs 
against the inner side of the tanks. The earthquake also caused damage to a flange 
connection in one of the tanks which resulted in naphtha leakage into the refinery’s 
internal open-ditch drainage system. The fire on the roof spread to the flange con-
nection and through the drainage system to two more naphtha tanks about 200-m 
away.

Control of the fires was difficult due to the competing fires ongoing at the refinery. 
Initially, the fires were brought under control, but this was only temporary. Multiple 
fire-fighting teams arrived to provide support (e.g., from the military, the municipali-
ties, and neighboring facilities). Nonetheless, the fire-fighting teams lost control of 
the fire due to the major conflagration and had to retreat. Efforts to control the fire 
were made by land, sea, and air. The loss of electricity and shortage of foam chemi-
cal hampered the response activities. Flyovers to throw seawater and foam over the 
fires were carried out by forest-fire- and carrier airplanes. However, these efforts were 
also not effective as it was not possible to fly low enough to approach the fires. Fire-
fighting operations were abandoned at around 7 p.m. the day of the earthquake, and 
an evacuation order was issued by the crisis center for a zone of 5-km around the 
refinery.
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72.2 Kocaeli Earthquake, 1999, Turkey

The Turkish government requested international assistance, which arrived on 
the second and third days. Efforts were concentrated on preventing the fires from 
spreading to other parts of the plant and nearby chemical installations.

2.2.1.2  Consequences
Direct impacts and cascading events resulted in severe consequences at the refinery, 
and had repercussions offsite. The collapsed stack heavily damaged the crude-oil 
processing plant and pipe rack resulting in a large fire that took hours to control. 
According to Kilic and Sozen (2003), the stack tower collapsed not due to lack of 
strength caused by design or material deficiencies but due to the presence of reinforc-
ing-bar splices in the region where flexural yielding occurred.

At the naphtha tank farm, six naphtha tanks were completely destroyed burn-
ing 30,500 t of fuel. The fires also damaged five additional storage tanks due to fire 
impingement. Heat radiation burned one of the two wooden cooling towers at the 
plant. The second cooling water tower collapsed due to the earthquake, also affect-
ing the connected water pipes which in turn slowed down fire-fighting efforts. The 

FIGURE 2.1  Snapshots of the Tank Farm Fire After the Flange Failure 

From Girgin (2011).
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8 CHAPTER 2  Past Natech Events

LPG, crude oil, and gasoline storage tanks at the refinery, a large ethylene storage 
tank at a neighboring facility, and two large refrigerated ammonia gas tanks at a 
fertilizer plant nearby were unaffected by the fire. However, the ammonia tanks were 
intentionally vented to avoid overpressurization due to the loss of refrigeration capa-
bilities caused by the earthquake.

All in all, the earthquake damaged a total of thirty storage tanks in the naph-
tha, crude oil, and LPG tank farms. Typical damage to naphtha and crude-oil tanks 
included elephant-foot buckling of tank walls, bulging of tank tops due to liquid 
sloshing, cracking of tank roof-shell wall joints, and damage to roof seals. Dam-
age to  roofs resulted in exposure of more than 100,000 m3 of naphtha, and over 
250,000 m3 of crude oil directly to the atmosphere, increasing the threat of addition-
al fires (Cruz, 2003). Cruz (2003) reported that all the legs of the pressurized LPG 
steel tanks were twisted severely, resulting in an LPG release from a broken flange 
connection. There was no ignition of the LPG reported at the refinery. However, 
two  truck drivers were killed in a fire from the gas leak just outside the refinery. 
The fire was believed to have been triggered by an ignition source from one of the 
trucks (EERI, 1999).

The earthquake also caused extensive damage to the refinery’s port facilities, and 
onsite utilities. Several large-diameter pipelines located near the shoreline, used to 
transport crude oil from tankers to the storage tanks, fell from their concrete supports 
but did not break. The loading and unloading jetty was damaged heavily resulting 
in an oil spill. Nonetheless, sea pollution was largely attributed to oily water runoff 
from the fire-fighting efforts (Girgin, 2011).

2.2.1.3  Lessons Learned
The multiple fires in the naphtha tank farms called for a reevaluation of floating-roof 
systems to ensure that during strong ground shaking no metal-to-metal contact occurs. 
Liquid sloshing caused the sinking of roofs and extensive damage to tanks. While liq-
uid sloshing cannot be prevented, storage tanks can be reinforced to make certain that 
they do not suffer deformation due to the lateral forces induced by the sloshing liquid.

The spreading of the fires through the internal drainage canal indicates the need 
for a system of shut-off doors in internal drainage canals to keep spilled oil from 
entering public areas such as water bodies, sewer systems, or other parts of the plant.

The inability to control the fire at the crude-oil processing unit stemmed from 
the fact that there were insufficient shut-off valves to stop the flow of flammable 
materials through the broken pipes. The installation of emergency shut-off valves in 
critical segments of pipelines is recommended.

Other major problems observed during the Natech accidents at the refinery con-
cerned failures regarding mainly mitigation and emergency response to the Natech 
accidents. Girgin (2011) summarized these problems based on work by Kilic (1999) 
as follows:

•	 lack of foaming systems at the tanks,
•	 inadequate power generators,
•	 inadequate diesel pumps,
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92.2 Kocaeli Earthquake, 1999, Turkey

•	 limited application of sprinkler systems,
•	 noninteroperable fire-fighting water connections,
•	 insufficient containment ponds,
•	 lack of fire-fighting towers, and
•	 deficiencies in the coordination and management of the fire-fighting activities.

Based on the lessons identified from these Natech accidents, Girgin (2011) re-
ports that corrective measures have been taken at the refinery since the earthquake. 
A revision of the emergency-response plan was made taking Natech events into con-
sideration. In particular, the plan now considers the possibility of multiple accidents 
simultaneously. In order to secure proper coordination and emergency management, 
regular meetings with all refinery personnel are now held every 2 months to discuss 
emergency-response practices based on probable scenarios that include Natech risks. 
Several improvements were made to ensure that there is adequate fire-fighting wa-
ter supply (e.g., the water capacity was increased and a seawater connection was 
introduced to the fire-fighting water system) and adequate fire-fighting equipment 
(e.g., portable diesel pumps with increased capacity, increased length of water hoses, 
upgrade of fire-fighting vehicles, fixed and mobile water cannons). Water sprinkler 
and foaming systems have been installed at all tanks. Other measures that have been 
taken include the installation of gas and flame sensors for the detection of gas leaks 
and fires, and the maintaining of a higher length of oil containment booms in the 
case of spills into the sea. The refinery has used the experience from these Natech 
accidents to learn and improve their disaster preparedness.

2.2.2  Hazardous-Materials Releases at an Acrylic Fiber Plant
2.2.2.1  Accident Sequence and Emergency Response
At an acrylic fiber plant located in Yalova on the south shore of the Marmara Sea, 
acrylonitrile (AN), a highly toxic, flammable, and volatile liquid, was stored in eight 
fixed-roof steel tanks at the time of the earthquake. Of these, three partly full tanks 
suffered major damage during the earthquake from which AN was released. The 
releases occurred due to sloshing of the liquid in one partly full tank, buckling of the 
roof in another tank exposing the chemical to the atmosphere, and from a broken 
outlet pipe in the third tank. 6.5 million kg of AN were released. Simultaneously, the 
earthquake cracked the concrete containment dikes around the AN tanks, which 
allowed the leaked chemical to flow through the containment dikes into the plant’s 
storm-water drainage channel and to the Bay of Izmit.

The emergency response to the AN spill was complicated due to external power 
outage, damage to the plant-internal power generation turbine, loss of communica-
tions, and impassable roads due to debris from the earthquake impact on buildings 
and roads. Considering that AN is highly volatile and flammable, emergency-power 
generators strategically placed near the tanks were not started as there was concern 
that a spark could ignite the AN vapors. Emergency generators and pumps had to 
be moved to a safe place before they could be put into operation. Fortunately, there 
were no fires as a result of the AN spill.
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10 CHAPTER 2  Past Natech Events

Emergency response consisted in applying foaming chemical mixed with water to 
the release to prevent vaporization. However, the application of foam was delayed due 
to a loss of water supply as the main water line in the city of Yalova had been damaged 
by the earthquake. External emergency responders from Yalova and the air force ar-
rived on the same day, but the responders could not enter the spill zone because they 
did not have appropriate clothing or breathing apparatus to protect them from the 
harmful effects of the toxic chemical. Eventually, the chemical plant ran out of foam-
ing agent and requested additional supplies from the government and nearby industrial 
facilities. Additional foam and other resources were brought in by sea or by helicopter. 
The release was finally contained 48 h after the earthquake (Girgin, 2011; Cruz, 2003).

2.2.2.2  Consequences
Environmental effects were observed as a result of the AN leakage into the air, soil, 
ground water, and the sea. AN air concentrations were lethal to all animals at a 
small zoo inside the facility about 200 m from the tanks. Dead vegetation in an area 
of the same radius was also observed, and domestic animals were reportedly killed in 
nearby villages (Girgin, 2011; Cruz, 2003). There was also a fish kill reported due to 
the leakage of AN into Izmit Bay (Türk, 1999).

Poisoning symptoms were reported in the nearby villages and included hoarse-
ness, vertigo, nausea, respiratory problems, skin irritation, headache, eye and nasal ir-
ritation (Girgin, 2011; Şenocaklı, 1999). A survey among the residents of Altinkum, 
which lies about 650 m away from the facility, found that the majority of respondents 
suffered acute toxicity effects. Less severe effects were reported by residents living as 
far as 2 and 2.5 km from the facility (Emiroğlu et al., 2000). It was also reported that 
27 response workers were poisoned, one member of the military fire-fighting team 
went into a coma, while others team members were seriously affected (Girgin, 2011).

The toxic release and the subsequent evacuation order given by local authorities 
hampered search and rescue operations, which were mainly conducted by local peo-
ple due to a lack of professional search and rescue teams. Similar to the case around 
the refinery discussed in Section 2.2.1, the evacuation order resulted in local people 
having to abandon search and rescue of family members, friends, and neighbors.

Soil contamination problems became apparent when harvested products in the 
affected areas that were put on the market were found to be contaminated with AN. 
The local government had to issue a ban on the agricultural products of the affected 
areas (Girgin, 2011).

The groundwater under the tanks reached AN concentrations in the thousands 
of ppm. After about a year of continuous application of a pump-and-treat regimen, 
the concentrations had dropped into the hundreds of ppm. There was concern, how-
ever, about the long-term effects of AN on the ecosystem of the Bay of Izmit as well 
as on the affected population.

2.2.2.3  Lessons Learned
The simultaneous damage to three AN storage tanks demonstrated the need for 
improved storage-tank design to resist the strong ground motion. During the recon-
struction, the AN tanks were strengthened against sloshing effects and secondary 
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112.3 Tohoku Earthquake and Tsunami, 2011, Japan

roofs were constructed to minimize evaporation in case of a leak. Flexible pipe con-
nections between storage tanks and pipelines were introduced to minimize leakage 
during earthquakes. Containment dikes were lined with impermeable materials and 
concrete dikes were reinforced. Fire-fighting foam spraying systems were installed 
around the perimeter of the containment dikes as shown in Fig. 2.2.

Other important measures adopted based on lessons from the accident included 
an increase in the capacity of emergency power generators. Furthermore, to avoid a 
fire or explosion, electrically classified power generators, ventilators, and pumps were 
installed. The location of fixed as well as mobile equipment was carefully evaluated 
to maximize emergency response when needed. Emergency- response plans were re-
viewed and improved to consider Natech scenarios.

2.3  TOHOKU EARTHQUAKE 
AND TSUNAMI, 2011, JAPAN
On Mar. 11, 2011, an Mw 9.0 undersea megathrust earthquake off the Pacific coast of 
Tohoku shook large parts of Japan. The Tohoku or Great East Japan earthquake not 
only affected a large number of hazardous installations, causing the release of haz-
ardous materials, it also triggered a tsunami of unexpected magnitude which led to 
even more damage and destruction among chemical facilities. A field survey carried 
out by the Japanese Fire and Disaster Management Agency found damage at 1404 

FIGURE 2.2  New Foam Spraying System Secured Along a Reinforced Concrete 
Containment Dike

Photo credit: A.M. Cruz.
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12 CHAPTER 2  Past Natech Events

oil-storage or petrochemical plants due to the earthquake, although no details on the 
number and type of hazmat releases were provided (Nishi, 2012). In a parallel survey, 
the Japanese Nuclear and Industrial Safety Agency collected information on damage 
and in some cases hazmat releases at 50 high-pressure gas facilities and 139 cases of 
damage in other hazardous facilities (Wada and Wakakura, 2011).

Also other types of structures processing or housing dangerous substances were 
affected by the earthquake. For instance, in Ibaraki Prefecture, a tailings impound-
ment full of mining waste containing arsenic failed during the earthquake due to 
liquefaction. As a consequence, 40,000 m3 of toxic waste were released that flowed 
into nearby fields and a river, and eventually reached the coast (JX Nippon Mining 
and Metals, 2012). According to newspaper reports, the toxic concentration of the 
released tailings exceeded the value considered safe 25-fold (Asahi Shibun, 2011).

Numerous hazmat releases occurred during the Tohoku earthquake and tsunami. 
In some cases several Natech accidents were triggered at the same time in the same 
chemical plant, which led to multiple and simultaneous releases of dangerous sub-
stances. In addition, the tsunami aggravated the impacts of earthquake-triggered 
toxic or flammable releases by washing them away with the floodwaters and spread-
ing them over wide areas. Nonetheless, considering that the management of the tsu-
nami impacts and the nuclear emergency in Fukushima were the first and foremost 
priority, chemical releases were secondary unless they posed a concrete threat to the 
population or emergency responders. As a consequence, only very little information 
on hazmat releases and their impact is available, with the exception of a few major 
Natech accidents that are well documented.

In the following sections, two major accidents (one triggered by the Tohoku earth-
quake, one by the tsunami) will be described in detail. Unless specifically indicated, 
the information is based on interviews with competent authorities and emergency 
responders who were on duty at the time of the disaster, and on public information 
documented in Krausmann and Cruz (2013). Supplementary information was made 
available by the operator of one of the affected refineries (Cosmo Oil, 2011).

2.3.1  Fires and Explosions at an LPG Storage 
Tank Farm in Tokyo Bay
2.3.1.1  Accident Sequence and Emergency Response
The LPG storage tank farm where the Natech accident occurred is part of a refinery 
located on the eastern shore of Tokyo Bay. The refinery, which went into operation 
in 1963, has a production capacity of 220,000 barrels/day (b/d). In addition, it has a 
total storage capacity of 2,323,000 kL (crude oil, finished and semiprocessed prod-
ucts, lubricating oil, asphalt, and LPG), as well as 26,400 t of sulfur. In Mar. 2015, 
the maximum LPG storage volume was 46,900 kL in 21 tanks.

The accident was initiated in LPG Tank No. 364, which at the time of the earth-
quake was under regulatory inspection. As a consequence, it was filled with water in-
stead of LPG to remove air from inside the tank. The main earthquake shock with a 
peak ground acceleration of 0.114 g caused several of the diagonal braces supporting the 
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132.3 Tohoku Earthquake and Tsunami, 2011, Japan

tank legs to crack. During the 0.99 g aftershock half an hour later, the legs buckled and 
the tank collapsed, thereby severing the connected LPG pipes and causing flammable 
LPG releases (Fig. 2.3). The tank met all earthquake design requirements for the area 
assuming LPG filling. However, with water being 1.8 times heavier than LPG, the sup-
port braces and tank legs could not withstand the additional loading due to the earth-
quake forces. This situation had not been considered in the tanks’ design requirements.

The LPG leaking from the ruptured pipes spread and eventually ignited. With 
the fires heating up the tank contents, the tank adjacent to Tank 364 suffered a 
boiling liquid expanding vapor explosion (BLEVE), spreading the fire from tank to 
tank and eventually throughout the whole LPG tank farm. At least five associated 
explosions were documented at the refinery, the biggest of which created a fireball 
of about 600 m in height and diameter (Fig. 2.4). Human error contributed to the 
disaster as a safety valve on one of the LPG pipes had been manually locked in 
the open position to prevent it from actuating due to minor air leakages during repair 
work. Once the released LPG ignited, the valve could not be reached and closed, 
thereby continuously providing LPG to feed the fire. This exacerbated the accident 
and made the fires burn out of control. By manually overriding the emergency valve, 
the company was in violation of safety regulations. In a personal communication, 

FIGURE 2.3  The Refinery’s Tank 364 That Collapsed During the Earthquake 

The buckled legs are clearly visible.
Photo credit: H. Nishi.

Co
py

rig
ht

 E
ls

ev
ie

r 2
01

7 
Th

is
 b

oo
k 

be
lo

ng
s 

to
 C

at
he

rin
e 

O
ch

se
nb

ei
n



14 CHAPTER 2  Past Natech Events

the Chiba Prefecture Fire Department expressed its belief that the accident might 
have been manageable had the safety valve not been locked open.

Debris impact from the exploding LPG tanks damaged asphalt tanks located adjacent 
to the LPG storage area, causing asphalt to leak onto the ground and into the ocean. 
Moreover, burning missile projection, and dispersion and ignition of LPG vapors trig-
gered fires in the adjacent premises of two petrochemical corporations. These secondary 
accidents released methyl ethyl ketone (MEK) and polypropylene. No supporting infor-
mation could be found for a newspaper report claiming that the heat impingement from 
the LPG storage blaze sparked a fire in a warehouse containing depleted uranium.

The fires at the LPG storage tank farm were extinguished only after 10 days when 
the LPG supply was depleted. The emergency-response teams, which comprised on-
site, local, regional, and national fire-fighting teams, worked from both land and sea. 
However, due to the many release sources it was decided to let the tanks burn until the 
fuel was exhausted. In addition, first responders sprayed water on the burning tanks to 
accelerate LPG evaporation. The company’s emergency-response plan did not take this 
type of scenario into account, and neither the company itself nor the Chiba competent 
authorities were by their own admission prepared for an accident of such magnitude.

FIGURE 2.4  Fireball at the LPG Storage Farm With a Diameter of About 600 m

Photo credit: National Research Institute of Fire and Disaster, Japan.
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152.3 Tohoku Earthquake and Tsunami, 2011, Japan

2.3.1.2  Consequences
The accident caused six injuries at the refinery, one of which was severe. Three 
injuries were reported in the facility adjacent to the LPG tank farm where a fire was 
triggered via domino effect. The fires and explosions forced the evacuation of 1142 
residents in the vicinity of the industrial area. Pieces of tank insulation and sheet 
metal were later found at a distance of over 6 km from the refinery and well inside 
residential areas. Air-quality monitoring in Ichihara Municipality did not indicate 
excessive amounts of air pollutants due to the fires at the LPG storage tank farm. 
Overall, there is very little information on the environmental impact of the event, 
although some asphalt seems to have entered the sea. However, the company indi-
cated that all asphalt was successfully recovered and they highlight that there is no 
lasting impact on air, water, or soil from the accident.

The accident resulted in significant damage on-site, destroying all 17 storage 
tanks (Fig. 2.5). The LPG tank farm had to be completely rebuilt and the refinery 

FIGURE 2.5  The Refinery’s LPG Tank Farm After the Fires and Explosions Triggered by 
the Tohoku Earthquake 

Note the damaged asphalt tanks in the upper left corner of the image.
© 2012 Google, ZENRIN.
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16 CHAPTER 2  Past Natech Events

returned to full operations only in Jul. 2013, more than 2 years after the accident. 
The explosions also damaged nearby vehicles and ships, and the shock waves broke 
windows and damaged shutters and roof shingles in nearby residential areas.

In terms of economic losses, the refinery reported a loss on disaster of $US 72 mil-
lion (based on the average 2011 Yen → $US exchange rate) for the fiscal year 2010 
which ended in Mar. 2011. For fiscal year 2011, the company posted a net deficit of 
$US 114 million, largely due to the suspension of operations at the refinery and as-
sociated alternative supply costs.

2.3.1.3  Lessons Learned
Locking the safety valve in the open position in violation of safety regulations caused 
the accident to escalate out of control. This highlights the importance of adhering 
to and monitoring safety systems and measures at installations with a major-accident 
potential. As a consequence of the accident, the company has abandoned the prac-
tice of locking the emergency shut-off valve open and it carries out inspections to 
ensure that all personnel are aware of applicable laws and regulations. In addition, 
the refinery has ramped up preparedness activities for large-scale disasters by organiz-
ing emergency drills.

Another factor in the chain of fortuitous events that led to the disaster regards 
the filling of LPG tanks with water during inspections. It is considered good practice 
to not leave the water in the tanks for more than 2–3 days. However, Tank 364 had 
been filled with water for 12 days already at the time of the earthquake. The com-
pany has also addressed this issue by minimizing the time tanks remain filled with 
water.

From a technical point of view, the tank braces have shown to be the weak 
point of the structure during earthquake loading. Following the disaster, the LPG 
tank braces were reinforced to increase the resistance of tanks to potential future 
earthquakes.

2.3.2  Fires at a Refinery in the Sendai Port Area
2.3.2.1  Accident Sequence and Emergency Response
The refinery is located in the port area of Sendai and has a production capacity of 
145,000 b/d. In Mar. 2011 it was subject to both earthquake and tsunami impact. 
The refinery automatically shut down at a PGA of 0.25 g. The PGA sensors stopped 
measuring at 0.45 g although it is believed that the actual PGA on site was higher. 
The inundation depth at the refinery was between 2.5 and 3.5 m.

Multiple accidents occurred at the refinery at the same time. When the tsunami 
hit, a tanker truck was in the process of loading hydrocarbons in the western refin-
ery section. The truck toppled over and a pipe broke near the truck. Gasoline was 
continuously released from the break and eventually ignited from sources unknown. 
Sparking from the truck’s battery or static electricity have been advanced as hypoth-
eses. The blaze destroyed the entire (un)loading facility and also engulfed sulfur, 
asphalt, and gasoline tanks. One gasoline tank was completely melted, others were 
partially melted and tilted (Fig. 2.6).
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172.3 Tohoku Earthquake and Tsunami, 2011, Japan

In the same refinery section the tsunami caused multiple pipeline breaks with 
hydrocarbon releases, as well as many flammable leakages from broken pipe con-
nections, which also ignited. The rail-tank loading area was also hit by the tsunami, 
with some rail cars being overturned by the water and burned by the fires. A signifi-
cant portion of the refinery’s western section was consumed by the flames.

In another two places in the refinery heavy oil was released (Fig. 2.7). In one 
case, direct tsunami impact damaged a pipe connected to a tank close to the shore 
that was used for loading ships, spilling 4400 kL of heavy oil. In the second case, the 
tsunami waters caused a smaller tank to float. Once the waters receded the tank fell 
back on the ground, thereby breaking an attached pipe. The spill was aggravated 
because at the time the tsunami slammed into the refinery, a valve on the tank was 
open as per normal operating procedure because tank filling was underway. The tank 
contents continued to be released with a total of 3900 kL spilled.

In the eastern part of the refinery, several atmospheric tank roofs vibrated during 
the earthquake which caused a number of minor spills that stayed, however, con-
fined to the roofs. In addition, although the processing area was not damaged by the 
tsunami, the earthquake caused some pipe movement and damage and consequently 
some minor oil spills.

In the Sendai City area of the refinery, the tsunami caused a tanker ship to 
crash into the pier which resulted in pipeline damage, but no spill occurred. In the 

FIGURE 2.6  Burned Tanks at the Sendai Refinery Hit by the Tsunami

Photo credit: C. Scawthorn.
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18 CHAPTER 2  Past Natech Events

Shiogama City area of the refinery, upon hearing the tsunami alarm the workers 
disconnected the ships which set sail for the open sea.

While the emergency responders knew that there was a fire at the refinery 5 h 
after ignition due to smoke coming from the facility, they had no means of access-
ing the site as the debris created by the tsunami had basically obliterated the access 
roads. Some flyovers with helicopter provided by the Japanese army were made to 
assess the extent of the fire. Firefighting on land only started on Mar. 15 when an ac-
cess road was made. The emergency responders had to bring the fire-fighting equip-
ment into the refinery by hand, as a gasoline pipeline that had been moved inland 
by the tsunami, blocked the gate and had spilled. The on-site equipment could not 
be used due to tsunami damage.

The fire fighters had to use heavy breathing apparatus to enter the refinery. A 
significant amount of asphalt was released, as well as sulfur. Some sulfur went un-
derground and continued to burn there. The fire fighters had to drill holes in the 
ground to be able to inject water to quench the burning sulfur. Mobile pumps were 
set up at four locations in the western section to pump up river water. Foam was also 
used but it kept being blown away by the wind. Once the refinery could be accessed 
there continued to be concern due to the radiation danger from the nuclear accident 
at the Fukushima Daiichi nuclear power plant. An order was issued according to 
which all emergency-response activities at the refinery had to stop if radiation levels 
reached 0.3 µSv. Fortunately, the maximum measured radiation levels did not ex-
ceed 0.12 µSv. The fires at the refinery were extinguished after 5 days.

FIGURE 2.7  Hydrocarbon Releases From Damaged Pipelines at Sendai Refinery due to 
Tsunami Impact

© Google.
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192.4 San Jacinto River Flood, 1994, United States

2.3.2.2  Consequences
At the refinery four people were killed by the tsunami. After ignition of the sulfur 
and the formation of a toxic gas cloud, the mayor issued an evacuation order for a 
2-km radius. This also delayed the intervention of the fire fighters. At a park near the 
refinery, trees and grass were covered with thick oil from the accident. No detailed 
information on environmental impacts from the accident is available.

Information on economic losses due to the earthquake and tsunami is limited. The 
refinery owner reported losses of $US 1.2 billion for the Japanese fiscal year 2010. These 
losses were due to restoration costs, extinguishment of assets, and running cost. The 
company estimated another $US 300 million losses due to fixed costs during suspended 
operations for fiscal year 2011. The refinery returned back to full operations in Mar. 2012.

2.3.2.3  Lessons Learned
The widespread damage and fires in the refinery showed that Natech preparedness 
levels were low and that emergency-response plans did not adequately consider 
the consequences of tsunami-triggered Natech scenarios. During reconstruction of 
the damaged and destroyed refinery parts, the owner addressed some of the critical 
issues identified during the accident. On the one hand, an artificial hill of 5-m 
height was raised in the eastern part of the refinery to safeguard emergency-response 
equipment and teams and from which to coordinate response activities in case of a 
tsunami. On the other hand, the truck (un)loading facility was moved northeast and 
farther away from the river for better tsunami protection. This followed the realiza-
tion that it would be more cost-effective to move equipment or facilities out of harm’s 
way as retrofitting or hardening of the facility would have been difficult to achieve.

From an emergency-response point of view it was noted that the communica-
tions flow during the crisis needed to be improved to provide for faster response in 
situations where telephones are inoperable and access roads to hazardous installa-
tions are destroyed or blocked by debris from the tsunami.

2.4  SAN JACINTO RIVER FLOOD, 1994, 
UNITED STATES
In Oct. 1994, heavy rainfall in the wake of Hurricane Rosa caused serious flooding in 
the San Jacinto River flood plain, which at the time of the floods was crossed by 69 
pipelines operated by 30 different companies. The floods caused significant pipeline 
damage and spills, which due to their magnitude raised concerns about health im-
pacts and environmental pollution, as well as preparedness levels of operators. The 
accident description in this section is based on the investigation report of the US 
National Transportation Safety Board (NTSB, 1996).

2.4.1  Accident Sequence and Emergency Response
During the flooding in the San Jacinto River basin a total of eight hydrocarbon 
pipelines ruptured, releasing LPG, gasoline, crude oil, diesel fuel, and natural gas. 
The diameters of the affected pipes ranged from 8 to 40 in. Another 29 pipelines 

Co
py

rig
ht

 E
ls

ev
ie

r 2
01

7 
Th

is
 b

oo
k 

be
lo

ng
s 

to
 C

at
he

rin
e 

O
ch

se
nb

ei
n



20 CHAPTER 2  Past Natech Events

were undermined, and in some cases the length of undermining approached or even 
exceeded the length of unsupported pipe considered safe for continued operation. 
Pipe failures and undermining occurred both at river crossings and new channels in 
the flood plain.

Analyses of the failed pipes showed fatigue cracks from multiple origins that were 
created when the pipelines were uncovered and undermined. This exposed them to 
the floodwaters which oscillated and deflected them. The forces acting on the pipes 
caused the pipe walls to bend and buckle, thereby creating fatigue cracks that con-
tinued to grow until the pipes could no longer contain the internal pressure created 
by the hydrocarbons they transported.

The ruptured pipelines continued spewing hydrocarbons into the fast-flowing 
floodwaters, and petroleum products pooled in areas where the water flow was slow. 
Gasoline from a 40-in. pipeline carried downriver on the water surface ignited, caus-
ing several explosions and fires that began moving southward.

Operator response to the pipeline failures varied significantly although the fail-
ures were very similar. Some operators shut down operations but left valves open 
and hydrocarbons in the pipes while others closed valves and purged the pipeline of 
product. Other operators continued operations in spite of several pipeline failures 
they were aware of. It was reported that 24 mainline valves near the river were 
inaccessible because they were submerged by the flood. The Coast Guard managed 
the cleanup from the federal side. This involved the laying of booms downstream 
of the pipeline ruptures to protect sensitive areas. The booms also deflected the 
liquids to narrow areas where they were collected with skimmers or vacuum trucks. 
A portion of the released hydrocarbons were burned in situ, although there is some 
controversy regarding the decision considering that the water levels had dropped 
and the liquids could have been removed by mechanical means.

2.4.2  Consequences
In some areas, an evacuation order to residents was issued because of strong fumes 
from petroleum products in the river. All persons within 9 miles of a failed 40-in. 
gasoline pipeline were evacuated. Once the situation was considered under control, 
flood evacuees returning to their houses were advised to stay indoors until the air 
quality had improved. Overall, the pipeline ruptures and the subsequent fires caused 
545 injuries in residential areas primarily due to smoke and vapor inhalation. Two 
residents suffered burns, one of which serious. It was fortunate that much of the area 
had already been evacuated due to the flooding prior to the Natech accidents. Two 
pipeline workers sustained injuries when removing their company’s damaged pipe. 
The petroleum fires also caused significant damage to residential and commercial 
buildings, as well as to cars and boats.

During the floods almost 36,000 barrels of crude oil and petroleum products were 
released into the San Jacinto River, and 7 billion cubic feet of natural gas were lost. 
Spill response costs exceeded $US 7 million while losses due to property damage 
amounted to about $US 16 million (in 1994 $US).
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212.5 Hurricanes Katrina and Rita, 2005, United States

2.4.3  Lessons Learned
The investigation into the pipeline failures during the flood highlighted a number 
of critical issues related to pipeline design, siting, and operator preparedness. The 
US National Transportation Safety Board concluded that the most severe damage 
or ruptures of pipelines occurred in those areas where the river exhibited maximum 
stream meandering, where sand-mining operations had taken place, and where the 
river width was constricted due to human constructions which facilitated riverbed 
scouring. Furthermore, it was found that the design bases of most pipelines that failed 
or were undermined had not benefitted from an analysis of the dangers that floods 
could pose to pipeline integrity. With no regulations, industry standards, or guidance 
available on how to address the hazards of pipeline siting in flood-prone areas, the 
Safety Board called for the establishment of standards for pipeline design across flood 
plains or at river crossings.

The Safety Board also criticized the fact that most pipeline operators continued 
operations in the San Jacinto River valley without assessing the capability of the 
pipeline design to resist the flood hazard. Also, only few operators took effective re-
sponse actions to minimize the potential loss of product. It is believed that the failure 
of the US Department of Transport’s Research and Special Programs Administration 
(RSPA) to require an operator plan with concrete actions to be implemented in case 
of floods might have contributed to the severity of the Natech accidents.

Another critical issue identified by the Safety Board concerned the lack of ef-
fective operational monitoring to promptly identify the location of ruptures and the 
absence of remote-controlled or automatic valves. This has led to the release of large 
volumes of hydrocarbons. The Safety Board called upon the RSPA to establish re-
quirements for valves and leak-detection systems in pipelines.

2.5  HURRICANES KATRINA AND RITA, 2005, 
UNITED STATES
Hurricanes Katrina and Rita impacted the Gulf of Mexico (GoM) in the United 
States within a short period of time. Hurricane Katrina made landfall, at the upper 
end of Category 3 intensity with estimated maximum sustained winds of 110 kt, in 
Southern Louisiana at 11:10 UTC on Aug. 29, 2005 (Knabb et al., 2006a). Less than 
a month later, while the region was still trying to recover from the impact of Katrina, 
Hurricane Rita made landfall as an upper Category 3 storm at 07:40 UTC on Sep. 
24, 2005, with an estimated intensity of 100 kt, in extreme southwestern Louisiana 
(Knabb et al., 2006b). Several levees separating Lake Pontchartrain and the city of 
New Orleans were breached, resulting in the flooding of about 80% of the city. Hur-
ricane Katrina is responsible directly and indirectly for at least 1833 deaths making 
it one of the deadliest hurricanes in US history (Knabb et al. 2006b).

Combined, the two hurricanes triggered hundreds of hazardous-materials releases 
from onshore and offshore oil and gas installations. Sengul et al. (2012) reported 
over 800 releases in 2005 and 400 releases in 2006 due to the hurricane impacts. 
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22 CHAPTER 2  Past Natech Events

Guidry (2006) notes that the volume of onshore and offshore oil spills from the two 
hurricanes was 30.2  million liters. The hazardous-materials releases and oil spills 
represented an additional burden on emergency responders and remaining residents, 
and affected the supply of fuel needed for emergency-response purposes (Cruz and 
Krausmann, 2009). Although the storms impacted onshore installations as well as 
offshore infrastructure, the impacts on the offshore oil and gas industry were un-
precedented. Thus, in the next section, a summary of the impacts on the offshore 
industry is presented.

2.5.1  Accident Sequence and Emergency Response
Over 4,000 offshore platforms and more than 50,000 km of pipeline were exposed to 
the storms (MMS, 2006). Cruz and Krausmann (2009) identified over 611 releases 
directly attributed to offshore oil and gas platforms and pipelines due to both hur-
ricanes (reported up to May 2006). Table 2.1 presents a summary of the reported 
hazardous-materials releases from offshore platforms and pipelines due to Hurricanes 
Katrina and Rita.

Table 2.1 shows that the releases from offshore infrastructure during Hurricane 
Katrina doubled those reported for Hurricane Rita, with about 80% of the releases 
occurring from destroyed or damaged platforms and rigs. The large number of releas-
es from platforms was attributed to higher exposure of platforms to the storm forces 
including hurricane winds, wave action, and currents (Cruz and Krausmann, 2009). 
There were, however, over 450 offshore pipeline breaks, indicating that pipelines were 
vulnerable, too. The common practice to deinventory pipelines in preparation for an 
approaching hurricane helps explain the lower number of oil and gas spills from pipe-
lines in spite of the many storm-induced breaks. The main types of substances released 
were crude oil and other types of oil (e.g., fuel, lubricating, hydraulic) during Hurri-
cane Katrina, and crude oil and natural gas during Rita. A small number of releases of 
NOx were also reported. However, in a large number of cases the types and quantities 
of material released were not reported or were unknown. Cruz and Krausmann (2009) 
found that the number of crude oil and other oil releases during Hurricane Katrina 
was almost three times higher than during Hurricane Rita, although there were twice 
as many natural-gas releases attributed to Hurricane Rita.

Table 2.1  Hazmat Releases From Offshore Facilities and Pipelines 
due to Hurricanes Katrina and Rita

Hurricane Katrina Hurricane Rita Total

Platform 366 162 528
Pipeline 42 40 83
Unknown 0 1 1
Total 408 203 611

Adapted from Cruz and Krausmann (2009).
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232.5 Hurricanes Katrina and Rita, 2005, United States

Damage to offshore platforms and pipelines due to the high winds, wave load-
ing, and strong currents were the main cause of the oil and gas spills (Fig. 2.8). The 
majority (about 88%) of releases during Hurricane Katrina occurred in the front 
right quadrant, within a 120-km radius from the storm’s center as it approached 
land. This is the area that typically experiences the highest wind speeds. Storm surge 
was also the highest in this area according to the US National Weather Service 
(Simpson and Riehl, 1981). The higher number of hazmat releases during Katrina 
may be attributed to the higher wind speeds during Katrina as compared to Rita as 
it approached land.

There were also a large number of oil spills reported in the near-shore, includ-
ing spills from Meraux, LA (Murphy Oil Corporation) in the metropolitan area of 
New Orleans, as well as coastal areas at the mouth of the Mississippi River at Empire 
(Chevron Oil), Pilot Town (Shell Oil), and Cox Bay (Bass Enterprises Production 
Company) (Pine, 2006).

FIGURE 2.8  Oil Rig Washed Aground by Hurricane Katrina

Photo credit: LtCdr. M. Moran, NOAA Corps, NMAO/OAC.
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24 CHAPTER 2  Past Natech Events

The emergency response and cleanup following the hurricanes was difficult giv-
en the scale of damage induced by the hurricanes offshore but also onshore across 
Louisiana, Mississippi, and Alabama. The extensive damage and flooding meant 
that damaged facilities and offshore oil infrastructure was practically inaccessible. 
Hurricane Katrina in particular rendered many roads impassable for weeks or even 
months. Furthermore, communication and electrical power systems were damaged, 
in some areas for several months. This resulted in limited or no access to fuel for 
emergency- and repair vehicles. Furthermore, there was limited personnel available 
because employees had evacuated outside of the impacted areas before the storms, 
or due to the extensive flooding which resulted in no place to provide boarding and 
lodging for workers, cleanup crews, and first responders. Delays in providing emer-
gency response and cleanup occurred due to overwhelmed support resources, such as 
boats and other vessels, diving equipment, etc. Cruz and Krausmann (2009) reported 
that by May 2006 only in about 30% of the cases had some remedial action been 
taken at the time the releases were reported.

A multiagency (including local, regional, and federal agencies) Incident Com-
mand Post (ICP) was set up at the US Coast Guard offices in Baton Rouge. The 
ICP coordinated and prioritized sites for cleanup in order to minimize public health 
threats and environmental impacts (ICP, personal communication). Cleanup efforts 
in the coastal marshes were implemented through the use of boats and barges. Coast-
al cleanup methods included use of in-situ burn techniques, which involved fewer 
response resources and had proven to be one of the best environmental removal 
methods for reducing impacts to the sensitive coastal marsh (Pine, 2006).

2.5.2  Consequences
The hurricanes completely shut down oil and gas production, importation, refining, 
and distribution in the Gulf of Mexico for days or even weeks. In addition, the two 
storms together caused extensive damage offshore including destroying or damaging 
276 platforms, 24 rigs, and 457 pipelines (Cruz and Krausmann, 2008). There were 
no reported human casualties from offshore infrastructure due to the storms’ impacts. 
The combined extended downtimes, economic losses from the damaged infrastruc-
ture, cost of lost products, and environmental clean up resulted in unprecedented 
losses to the oil and gas industry. This caused a hike in oil prices around the globe in 
the weeks that followed the storms.

The environmental consequences of the oil and gas spills are less well un -
derstood and were even considered low in the direct aftermath of the storms 
(Koehler,  2007; Pardue et  al.,  2005). Leahy (2005) , however, warned that only 
time would be able to tell what the true consequences on the coastal ecosystems, 
and the fisheries and tourism industries might be. Many of the spills affected the 
immediate area around the location of the spill, or were washed over the coastal 
wetlands and marshes. In some cases, spilled oil was dispersed by wave action and 
storm surge. Pine (2006) reports that both the short- and long-term impacts of 
these oil releases on ecosystems along the many miles of coastline were and will 
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252.6 Milford Haven Thunderstorm, 1994, United Kingdom

continue to be examined by the teams from NOAA’s Office of Response and Res -
toration. According to Pine (2006), the teams monitor shallow near-shore and 
wetland environments in areas impacted by chemical releases in an effort to char -
acterize the magnitude and extent of coastal contamination and ecological effects 
resulting from this storm.

2.5.3  Lessons Learned
Hurricanes Katrina and Rita together triggered a number of hazardous-materials re-
leases from offshore oil and gas platforms and pipelines that was far greater than that 
reported for previous storms. A high percentage of hazmat releases occurred not 
more than 50 km from the coastline where storm-surge values were higher and where 
most platforms, rigs, and pipelines were destroyed or damaged.

The lower number of releases from pipelines demonstrates the effectiveness of 
the pipeline deinventory practice prior to the storms. On the other hand, the  high 
number of hazardous-materials releases from platforms was attributed to the de -
struction or damage of the platform by wind or wave action, which resulted in 
the discharge of oil and other dangerous substances processed or stored on board. 
Even in cases where the structural integrity of the platforms was untouched, wave 
action caused inundation of decks and possibly tipping over of storage tanks and 
containers holding hazardous materials. A lack of more detailed information on 
the root causes of failures leading to the releases makes it difficult to make precise 
recommendations on possible improvements in terms of anchoring mechanisms, 
flood proofing, etc. Cruz and Krausmann (2009)  recommended improvements in 
damage investigation and reporting in order to facilitate an in-depth analysis of the 
damage and hazmat release dynamics and hence to prevent the recurrence of future 
releases.

Even one year later, hazardous-materials releases caused by the storms were still 
being reported, and only about 30% of the releases had been cleaned up or were 
under some remedial action. This fact indicates that improvements were needed 
concerning poststorm damage and release assessment, and prestorm planning for 
poststorm emergency response and clean up.

2.6  MILFORD HAVEN THUNDERSTORM, 1994, 
UNITED KINGDOM
The case study descriptions in the previous sections are examples of major Natech 
accidents that can typically accompany natural disasters. However, also natural haz-
ards commonly not considered a serious threat, such as lightning, rain, or freeze, can 
trigger Natech events with often severe consequences. The following is an example 
of a major accident in a refinery that was initiated by a thunderstorm. The accident 
description is based on the investigation report of the UK Health and Safety Execu-
tive (HSE, 1997).
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26 CHAPTER 2  Past Natech Events

2.6.1  Accident Sequence and Emergency Response
The refinery located in Milford Haven was constructed in 1964 and it is one of the 
largest refineries in Western Europe. It produces gasoline, diesel fuel, kerosene, lique-
fied petroleum gas (commercial propane and butane), and petrochemical feedstocks 
with a throughput capacity of 270,000 b/d, including 220,000 b/d of crude oil and 
50,000 b/d of other feedstocks, and a storage capacity of 10.5 million barrels. Over 
the years, significant upgrades to the installation have allowed the plant to increase 
its production capacity.

The accident on Jul. 24, 1994 involved the refinery’s crude distillation unit 
(CDU), the fluidized catalytic cracking unit (FCCU), and its flare system. The crude 
oil was separated in the CDU by fractional distillation into naphtha and gas, kero-
sene, light and heavy diesel, and vacuum gas oil (VGO). The VGO provided the 
feed for the vacuum distillation unit which in turn fed the FCCU.

The first accident sequence was initiated when a thunderstorm passed over the 
refinery between 7:20 and 9:00 a.m. Lightning strikes caused a 0.4 s power loss and 
subsequent power dips throughout the refinery. This caused the repeated tripping of 
pumps and coolers and consequently led to the lifting of the crude column pressure 
safety valves. As a consequence, flammable vapors were released and ignited by a 
lightning strike. The CDU was shut down as a result of the fire.

The power dips caused by the thunderstorm also initiated the second accident 
sequence which some 5 h later resulted in a powerful explosion and fires. The HSE 
investigation concluded that a combination of failures in management, equipment, 
and control systems led to the actual release of hazardous substances and eventually to 
the explosion. Due to process upsets caused by the power dips, the FCCU briefly lost 
and then regained VGO feed between 7:47 and 8:00 a.m., leading to feed level fluc-
tuations. The process upset was exacerbated by additional power interruptions at 8:27 
and 8:29 a.m. This, together with valve problems that were not recognized, eventually 
caused the FCCU’s wet gas compressor to shut down, resulting in a large vapor load 
on the FCC’s flare system. This led to a high liquid level in the flare knockout drum, 
thereby exceeding its design capacity and forcing the liquid hydrocarbon into the 
drum’s outlet line which was, however, not designed to take liquid and ruptured due to 
mechanical shock at an elbow bend (Fig. 2.9). As a result of the rupture at the flare 
drum’s outlet line a pulsing leak appeared, releasing about 20 t of flammable hydro-
carbons. The released hydrocarbon liquid and vapor mixture reached explosive levels 
and drifted inside the process area. The hydrocarbon cloud was eventually ignited by a 
heater and an explosion occurred 30 s after the outlet line break at a distance of about 
110 m from the flare drum. After the explosion, several isolated fires continued to burn 
within the process area, most importantly a major fire at the flare drum outlet itself.

In response to the accident, the fires were contained and an escalation of the 
accident was prevented by cooling the nearby vessels containing flammable sub-
stances. The explosion and fires incapacitated two of the plant’s three flare systems, 
and consequently plant personnel shut down and isolated the process equipment. 
Considering that the explosion had disabled the flare relief system, the fires were 
allowed to burn until the hydrocarbons were exhausted 2.5 days after the explosion. 
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The accident was mitigated by the on-site and county fire-fighting teams. After 
much deliberation, only the on-site emergency plan was activated although it did 
not consider the possibility of a fire burning for more than 24 h.

2.6.2  Consequences
The accident resulted in 26 nonserious injuries on site. According to the accident 
investigation report, a disaster was averted because the accident occurred on a week-
end when less employees were on site, and because the alkylation unit adjacent to 
the FCCU withstood the explosion unscathed. This is testimony to the high safety 
standards that the unit was built and operated to.

Large areas of the refinery suffered severe structural damage due to the explo-
sion and the fires on-site. The blast from the explosion caused damage to buildings, 
vessels, columns, tanks, pipework, and pipe racks (Fig. 2.10). Block wall buildings 

FIGURE 2.9  The Failed Elbow Bend at the 30-in. Flare Drum Outline Line From Which 
the Hydrocarbons Were Released

From HSE (1997). © Crown Copyright
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near the blast location were completely destroyed. Interestingly, the control room 
suffered some internal damage because the door had been open at the time of the 
explosion. Staff had opened the door as the earlier power interruptions had disabled 
the air conditioning control. The accident did not cause any community disruption 
as off-site damage was limited due to the refinery’s location away from population 
centers. In Milford Haven town, located at about 3 km from the refinery, some prop-
erties sustained glass damage.

As a result of the accident, approximately 10% of the United Kingdom’s refining 
capacity in 1994 was lost during the refinery’s downtime (4.5 months). According 
to Marsh (2003) the monetary losses due to business interruption amount to US$ 
70,500,000. Costs related to property damage, debris removal, and cleanup were 
estimated at US$ 77,500,000 (both numbers refer to 1994 monetary value).

FIGURE 2.10  Major Damage on Site Caused by the Explosion

From HSE (1997). © Crown Copyright
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2.6.3  Lessons Learned
While the initiating event of the accident was the process upset caused by the electri-
cal storm, the direct causes of and contributing factors to the explosion were several:

•	 In the FCCU the debutanizer valve was stuck closed, a fact unknown to the 
operators. This led to hydrocarbon liquid being continuously pumped into a 
process vessel that had its outlet closed. Consequently, once the vessel was full, 
the hydrocarbons entered the pressure relief system and the flare line.

•	 The operators were overwhelmed by too many alarms triggered by the process 
upset, and the display screen configuration of the operator control system 
made it difficult to identify the cause of the incident. It was concluded that the 
operators were not adequately trained to handle a sustained process upset.

•	 Tests on instruments whose incorrect behavior contributed to the accident 
revealed maintenance issues. In addition, the flare drum’s outline line was 
known to be corroded and modifications on the drum’s pump-out system 
resulted in a reduced liquid handling capacity. However, no recorded safety 
assessment of this modification was available.

Based on these insights, the HSE formulated recommendations for future ac-
cident prevention and mitigation in those areas where deficiencies were identified. 
Most importantly, these concerned a formal and controlled Hazard and Operabil-
ity (HAZOP) Study in case of modifications; training for staff to better handle un-
planned events and perform well under high-stress conditions; and reconfiguration 
of alarms to facilitate the distinction between safety-critical and other operational 
alarms. In view of the possibility of prolonged fires, the HSE also recommended con-
sidering the availability of adequate supplies of fire-fighting water.
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Lessons Learned 
From Natech Events
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Environmental, and Materials Engineering, University of Bologna, Bologna, Italy

Efforts have been launched to systematically collect and analyze information on 
the causes and dynamics of Natech accidents, as well as of near misses, to sup-
port scenario development and the design of better risk-mitigation options. Using 
postaccident analysis, conclusions can be drawn on the most common damage and 
failure modes and hazmat release paths, particularly vulnerable storage and process 
equipment types, and the hazardous materials most commonly involved in these 
types of accidents. This chapter gives an overview of natural-hazard specific lessons 
learned and also discusses features common to Natech accidents triggered by differ-
ent natural hazards.

3.1  DATA SOURCES AND QUALITY
Lessons can be learned in all phases of risk and accident management, from pre -
vention and preparedness to response and recovery. Depending on the scope of 
the study, there are analyses of single accidents, which produce immediate lessons 
specific to the event, or analyses of a set of similar accidents from a broader data 
pool which yield lessons learned that are more widely applicable. The latter type  of 
study facilitates, for example, the identification of commonly occurring causes 
of accidents involving specific substances or industries, which may not be easily 
recognizable within a single occurrence. This analysis also lends itself to identifying 
technical and organizational risk-reduction measures that require improvement or 
are missing.

Industrial-accident databases are commonly used for retrieving sets of Natech 
accident case histories for further analysis. These databases contain accident 
data from the open literature, government authorities, or in-company sources. 
Examples of such data repositories are the French ARIA database, the Euro-
pean Commission’s Major Accident Reporting System (MARS), The Accident 
Database of the UK Institution of Chemical Engineers, or the US Coast Guard 
National Response Center (NRC) database. The quality of information reported 
in the various industrial-accident databases is not uniform and exhibits differ-
ent levels of detail and accuracy. This is due to the difficulty of finding qualified 
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34 CHAPTER 3  Lessons Learned From Natech Events

information sources, especially in situations where accident reporting by the in-
dustry or by authorities is not compulsory, for example, when spill quantities are 
below reporting thresholds. Data collection has to then rely on voluntary record 
keeping which is often done by nonexperts. Industrial-accident databases also 
suffer from a lack of information on near misses, which would be of particular 
value for learning lessons as they give examples of effective risk-reduction ap-
proaches and techniques.

The level of detail is particularly nonuniform for Natech accident data depend-
ing on whether the consequences of the Natech event were major or minor, and 
whether comprehensive information was available for reporting. In addition to the 
reporting bias toward high-consequence events, industrial-accident databases fre-
quently lack information on the severity of the triggering natural hazard, as well as 
on failure modes that led to the hazmat release. This makes it difficult to reconstruct 
the dynamics of the accident and renders the development of equipment vulner-
ability models linking the natural-hazard severity to the observed damage almost 
impossible. Consequently, the European Commission has set up the eNATECH 
database for the systematic collection of Natech accident data and near misses. 
The  database exhibits the more sophisticated accident representation required 
to capture the characteristics of Natech events and is publicly accessible at http://
enatech.jrc.ec.europa.eu.

As yet, most Natech accident analyses concerned accidents triggered by earth-
quakes, floods, or lightning. Priority was given to these hazards due to the generally 
greater severity of Natech events caused by earthquakes (Antonioni et al., 2009), 
and the high frequency of accidents initiated by floods and lightning in the European 
Union and the OECD (Krausmann and Baranzini, 2012). Systematic analyses of the 
dynamics and consequences of Natech accidents caused by other natural hazards are 
scarce.

3.2  GENERAL LESSONS LEARNED
Postaccident analyses of a multitude of Natech events caused by specific types of 
natural hazards soon revealed that there are certain commonalities regardless of the 
natural-hazard trigger. These studies indicated, for instance, that atmospheric stor-
age tanks, and in particular those with floating roofs, appear to be particularly vul-
nerable to earthquake, flood, and lightning impact (Krausmann et al., 2011). While 
no systematic studies for other types of natural hazards are readily available, indi-
vidual case histories seem to support this conclusion also in case of storms or heavy 
rain (MAHB, 2014; Bailey and Levitan, 2008; Godoy, 2007).

From an industrial-safety point of view, the high susceptibility of storage tanks 
to natural-hazard impact is problematic, as these plant units often contain crude oil, 
gasoline, or other types of flammable liquid hydrocarbons in large quantities. It is 
therefore not surprising that many Natech accidents involve hydrocarbon releases 
that often ignite and escalate into major fires or explosions (Table 3.1). With hazmat 
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releases possibly occurring from several sources at the same time, an increased igni-
tion probability coupled with concomitant damage to safety barriers and systems and 
the frequent loss of lifelines, the likelihood of domino or cascading disasters is also 
higher for Natech events compared to conventional industrial accidents.

The good news is that risk mitigation generally seems to pay off. Facilities 
fare better during natural events if they have benefitted from natural-hazard 
specific design and the implementation of Natech risk-reduction measures (e.g., 
Cruz et  al.,  2016; Pawirokromo,  2014; Cruz and Steinberg,  2005; Bureau and 
Kokkas, 1992; Lopez et al., 1992). Where these measures are inadequate or totally 
lacking, damage is more severe or even catastrophic. Problem areas that stand out 
in most Natech accidents are related to insufficient prevention and preparedness, 
often caused by the lack of structural design features to withstand the natural-
hazard loads, the absence of or the weak enforcement of safety regulations, and by 
a lack of guidance on how to address the problem of Natech risks in the chemical- 
process industry.

The biggest challenge for the industry and authorities is a change in mindset to 
accept that Natech hazards can have significant impacts. In-depth analyses of ac-
cident data often indicate grossly inadequate design bases of hazardous installations 
in natural-hazard prone areas due to the use of generic design criteria instead of 
acknowledging the specific requirements of process equipment under natural-event 
loading. Ignorance of the need for Natech-specific additional safety measures and a 
lack of Natech risk assessment contribute to low preparedness levels. Another com-
mon risk factor that was identified is the reliance of industry on external lifelines and 
emergency-response resources for managing a Natech accident rather than prepar-
ing a “stand-alone” emergency plan that considers the failure of response systems 
during a natural disaster. If response resources are overwhelmed the accident can 
quickly escalate.

Table 3.1  Substances Involved in a Sample of Flood-Triggered Natech Accidents 
According to an Analysis by Cozzani et al. (2010)

Substance Category Number of Accidents

Oil, diesel fuel, gasoline; liquid hydrocarbons 158
Propane, butane, LPG 12
Fertilizers 11
Acid products 7
Cyanides 5
Oxides 5
Ammonia 5
Chlorine 3
Explosives 3
Calcium carbide 3
Soap and detergents 1
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3.3  EARTHQUAKES
The postaccident analysis of data sets related to earthquake-triggered Natech events 
indicates that multiple and simultaneous hazmat releases are particularly common 
during earthquakes accompanied by an increased risk of cascading events. Damage 
to industrial facilities due to direct shaking impact or ground deformation induced by 
soil liquefaction are the main damage and failure modes of structures built in suscep-
tible areas (e.g., Lanzano et al., 2014; Krausmann et al., 2011). From a safety point 
of view, damage to buildings or equipment that do not contain hazardous materials 
is of no immediate concern although the associated economic losses can be huge. 
The predominant damage modes in this category include elephant-foot- or diamond 
buckling (Fig.  3.1), the stretching or detachment of anchor bolts causing lateral 
displacement or uplifting of equipment, or the deformation or failure of support col-
umns and other types of foundation structures. The main hazmat-release mechanisms 
during earthquakes are tank damage with losses from the tank’s roof top due to liquid 
sloshing, the sinking of floating tank roofs, failure of flanges or rigid tank-pipe con-
nections due to direct shaking impact, or liquefaction-induced ground deformation 
that leads to pipe ruptures and foundation failures (Lanzano et al., 2015; Krausmann 
and Cruz,  2013; Zama et  al.,  2008, 2012; Krausmann et  al.,  2010). Examples are 

FIGURE 3.1  Diamond Buckling of Silos Near the Epicenter of the 2011 Tohoku 
Earthquake in Japan

Photo credit: E. Krausmann.
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shown in Figs. 3.2 and 3.3. These releases can be minor or severe. Major releases are 
caused by tank overturning or collapse due to earthquake loading. Liquid sloshing, 
for instance, can compromise the structural integrity of tanks which are full or nearly 
full (Zama et al., 2008, 2012; Salzano et al., 2009; Campedel, 2008).

Release modes from chemical containers in warehouses involve the collapse or 
overturning of storage racks or the toppling and falling of chemical drums or intermedi-
ate bulk containers (IBCs). Dynamics analyses support the conclusion that racks loaded 
with IBCs are more vulnerable to ground motion than those loaded with drums. The 
analysis also showed that while robust anchorage reduces the likelihood of rack collapse, 
it also increases the potential for drum or IBC toppling (Arcidiacono et al., 2014).

Accident analyses also showed that flammable hazmat releases are likely to ignite 
during earthquakes. Floating roof tanks in particular are prone to fire scenarios as 
liquid sloshing can bounce the tank’s metallic roof against the tank wall, which 
can create sparks and ignite the tank content. From the statistical analysis of 
the available accident data set, an ignition probability of 0.76 was calculated by 
comparing the number of accidents with only release to those with release and igni-
tion (Campedel, 2008). With a reporting bias toward high-consequence events, this 
number should be considered an upper limit.

FIGURE 3.2  Collapse of a Dryer and Pipe Severing at a Fertilizer Factory Hit by the 2008 
Wenchuan Earthquake in China

Photo credit: E. Krausmann.
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38 CHAPTER 3  Lessons Learned From Natech Events

3.4  TSUNAMI
A significant number of industrial installations are located in tsunami-prone areas 
all over the globe. Nevertheless, quantitative data on tsunami damage to industrial 
structures is scarce, in particular when compared to damage data related to earth-
quake impacts. The reason is likely related to the low frequency of large tsunami 

FIGURE 3.3  Flange Failure at a Fertilizer Plant in the Area Hit by the Wenchuan 
Earthquake

Photo credit: E. Krausmann.
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393.4 Tsunami

events, and the very recent (post 2004 Indian Ocean tsunami) efforts to start collect-
ing and analyzing information on industry-specific tsunami impacts.

The tsunami triggered by the 2011 Great East Japan earthquake and the exten-
sive damage and destruction it caused in vast parts of the Japanese industry offers 
an opportunity to learn important lessons. Post-tsunami analyses identified direct 
hydrostatic and hydrodynamic forces from water inundation, as well as impact forces 
from water-borne debris as important damage and hazmat-release mechanisms. The 
high speeds obtained by the water can also drag large floating objects, such as ships, 
into a hazardous installation which can significantly aggravate the damage severity. 
Salzano and Basco (2015) contend that while debris impact can be assessed using 
impact analysis, the large uncertainties related to the type and number of objects 
(including ships) transported by the tsunami waters render the assessment difficult.

The tsunami forces caused washing away of equipment foundations, tank and 
pipe floating and displacement, tank overturning and collapse (Fig. 3.4), and the 
breaking of pipe connections and ripping off of valves which were often accom-
panied by the release of significant amounts of hydrocarbons (Krausmann and 
Cruz, 2013; Nishi, 2012). The sheer force of a strong tsunami would be able to affect 
a large variety of structures and equipment, however, storage tanks, and in particular 
atmospheric ones, appear to be especially vulnerable.

FIGURE 3.4  Destroyed Heavy Oil Tank at a Thermal Power Plant Battered by the Mega 
Tsunami in the Wake of the 2011 Tohoku Earthquake in Japan

Photo credit: A. Kouchiyama.
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40 CHAPTER 3  Lessons Learned From Natech Events

Damage to industrial facilities was also observed in cases where the tsunami com-
promised the structural integrity of buildings which then collapsed onto the hazard-
ous equipment housed within. FEMA (2012) attributes structural tsunami damage 
also to wind forces induced by wave motion and scour and slope/foundation failure.

Like earthquakes, strong tsunamis can have a large impact zone, and multiple 
releases of different types of hazardous substances are expected to occur at the same 
time with potentially manifold consequences. In addition to possibly driving debris-
laden water into a hazardous installation, tsunamis would also widely disperse flam-
mable spills or toxic releases triggered by a preceding earthquake or by the tsunami 
itself. The ignition probability is high under these circumstances, as is the resulting 
risk of large-scale fires and the likelihood of cascading effects with severe secondary 
consequences. This also raises questions about the risk of medium- to long-term soil 
contamination, in particular if the released substances are toxic or environmentally 
persistent (Bird and Grossman, 2011). While no detailed study on the consequences 
of hazardous-substance releases due to tsunami exists, by analogy with river floods it 
is likely that some substances would react with the tsunami waters and thereby cre-
ate other chemical compounds that could be even more toxic or flammable.

3.5  FLOODS
River floods can affect individual equipment but also entire hazardous installations 
through buoyancy and drag forces. Flotation of equipment off its foundations due to 
flooding of catch basins, as well as subsequent displacement due to water drag, can 
strain or break tank-pipe connections, leading to minor hazmat leaks but also to 
more severe, continuous releases (Cozzani et al., 2010). This is a particular problem 
for empty or nearly empty storage tanks in case anchoring is inadequate or com-
pletely missing. While an empty tank by itself does not pose a Natech risk, if it starts 
floating and is displaced it can become a collision hazard for other equipment onsite. 
If the force of the floodwaters is sufficiently high, it can cause tanks to collapse or im-
plode, thereby releasing the complete inventory of hazardous substances contained 
in the unit. Water intrusion in electrical equipment and subsequent power failure 
or short circuits can affect process and storage conditions and indirectly trigger a 
Natech accident, for example, via loss of cooling and pressure build up in vessels and 
emergency flaring of hazardous substances.

Another important hazmat release mode is the impact of floating debris dragged 
along with the floodwaters on sensitive equipment. This is very similar to debris im-
pact during tsunamis, although the water speed is generally lower during river floods. 
Depending on the flood height and speed, these floating objects can be smaller items, 
such as branches, cylinders, or barrels, but also cars or vessels which can do a lot of 
damage to hazardous facilities. Debris is also a major issue for overland pipelines 
during flood conditions and an important cause of pipe ruptures. At river crossings, 
flood-induced erosion and scouring of the river bed can uncover buried pipelines 
and undermine their foundations, leaving them exposed to debris impact and water 
pressure (Fig. 3.5). In addition, if too much length of pipe is undermined, it might 
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413.5 Floods

FIGURE 3.5  Exposed Petroleum Pipeline Due to Flooding in Pennsylvania, USA

Photo credit: C. Kafer.
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42 CHAPTER 3  Lessons Learned From Natech Events

break due to the unsupported weight. An in-depth analysis of hazardous liquid pipe-
line Natech accidents in the United States indicates that the highest amounts of 
hazmats were released during pipe ruptures caused by floods as opposed to other types 
of natural hazards (Girgin and Krausmann, 2015).

Like tsunamis, floods usually affect large areas and can carry released hazardous 
materials over great distances. Consequently, there is the additional risk of the flood-
waters becoming a vector for the dispersion of toxic or flammable substances over 
wide stretches of land with the associated elevated risk of cascading events (Fig. 3.6). 
Interestingly, floods can also lift flammable waste from an installation’s sewer system 
when the drainage of waste and surface water are not segregated. Contact of these 
substances with hot surfaces or ignition by a lightning strike can cause fires that 
spread with the floodwaters (Krausmann et al., 2011; Cruz et al., 2001).

Depending on the hazardous substances involved in the accident, the conse-
quences can be manifold. Nevertheless, water contamination is the most common 
outcome of flood-triggered Natech events and can include the pollution of surface 
and underground water, as well as extensive soil contamination in the inundated 
areas. The severity of the consequences strongly depends on the amount of substances 
released, their solubility and density (Cozzani et al., 2010). Ignition of flammable 
substances stratified on the floodwaters, explosions, and the atmospheric dispersion 
of toxic materials are also common.

FIGURE 3.6  Hydrocarbon Release at a Refinery During the Coffeyville Floods in the 
USA in 2007 

The flood caused a spill of 90,000 gallons of crude oil that polluted a wide swath of land.
Photo credit: Kansas Wing of the Civil Air Patrol.
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The postaccident analyses also highlighted additional scenarios ordinarily not 
considered in conventional industrial accidents. Some chemicals react violently 
with water and create toxic or flammable vapors in the process. This adds to the risks 
of the primary substance release by creating a secondary hazard to the population 
and the environment, but also to emergency responders. Examples of such chemicals 
are calcium carbide which after contact with water forms flammable acetylene, or 
cyanide salts which react with water to create hydrogen cyanide, a toxic gas (Cozzani 
et al., 2010).

3.6  STORMS
Storms comprise a number of phenomena, each of which can adversely affect the 
chemical-process industry or hazmat-storage areas. These phenomena can cause 
damage on-shore via flooding from storm surge, that is, high-speed water driven by 
gale-force winds, and through wind pressure and wind-driven rain (McIntyre and 
Ford, 2009; Godoy, 2007; Cruz et al., 2001). Offshore facilities are not only affected 
by high winds but also by wave loading. Blackburn and Bedient (2010) note that 
storm surge and wave elevations are significantly underrepresented in the engineer-
ing literature.

Although no systematic analyses of storm-triggered Natech accident data exist, 
damage and failure modes can be deduced from single accidents. Flood impacts due 
to storm surge or heavy rain associated with storms lead to the same types of damage 
as for river floods discussed in the previous section. Equipment flotation and dis-
placement due to storm surge and wind, the associated breaking of vessel-pipe con-
nections, short circuits, and power outages can cause small but also major chemical 
releases (Fig. 3.7). Heavy rain can tip or sink floating tank roofs, thereby exposing 
the tank contents to the air and making them easily accessible to potential ignition 
sources, such as lightning. Since storm surge can cause a rise in water levels of canals 
or rivers connected to the ocean, also installations not sited directly at the coast can 
be subject to storm-surge effects (Cruz and Krausmann, 2013).

Wind-related damage includes shell buckling, toppling of process units and tanks, 
and tank-roof damage (Godoy, 2007; Cruz et al., 2001). Bailey and Levitan (2008) 
note that larger tanks have a tendency to fail due to inward collapse of the tank shell, 
in particular if they are nearly empty, while smaller tanks are more prone to shell 
buckling after being hit by wind-borne debris, or toppling over. Tank roof damage is 
caused by the uplift forces of strong winds which exceed the weight of the roof plate 
(Carson, 2011). For fixed roofs this can result in the tearing of roof-to-shell joints, 
peeling away of the roof plate, and dislodging of the roof structure (Braune, 2006). 
Fig. 3.8 gives an example of roof destruction during Hurricane Katrina. In the case of 
floating roofs, the wind pressure can cause water on the roof to shift, thereby creating 
an unsymmetrical load which may result in the structural failure of the roof.

High winds, storm surge, and underwater currents can also affect offshore oil and 
gas infrastructure causing rig tie-down problems and wave loading on platform decks, 
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44 CHAPTER 3  Lessons Learned From Natech Events

the breaking of platform-riser connections, and mooring failure with subsequent 
loss of station keeping that can set mobile offshore drilling units adrift (Cruz and 
Krausmann, 2008; Det Norske Veritas, 2007; Energo Engineering, 2007). Anchor 
dragging of drifting drilling units and submarine landslides can damage the underwa-
ter pipeline network and other subsea facilities.

The type of design and filling level determine the susceptibility of equipment 
to storm surge or wind impact. Minor, moderate, but also major releases of toxic, 
flammable, or explosive chemicals are possible both on- and offshore ( Cruz and 
Krausmann, 2009; Cruz et al., 2001). These substances disperse in the air, stratify 
on or dissolve in water, and are carried away by the flood once the catch basin 
is overtopped by storm surge or rain-related flooding. Like for floods and tsuna -
mis, the presence of water can trigger chemical reactions that generate additional 
toxic or flammable substances. During storm conditions the control of hazmat 
releases from hazardous installations is extremely challenging due to potentially 
widespread storm damage with power outages, disruption of communication, de -
struction or blocking of access roads, and the absence of workers displaced by a 
major storm.

FIGURE 3.7  The Water and Gale-force Winds Accompanying Hurricane Katrina Floated 
and Displaced Two Half-Filled Tanks Along the Mississippi River With 3.8 Million Gallons 
of Oil Pouring From the Tanks

Photo credit: Louisiana Department of Environmental Quality.
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453.7 Lightning

3.7  LIGHTNING
Several studies indicate that lightning is one of the most frequent natural-hazard 
accident triggers in chemical processing and storage activities (Krausmann and 
Baranzini, 2012; Chang and Lin, 2006; Rasmussen, 1995). In pipeline systems, light-
ning might be a more important accident initiator than previously thought (Kinsman 
and Lewis, 2000). It is interesting to note that the effectiveness of commonly imple-
mented lightning protection measures, such as grounding of equipment, lightning 
rods, or circuit breakers, in preventing fires or damage in industry has proven to be 
inconclusive (Goethals et al., 2008).

The analysis of lightning-triggered Natech accidents showed that there ex -
ist different mechanisms for equipment damage and failure ( Renni et  al.,  2010; 
ARIA, 2007). Direct structural damage is caused by thermal heating from the light -
ning strike. This can lead to the puncturing and rupture of tank shells and pipe -
lines. If the lightning energy is not sufficient to pierce the pipe body, it might still 
disable the pipeline’s cathodic corrosion protection system and cause pitting. This 
spot can become the source of corrosion and failure months after the lightning 
strike. Indirect structural damage can occur via the collapse of structural compo -
nents (e.g., flare stacks) struck by lightning that damage hazardous equipment when 

FIGURE 3.8  Wind-Induced Destruction of a Fixed Tank Roof at an Oil Refinery During 
Hurricane Katrina

Photo credit: NOAA.
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46 CHAPTER 3  Lessons Learned From Natech Events

falling. Another often underestimated indirect damage mechanism is lightning 
impact on the power grid, or on electrically operated control and safety systems 
whose disruption could create process upsets and subsequent hazmat releases, for 
example, from vent and blow-down systems ( Renni et al., 2010). This can turn out 
to be a particular problem during start-up of a hazardous installation following a 
thunderstorm.

Flammable vapors are often present at the rim seal of floating roof tanks. If light-
ning strikes the tank roof or in its vicinity, immediate ignition can occur (Fig. 3.9). 
The energy carried by lightning can also ignite flammable gaseous releases from oth-
er types of equipment or stratified substance spills on the ground. Fires are therefore 
a frequent consequence of lightning strikes involving flammable substances. In fact, 
fires and explosions are the most frequent outcome of lightning impact for storage 
tanks. A statistical analysis of selected accident data yields an ignition probability 
of 0.82 which is not surprising considering that lightning is an ignition source itself. 
As for earthquakes, this number is likely an upper limit due to the reporting bias 
toward high-consequence accidents in industrial accident databases (Krausmann 
et al., 2011).

FIGURE 3.9  Lightning-Triggered Fire in a Gasoline Storage Tank in Oklahoma

Photo credit: Assistant Chief D. Brasuell (ret.), Bixby (OK) Fire Department; 

 Courtesy of Industrial Fire World Magazine.
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The majority of lightning-triggered Natech accidents seem to result in hazmat 
releases that do not ignite or explode. However, once loss of containment has oc-
curred, the released chemicals can disperse in the air, or cause water and soil con-
tamination. Furthermore, lightning-triggered release quantities can be significant, 
with almost 40% of the accidents analyzed in Renni et al. (2010) exceeding 1000 kg. 
Matters are further complicated during lightning storms accompanied by heavy rain 
which can cause releases from spills in catch basins that overflow or from drainage-
water segregation systems whose capacity is exceeded.

3.8  OTHERS
3.8.1  Extreme Temperatures
Recent studies showed that low temperatures were among the top three causes of Na-
tech accidents in the European Union and OECD between 1990 and 2009, together 
with lightning and floods (Krausmann and Baranzini, 2009, 2012). These studies 
also found that while cold weather and freeze pose an important threat to hazardous 
installations, the associated risk is in most cases severely underestimated.

During conditions of extreme or prolonged cold weather with temperatures be-
low zero, or quickly alternating freeze and thaw phases, various types of industrial 
equipment and their appurtenances are vulnerable to malfunction and damage. This 
includes pipework (e.g., transfer or drainage lines) that is not adequately insulated 
or lacks insulation, pumps, valves, and flanges on tanks or pipes, pipe welds and 
joints, but also control systems and sensors performing safety-relevant functions 
(ARIA, 2012a; CSB, 2008).

There are different mechanisms by which low temperatures can cause damage in 
hazardous installations. The freezing of industrial equipment or pipeline network com-
ponents can lead to component malfunction and leaks, for instance due to valve or 
control-system failures (e.g., overfilling caused by a frozen level detector). Ice forma-
tion in pipes can cause blockage of auxiliary pipes and overpressure which might even-
tually lead to pipe rupture, or tank overflow if an overflow line is blocked by ice. In the 
pipeline network the most important cold-weather related damage mode is the expan-
sion of freezing water and subsequent pipe cracking or bursting by mechanical forces. 
Water naturally present in the transported hazardous substances is the main source 
of the ice. Another important damage mechanism is frost heave in which a section 
of the ground is lifted upward due to the freezing of water present in the soil. If a buried 
pipeline crosses this area, it will be affected by the vertical ground displacement and 
can buckle. Falling ice and snow can create physical loads on the equipment that could 
also cause cracks and hazardous-materials releases (Girgin and Krausmann, 2015).

Although severely underestimated as an accident initiator, cold-weather relat-
ed damage to hazardous equipment is frequent and has caused ground, water, and 
atmospheric pollution, as well as fires and explosions with sometimes significant 
emergency-response, cleanup, and restoration costs.

Hot weather can affect hazardous installations in different ways. A recent analysis 
of heat-related accidents in France concluded that direct exposure to solar radiation 
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48 CHAPTER 3  Lessons Learned From Natech Events

and thermal stresses can cause reactive substances to evaporate and self-ignite 
(ARIA, 2012b, 2015). High temperatures can lead to the decomposition and po-
lymerization of substances, or the formation and accumulation of flammable vapors 
in confined spaces with an elevated risk of ignition. In pressurized systems, excessive 
heat can trigger pressure surges with the subsequent actuation of safety valves and 
leaks of hazardous gases. Auxiliary equipment, such as pumps or compressors, can 
also be a source of releases and spills if they overheat and break down. In pipeline 
systems, Girgin and Krausmann (2015) identified heat-induced valve and strainer 
failures, as well as collar joint failures due to ground shifts brought about by extended 
drought periods. While pollution and explosions have been observed in relation to 
hot weather conditions, fires appear to be the predominant outcome.

3.8.2  Volcanoes
There are very few studies related to Natech risks due to volcanic eruptions. Milazzo 
et  al. (2013a,b) and Salzano and Basco (2009) analyzed the danger to industrial 
facilities around Mt. Etna and Mt. Vesuvius volcanoes in Italy. These areas are char-
acterized by strong seismic activity triggered by the volcanoes, a high population 
density, and intense industrialization, including large industrial ports.

These studies focused on the potential risks to atmospheric storage tanks due to 
volcanic ash fallout which is considered to be an important phenomenon potentially 
affecting large areas by which the integrity of industrial facilities could be compro-
mised. In this context, the main damage and failure mechanisms are an increase in 
the loading on fixed or floating tank roofs due to ash accumulation, or damage to 
rubber seals caused by the abrasiveness of the ash. Assessing the resistance of fixed 
roofs to damage by ash loading, and of floating roofs to sinking or capsizing, Milazzo 
et al. (2013a) estimated threshold values for ash deposits for both wet and dry condi-
tions. Saturation of volcanic ash with rainwater and the associated increase in den-
sity reduce the ash load required to cause damage to atmospheric tank roofs. Overall, 
the study showed that only extremely large explosive eruptions could damage tank 
roofs or cause them to sink or capsize. Simple mitigation actions, such as removing 
the ash by blowing or brushing it from the roof, can be effective.

Another volcano-related phenomenon that can endanger industrial facilities 
and lead to hazardous-materials releases are lahar flows. Lahars are volcanic mud-
flows triggered by the melting of ice and snow that while descending the volcano can 
damage or bury infrastructures in exposed areas. During the 1989/1990 eruptions of 
Redoubt Volcano in Alaska, lahar flows caused partial flooding of a crude-oil terminal 
in the Drift River valley. Although no oil was spilled, in the aftermath of the event 
the operator of the terminal built dikes of 6-m height around almost all the termi-
nal and raised critical electrical equipment to a minimum of 1-m above the ground 
(Brantley,  1990). The oil terminal was again affected by lahars during Redoubt’s 
2009 eruption, but the dikes around the tank farm effectively protected it from a 
potentially catastrophic inundation and oil spills (Fig. 3.10). Pierson et al. (2014) 
argue that exclusion dikes can effectively enclose and protect valuable infrastructure 
from lahar impact.
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In many countries, a legal framework for chemical-accident prevention and mitiga-
tion exists and some programs address Natech risk directly or implicitly. Nonetheless, 
the repeated occurrence of Natech accidents raises questions about the effectiveness 
of these frameworks. This chapter provides examples of current national approaches 
and international activities to manage Natech risks.

4.1  REGULATORY FRAMEWORKS
4.1.1  European Union
In the European Union (EU), major (chemical) accident risks are regulated by the 
provisions of the so-called Seveso Directive on the control of major-accident hazards 
(European Union, 1997) and its amendments (European Union, 2003, 2012). The 
Seveso Directive applies to industrial activities that use, handle, or store specific 
types of hazardous substances beyond a certain threshold quantity, and certain haz-
ardous substances considered to be extremely dangerous. The Directive does not 
cover all types of risks from activities that involve hazardous materials. Risks from 
pipelines, landfills, military or nuclear installations, or the transport of hazardous 
goods are excluded.

The Seveso Directive requires stringent safety measures to be put in place to 
prevent major accidents from occurring and in case they do happen to effectively 
limit their consequences for human health and the environment. For instance, 
the Directive requires the drawing up of a major-accident prevention policy 
(MAPP) by the operator, and for particularly hazardous plants (so-called upper-
tier establishments) a safety report to ensure high protection levels. Through the 
safety report, the operator is obliged to demonstrate that (1) a MAPP has been 
implemented, (2) major-accident hazards and associated accident scenarios have 
been identified and necessary measures have been taken to prevent these accidents 
and limit their consequences if they nevertheless occur, (3) adequate safety and 
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reliability have been taken into account in the design, construction, operation, and 
maintenance of the installations, and (4) internal emergency plans have been drawn 
up and provide sufficient information for the preparation of the external emergency 
plan. The Seveso Directive also addresses domino effects by requiring the identifica-
tion of establishments for which the risk of a major accident may be increased due 
to the geographical position and the proximity of these establishments, and their 
inventories of hazardous substances. Provisions on land-use planning control the 
siting of new or the modification of existing hazardous establishments, or new devel-
opments in their vicinity.

Following a series of Natech and other major chemical accidents (e.g., the spill 
of cyanide-laced tailings from a dam breach in Romania due to heavy rainfall and 
rapid snowmelt, or the release of chlorine from a flooded general-chemicals manu-
facturer), it was decided that an amendment of the Seveso Directive was needed 
to address the remaining gaps. The latest amendment, which entered into force in 
2012, now explicitly addresses Natech risks and requires that environmental hazards, 
such as floods and earthquakes, be routinely identified and evaluated in an industrial 
establishment’s safety report (European Union, 2012). Awareness of Natech risks 
has been growing ever since in Europe.

From the point of view of Natech risk reduction, the Seveso Directive is the most 
important legal act at EU level. Other regulations exist that control different indus-
trial activities or areas of concern that sometimes indirectly address Natech risks. 
One example is the EU Water Framework Directive, which aims to establish an 
integrated river basin management in Europe and which includes provisions against 
the chemical pollution of surface water (European Union, 2000). The EU Floods 
Directive requires Member States to develop flood risk maps that shall also show 
hazardous installations, which might cause accidental pollution in case of flooding 
(European Union,  2007). With respect to offshore oil and gas infrastructure, the 
recent EU Offshore Directive requires a demonstration that all major hazards re-
lated to offshore activities are identified, their likelihood and consequences assessed, 
and appropriate risk-control measures put in place. This includes environmental and 
meteorological conditions that could pose limitations on safe operations (European 
Union, 2013).

4.1.2  United States of America
There are several federal programs in place for hazardous-materials risk manage-
ment and emergency-response planning in the United States including the Process 
Safety Management (PSM) regulation and Risk Management Plan (RMP) rule 
(OSHA, 2012; EPA, 2015). In response to these requirements, industrial facilities, in 
addition to carrying out a process-safety analysis, need to maintain process-safety in-
formation, evaluate existing mitigation measures and standard operating procedures, 
and develop training and maintenance programs. An emergency-response program 
is also required which should clearly describe the measures taken to protect human 
health and the environment in response to an accidental hazardous-materials release 
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554.1 Regulatory Frameworks

and the procedures for notifying the public and local agencies in case of a chemical 
emergency. However, neither of these federal regulations explicitly require analyz-
ing, preparing for, or mitigating releases which are concurrent with natural disasters. 
Furthermore, there are no specific provisions in the PSM or the RMP to prevent 
domino effects, which occur more frequently during earthquakes, or for land-use 
planning. However, some states have adopted stricter legislation. For instance, due 
to the high risk of earthquakes in California, the California Accidental Release Pre-
vention (CalARP) Program calls specifically for a risk assessment of potential releas-
es due to an earthquake and the adoption of appropriate prevention and mitigation 
measures to prevent the release of certain hazardous substances during earthquakes 
(CalARP, 2014; Cruz and Okada, 2008).

4.1.3  Japan
In Japan, the control of major chemical-accident risks is regulated by various laws, 
including the High Pressure Gas Safety Law, the Fire Service Law, and the Law on 
the Prevention of Disasters in Petroleum Industrial Complexes and Other Petro-
leum Facilities (also Petroleum Complex Disaster Prevention Law). None of these 
laws specifically requires carrying out a risk assessment for potential chemical ac-
cidents with off-site consequences (High Pressure Gas Safety Institute of Japan, per-
sonal communication). However, damage incurred by petroleum refineries during 
past earthquakes has prompted the adoption of a broad range of earthquake risk-
reduction measures. The Petroleum Complex Disaster Prevention Law was updated 
in the wake of the 2003 Tokachi-oki earthquake, which triggered a large-scale tank 
fire. It now stipulates the implementation of earthquake-specific safety measures for 
floating roof tanks and targeted fire-fighting strategies in case of major tank fires 
(PAJ, 2011; CAO, 2012). The amended Fire Service Law regulates the storage, han-
dling, and use of nonpressurized toxic materials and flammables (CAO, 2008) while 
the amended High Pressure Gas Safety Law controls high-pressure gases and lique-
fied pressurized gases (HPGSIJ, 2005). Cruz and Okada (2008) note that the High 
Pressure Gas Safety Law is the only regulation that explicitly addresses Natech risks 
in industrial establishments by requiring that measures be taken to reduce the risk of 
accidents from earthquakes and tsunamis. Companies have to prepare for the even-
tuality of an accident in compliance with the legislation in force that covers their 
industrial activity.

Since the Great East Japan Earthquake in 2011, the seismic code for high-
pressure gas storage facilities has been improved to account for the effects of long-
period seismic motion-induced liquid sloshing on storage tanks. Furthermore, the 
new code increases the seismic resistance capacity of the supporting frames of pipe 
braces by reinforcing the intersection of the braces.

In addition, a new Land Resilience Basic Law was introduced in 2013 with the goal 
to promote long-term societal resilience through sustainable construction design, as 
well as ensuring land resilience through improved ground conditions and design. More 
specifically, the new Law requires the adoption of comprehensive countermeasures 
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56 CHAPTER 4  Status of Natech Risk Management

against (1) destruction, fire, and explosion at industrial complexes, (2) operational 
failures or disruption of the supply chain of oil and LPG, and (3) occurrence of an 
extended and complex disaster in highly populated bay areas (e.g., Tokyo Bay, 
Osaka Bay) caused by industrial-installation damage. The countermeasures against 
(1) include an amendment of the regulation concerning underground storage tanks, 
and the publication of a seismic risk-assessment guideline for industrial facilities with 
hazardous materials. Those against (2) include a guideline on storage and transport 
of hazardous materials to ensure smooth operations in case of an emergency, and an 
amendment of regulations concerning the shipping and storage of hazardous materials 
by ship and tanker truck also to guarantee well-ordered operations during emergency 
conditions.

4.1.4  Colombia
In response to the growing losses from natural and technological disasters, the Co-
lombian government passed a new Law, entitled “Policy for Disaster Risk Reduction” 
in Apr. 2012 (Law 1523, April 2012). The new law requires the management of all 
kinds of risks, including natural, man-made, and Natech risks, in order to implement 
risk-reduction actions. The new law transforms the old system into a new National 
System for Disaster Risk Management (SNGRD). Following the passing of the new 
law, the National Unit for Risk Management of Disasters (UNGRD) was estab-
lished. This new law is important because it specifically considers both natural and 
technological hazards as sources of potential disasters, and requires coordinated ac-
tions by all stakeholders, in particular concerning land-use planning.

In the frame of the new law, an alliance between the United Nations Develop-
ment Program (UNDP) and the UNGRD was established to respond to the need to 
strengthen capacities at the local and national levels, and to improve territorial plan-
ning. Furthermore, a public–private partnership was established between UNDP and 
the Colombian Petroleum Company S. A. (Ecopetrol S. A.). The aim of the partner-
ship was to contribute to the design and implementation of a national strategy for the 
promotion of the safe and sustainable coexistence between the transport of hydro-
carbons (there are over 8000 km of oil and high-pressure gas pipelines in Colombia), 
the territory, and the inhabitants living in or near the pipeline corridors. Thus, one 
of the main objectives of the project was the incorporation of technological risk-
management instruments in local and national territorial planning (Cruz, 2014).

4.2  IMPLEMENTATION OF NATECH 
RISK REDUCTION
4.2.1  European Union
EU Member States have to transpose the provisions of the Seveso Directive into 
national law. The Directive does not prescribe how these goals should be reached. 
It thereby gives some freedom to the Member States to choose the approach they 
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574.2 Implementation of Natech Risk Reduction

consider most appropriate for achieving the objectives stipulated in the Directive. 
As an example, Section 4.2.2 discusses in detail how the Seveso Directive has been 
transposed into German law.

A recent survey among Seveso regulatory bodies aimed to assess the status of 
Natech risk management in the EU, collect case histories and lessons learned, and 
identify needs and/or limitations in implementing Natech risk-reduction strategies 
in EU Member States (Krausmann and Baranzini, 2012; Krausmann, 2010). The re-
sults of the survey were encouraging as they showed an increasing awareness among 
the competent authorities of the potentially disastrous impacts of natural hazards on 
chemical facilities. However, the survey also highlighted a number of gaps in Natech 
risk reduction, as well as related research and policy challenges.

Over half of the survey respondents indicated that their countries had experi-
enced Natech accidents, which sometimes resulted in fatalities and injuries in the 
period 1990–2009. The main natural hazards of concern in this context were light-
ning, low temperatures, and floods. Considering the recurrence of Natech accidents, 
the survey results suggest that the legal frameworks for chemical-accident preven-
tion have not always been effective. The reasons may be manifold and include, for 
instance, the absence of systematic data collection and analysis, which has resulted 
in incomplete knowledge of the dynamics of Natech accidents. This is turn has led 
to a lack of equipment vulnerability models for most natural hazards, and of meth-
odologies and scenarios for considering Natech risks in industrial risk assessment. As 
a consequence, the survey participants expressed their belief that industry in many 
EU countries may not consider Natech risks appropriately in their facility risk assess-
ment, with potentially low preparedness levels as a result. The survey also revealed 
strong differences between the actual Natech accident triggers and the natural haz-
ards perceived to be of concern in the participating countries, highlighting an incon-
gruity between actual causes and risk perception.

The recurrence of Natech accidents has also cast doubt on the adequacy of the 
design basis of hazardous installations with respect to natural-hazard impact, as well 
as on the associated protection measures in place. Design codes and standards usu-
ally assume a cut-off limit for the intensity of a reference natural hazard against 
which an installation and its components are designed. However, it is unclear which 
level of damage or even failure is to be expected above the design-basis loading. 
Moreover, the survey respondents emphasized that the ultimate objective of these 
codes and standards is the preservation of life safety and hence the prevention of 
building collapse. While in itself an important goal, the preservation of a building’s 
structural integrity is not necessarily sufficient to prevent the release of hazardous 
materials under natural-event loading. Failure to recognize these design limits and 
the specific requirements of process equipment during natural-hazard impact could 
have contributed to diminishing the effectiveness of chemical-accident prevention 
frameworks in reducing Natech risks.

The survey identified a number of key areas for future work for industry, regu -
lators, and science and engineering. The majority of survey respondents called 
for the development of guidance on Natech risk assessment for industry with 
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the highest priority, followed by the preparation of Natech risk maps to inform 
land-use- and emergency-planning by identifying a region’s Natech hot spots. 
Work is underway toward closing these gaps, although data availability remains a 
challenge.

The survey on the status of Natech risk management in the EU focused on 
polling Seveso competent authorities, recognizing the major accident potential of 
Seveso-type installations. However, also industrial installations processing, handling 
or storing hazardous materials in quantities below the qualifying threshold of the 
Seveso Directive can pose a significant safety risk. These industrial activities are 
governed by legal acts whose safety provisions may be less strict than those stipulated 
by the Seveso Directive. This is an additional factor that may have contributed to 
hampering effective Natech risk reduction.

4.2.2  Germany
The control of major accident risk was already subject to the German Federal Immis-
sion Control Act (BImSchG) first issued in 1974 (BRD, 2015). The major accidents 
at Feyzin in Jan. 1966, Flixborough in Jun. 1974, Seveso in Jul. 1976, and Manfredo-
nia in Sep. 1976 triggered a discussion on the need for a more detailed regulation to 
control the risks of installations where large amounts of hazardous substances are or 
may be present. One result was the German Major Accident Ordinance based on the 
BImSchG that entered into force in Sep. 1980. Since 1980 this ordinance has been 
amended several times and implements now the main part of the EU Seveso Direc-
tive. A revision for the implementation of the requirements of the 2012 amendment 
of the Seveso Directive is intended for 2016.

The German Major Accident Ordinance currently includes six main types of 
obligations of operators:

1.	 basic general requirements,
2.	 technical and organizational safety requirements,
3.	 elaboration and implementation of a safety management system,
4.	 elaboration of a safety report and emergency plan (both “upper tier” 

obligations),
5.	 information on risks, safety, and behavior in case of emergency (an “upper tier” 

obligation),
6.	 notification of accidents.

The basic general requirements in Section 3 of the Major Accident Ordinance 
include the obligations of operators:

a.	 To take such precautions according to the nature and extent of the potential 
hazards as are necessary to prevent major accidents.

b.	 To take precautions to keep the effects of (nevertheless occurring) major 
accidents as small as possible.

c.	 The nature and operation of the installations in the establishment must be 
according to the state-of-the-art of safety technology.
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594.2 Implementation of Natech Risk Reduction

For the determination of the safety measures required for accident prevention or 
the limitation of the consequences of (nevertheless occurring) major accidents, the 
operator has to take into consideration:

a.	 operational hazard sources,
b.	 environmental hazard sources, such as earthquakes or floods, and
c.	 interference by unauthorized persons.

“Environmental hazard sources” include:

1.	 Technical hazards arising outside the establishment and causing a hazard to the 
installations in the establishment.

2.	 Natural hazards arising in the establishment or outside but causing a hazard to 
the installations in the establishment.

The first point includes, for example, other hazardous installations, such as pipe-
lines for the transport of hazardous materials, dams, and high-voltage power lines, 
while the second point comprises all natural hazards able to cause a major accident 
via impacts on the hazardous installations in the establishment.

Due to these obligations in Section 3 of the Major Accident Ordinance, 
operators and authorities in charge of installations or establishments being subject 
to the Major Accidents Ordinance have had to take Natech risks into consideration 
already since 1980. Especially in the evaluation of risks and the determination of 
the required prevention and preparedness measures in safety reports, natural haz-
ards had to be regarded like operational technical hazards. The consequences of this 
regulation are five important aspects:

1.	 The operator is in charge of controlling the Natech risks due to his 
establishment.

2.	 The operator has to evaluate which natural hazards may affect his 
establishment.

3.	 Natural-hazard maps play an important role for doing this.
4.	 The operator has to consider natural hazards in his hazard or risk analysis.
5.	 The operator has to consider natural hazards in his safety or risk management.

In the future, these basic obligations of the Major Accident Ordinance shall 
remain unchanged and the requirements for safety-management systems and safety 
reports shall be as stipulated in the amended Seveso Directive, including all require-
ments for Natech risk management there.

In 2002, the Czech Republic, Austria, and the eastern and southern parts 
of  Germany were affected by a major flood. This flood caused no major accidents 
in Germany but several minor releases of hazardous substances, mainly heating oil 
spilled from domestic tanks. In addition, there were at least two “near misses” at estab-
lishments according to the Major Accidents Ordinance. In the Czech Republic, the 
flood caused several spills and a major release of chlorine from a chemical plant. Due 
to these events the German Environment Agency decided to commission a study on 
Natech risk management. This study included a review of regulations and technical 
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60 CHAPTER 4  Status of Natech Risk Management

rules considering Natech, an evaluation of events during the flood in 2002 and of Na-
tech risks at other establishments, and information on the state-of-the-art in Natech 
risk reduction and recommendations for future activities (Warm and Köppke, 2007). 
One of the results of this study was that the technical rules applied for Natech risk 
management in Germany were not developed and hence suitable for establishments. 
They did not consider the additional risks due to large amounts of hazardous sub-
stances present in establishments and therefore the Natech risks from establishments. 
The authors recommended either to amend the existing rules or to develop special 
technical rules for Natech risk management with risk-proportional requirements, that 
is, defining required safety measures according to the Natech risks of establishments.

Another important source of Natech risk-management activities in Germany 
were discussions on the need to adapt to the effects of climate change. The fourth as-
sessment report of the Intergovernmental Panel for Climate Change (IPCC, 2007) 
and several studies with regional scope raised awareness not only of the expected 
effects of climate change but also of the need to adjust to climate change, including 
adaptation to more frequent or more intense hydrometeorological extreme events. 
Therefore, the German Government decided to develop a strategy for adaptation to 
climate change (Bundesregierung, 2008). This strategy also addresses Natech aspects 
and determines that concerning process safety there shall be adapted:

•	 regulations and technical rules,
•	 safety management,
•	 emergency planning,
•	 safety measures of establishments due to extreme precipitation and flood events,
•	 safety measures of establishments due to more frequent or intense storms.

According to this decision of the German Government, the Commission for 
Process Safety, tasked with the determination of the scientific and technical basis 
for major-accident prevention and preparedness, prepared two Technical Rules on 
Installation Safety (TRAS) for Natech Risk Management:

a.	 TRAS 310: Precautions and Measures against the Hazard Sources Precipitation 
and Flooding

b.	 TRAS 320: Precautions and Measures against the Hazard Sources Wind, Snow-, 
and Iceloads

Both TRAS were put into effect by the Federal Ministry for the Environment, 
Nature Conservation, Building and Nuclear Safety. The preparation of the TRAS 
was supported by research projects which provided additional guidance and scien-
tific background information, especially with regard to the consequences of climate 
change, and which include results of tests made by applying the draft TRAS to 
installations in establishments (Köppke et  al.,  2013; Krätzig et  al.,  2016). These 
technical rules will be discussed in more detail in Chapter 8.

Further German activities at the national level will be to support the enforce-
ment of both TRAS, and at the international level the raising of awareness of Nat-
ech risks and implementation of Natech risk management.
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614.3 International Activities

4.3  INTERNATIONAL ACTIVITIES
4.3.1  OECD Guiding Principles for Chemical Accident 
Prevention, Preparedness and Response
4.3.1.1  The OECD Natech Project
One of the main international guidelines considering Natech risks are the OECD 
Guiding Principles for Chemical Accident Prevention, Preparedness and Response 
(OECD, 2003). Elaborated by the OECD Working Group on Chemical Accidents 
(WGCA) and first published in 1992, the application of the Guiding Principles 
is the subject of an OECD Council Recommendation. Since the latest revision of 
the Guiding Principles considered only some aspects of Natech risk management, 
the WGCA decided to address the issue more comprehensively by including a 
Natech project into its 2009–12 work program to identify existing gaps and develop 
targeted recommendations for Natech risk reduction.

As a first step, a questionnaire survey on the status of Natech risk management 
in OECD Member Countries was carried out in parallel to the survey in EU Member 
States discussed in Section 4.2.1. The OECD results showed a similar trend as for 
the EU survey, and highlighted the same gaps (Krausmann and Baranzini, 2009). 
While there is increasing awareness that natural hazards can be an important ex-
ternal hazard source in hazardous installations, Natech accidents keep occurring. 
Although comprising different legislative regimes for chemical-accident prevention 
and preparedness, the majority of OECD survey respondents expressed their belief 
that there is a clear need for improving current regulations and filling existing gaps 
to fully address Natech risk reduction. Similar to the EU survey, they called for the 
development of natural-hazard and Natech risk maps, methodologies for and guid-
ance on Natech risk assessment for industry and communities, as well as training of 
authorities on Natech risk reduction.

With the OECD Natech survey and a discussion document including recommen-
dations for good practices in Natech risk management as a basis, an OECD Work-
shop on Natech Risk Management was organized in 2012, with participation from 
authorities, operators, academia, and NGOs from 19 countries and 5 supranational or 
international organizations (OECD, 2013). The workshop discussed specific elements 
of the prevention of, preparedness for, and response to Natech accidents, and a con-
sensus was sought and reached on priority recommendations for Natech risk manage-
ment. This filtered into the preparation of an addendum to the OECD Guiding Prin-
ciples to address Natech risk reduction in a systematic and comprehensive manner.

4.3.1.2  The Natech Addendum to the OECD Guiding Principles
The OECD Natech Addendum was published in 2015 and supplements the Guiding 
Principles with (OECD, 2015):

1.	 Additions to or modifications of recommendations already included in the 
OECD Guiding Principles.

2.	 A separate new chapter with specific recommendations for Natech risk 
management that elaborates in detail on issues already addressed in the first part.

Co
py

rig
ht

 E
ls

ev
ie

r 2
01

7 
Th

is
 b

oo
k 

be
lo

ng
s 

to
 C

at
he

rin
e 

O
ch

se
nb

ei
n



62 CHAPTER 4  Status of Natech Risk Management

Both parts of the Natech Addendum include numerous recommendations for 
government and industry. The recommendations address the inclusion of Natech 
risks in the drafting of regulations, rules and standards, their enforcement and imple-
mentation, and other activities in support of effective Natech risk management. 
The recommendations are relevant for authorities in charge of the management 
of risks of hazardous installations, as well as for those dealing with natural-hazard 
risks. However, due to the approach of the OECD Natech project, the integration 
of Natech risk management in natural-disaster management is not addressed. With 
pipelines being at risk due to natural hazards, the Natech Addendum advocates the 
consideration of Natech risks in pipeline safety, as well.

Like the OECD Guiding Principles, the addendum starts with recommendations 
for industry. Operators of hazardous installations should take risks due to natural 
hazards into consideration in the preparation of safety reports. The full spectrum of 
natural hazards able to affect an installation has to be taken into account. In addition, 
operators should consider naturals hazards in their hazard identification and risk assess-
ment for relevant installations. In both cases, operators should recognize that there may 
be data limitations concerning natural hazards. New information on natural hazards 
can therefore be one of the reasons for updating safety reports. The Addendum does 
not specify whether it is the responsibility of the operator or of the authorities to fill 
relevant data gaps on natural hazards threatening an installation; it recommends that 
authorities should close the data gaps but this does not change the responsibility of the 
operator to consider all relevant natural hazards in his risk assessment and safety report.

Many natural hazards and their intensities are linked to a specific area or loca-
tion. Consequently, operators should take natural-hazard risks into consideration in 
the siting of a new installation or of a significant modification of an existing instal-
lation. In this context, operators should consider that climate change may affect 
the frequency, intensity, and geography of some natural hazards. Regional climate-
change projections should therefore be factored in and the Natech risk-management 
process should be linked to an installation’s strategy for climate-change adaptation. 
A dialog between authorities in charge of chemical-accident risks and those respon-
sible for managing natural risks would be beneficial.

Industry should also consider natural hazards in the design, planning, and layout 
of installations, as well as in operating procedures. The standards, codes of practice, 
and guidance used in design and layout should take into account information on and 
risks associated with natural hazards. The design and construction of existing instal-
lations should be reviewed on the basis of actual knowledge on possible impacts by 
natural hazards and retrofits made, if required. Moreover, like for other abnormal 
conditions, the operators should develop special operating procedures for natural-
hazard situations. Although not explicitly mentioned by the Natech Addendum, 
this may include procedures for emergency shutdown during or after extreme natural 
hazards, and in particular in case of beyond-design basis natural events.

Emergency plans (of operators and public authorities) should take into account 
natural hazards and the potential occurrence of Natech accidents. Natech risks 
should be identified in the preparation of scenarios for emergency planning, as well 
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as the zones where effects are likely to occur. Emergency plans should also consider 
the possible impacts of natural hazards on infrastructure and response capabilities. 
Warning systems for natural hazards should be developed to provide alerts of an im-
minent threat to hazardous installations and communities.

The Natech Addendum further recommends that public authorities make ar-
rangements for the development, dissemination, use, and updating of natural-hazard 
maps including all relevant natural hazards in an area. Operators and authorities 
should also consider natural hazards and Natech risks in their land-use planning activ-
ities. In this respect, special consideration should be given to natural-hazard prone 
areas, as high-risk zones may be unsuitable for the siting of new installations.

The Addendum also addresses transboundary cooperation, advocating joint ac-
tivities related to Natech prevention, preparedness, and response including natural-
hazard identification, the drafting and communication of natural-hazard maps, the 
establishment of natural-hazard warning systems, emergency planning including 
mutual assistance, and the improvement of Natech risk-management methodologies 
and requirements.

The 1988 OECD Recommendation on the Polluter Pays Principle foresees an ex-
ception if accidents are caused by unforeseeable severe natural disasters. The Natech 
Addendum invites countries to reflect on how to interpret this provision in light of 
known natural hazards and whether operators could be considered liable for damage 
and pollution triggered by extreme natural events.

4.3.1.3  Further OECD Activities
In 2015, the OECD’s Working Group on Chemical Accidents decided to include a 
second Natech project in its work programme 2017–20. The aim of this project is:

•	 To demonstrate examples of the implementation of the OECD Natech 
Addendum.

•	 To present good practice examples of Natech risk management.
•	 To identify and fill gaps in existing recommendations related to Natech risk 

management.
•	 To improve international cooperation in Natech risk management.

This Natech-II-Project may also investigate the possible links between Natech 
risk management and natural disaster management.

4.3.2  The UNEP APELL Program
The Awareness and Preparedness for Emergencies at Local Level (APELL) program 
was developed by the United Nations Environment Programme (UNEP) after a re-
quest from governments in response to major accidents which occurred in 1984–85, 
including the Bhopal accident, but also the Mexico City, and Basel accidents. UNEP 
has implemented the APELL program in more than 30 countries and about 80 com-
munities since 1988, to raise awareness about hazards and risks, improve prepared-
ness planning, and prepare integrated plans.
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64 CHAPTER 4  Status of Natech Risk Management

APELL is a program developed by UNEP in conjunction with governments 
and industry with the purpose of minimizing the occurrence and harmful effects of 
technological hazards and environmental emergencies. The strategy of the APELL 
approach is to identify and create awareness of risks in a community, to initiate 
measures for risk reduction and mitigation, and to develop coordinated preparedness 
between the industry, the local authorities, and the local population. It aims at help-
ing communities prevent loss of life; damage to health, well-being, and livelihoods; 
minimize property damage; and protect the environment. APELL objectives are: (1) 
raising awareness, communicating and educating the community, and (2) improv-
ing emergency-preparedness planning, through a multistakeholder participatory ap-
proach involving industry, the communities, and local authorities.

APELL was originally developed to tackle risks arising from fixed industrial 
installations. It has also been adapted, to be applied in specific contexts, through 
the following guidance: APELL for Port Areas (1996), TransAPELL for Dangerous 
Goods Transport (2000), APELL for Mining (2001), and APELL for Coastal Settle-
ments in tourism destinations (2008). This last adaptation of APELL included a 
multihazard approach, taking into consideration natural hazards and technological 
hazards that could affect a community.

In 2015, a second edition of the APELL handbook was developed, for community 
awareness and preparedness for technological hazards and environmental emergen-
cies. Among the new elements, this version integrates lessons learned from imple-
mentation over the past 30 years. In the handbook, both natural and technological 
hazards are considered, and UNEP recognizes the increased focus on technological 
hazards arising directly as a result of the impacts of a natural hazard event. This new 
edition therefore covers Natech events explicitly.

Often, at community level, the same persons or institutions are responsible for 
prevention and preparedness of natural hazards and technological hazards. It is 
even more the case with the APELL methodology as it highlights the importance 
of integrated emergency plans at community level. In this context, integrated means a 
preparedness process that is articulated with existing plans, including at regional/
provincial levels, but also a process that takes a holistic approach to consider all 
potential events affecting the community, and the relation between these events. 
The handbook mentions: “An effective planning process will help communities prevent 
loss of life, damage to health, well-being and livelihoods, minimise property damage, and 
protect the environment. These same goals apply regardless of the nature of the environ-
mental emergency, whether it is an industrial accident, a natural disaster or a combination 
of events, such as might occur following an earthquake or tsunami disaster or smaller scale 
events such as lightning storms.”

APELL is considered to be applicable to any risk situation, given its flexible 
methodology. APELL works through a 10-element process which involves ten 
elements: Identify Participants and Establish their Roles, Evaluate Hazards and 
Risks faced by the Community; Review Existing Capabilities and Emergency 
Plans—Identify Gaps; Create the Vision of Success; Make Progress toward the 
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Vision of Success; Make Changes in Existing Emergency Plans and Integrate into 
Overall Community Preparedness Plan; Obtain Endorsement from Government 
Authorities; Implement Community Preparedness Plans through Communicating, 
Educating, and Training Community Members; Establish Procedures for Periodic 
Testing, Review and Updating of the Plans; Maintain APELL through Continu -
ous Improvement. This process creates a multistakeholder dialog and covers five 
phases: (I) engaging stakeholders, (II) understanding hazards and risks, (III) pre -
paredness planning, (IV) implementing and testing, and (V) maintaining APELL. 
The methodology is relevant to the community as it is based upon awareness of 
the specific hazards and risks present and uses existing strengths and relationships. 
Tools and assets in a community for preparedness and response are often similar for 
industrial, natural, or Natech accidents, but specific attention should be given in 
some cases. For instance, during phase II, in the context of an industrial or Natech 
accident, knowledge on chemical hazards and specific emergency-response equip -
ment will be required. In addition, different tools can be required for risk assess -
ment and risk reduction. During phase IV, scenarios for drills and exercises should 
be adapted to include cases of potential Natech scenarios.

Over the years, while implementing APELL, local communities became aware 
of the local risks and its impacts, and prepared to respond appropriately in the event 
of an accident, and a better coordination and preparedness of emergency services 
at local level has been witnessed. In the next implementation of APELL meth -
odologies, further application including Natech events is expected and should be 
encouraged.

[Disclaimer for any external contribution of UNEP staff (articles, book chapter, 
etc.): “The author is a staff member of the United Nations Environment Pro-
gramme. The author alone is responsible for the views expressed in the publica-
tion and they do not necessarily represent the decisions or policies of the United 
Nations Environment Programme.”]

4.3.3  Sendai Framework for Disaster Risk Reduction 2015–30
Global disaster trends show that urbanization, population growth, and climate 
change have led to increasing numbers of fatalities, injuries, and economic losses 
from disasters over the past decade. The Sendai Framework for Disaster Risk Reduc-
tion 2015–30, which was adopted by the United Nations Member States in Mar. 
2015 in Sendai, Japan, is the umbrella for work on disaster risk management at the 
international level (UNISDR, 2015). It charts the global course in disaster risk re-
duction until 2030 by setting priorities for action and provides the basis for the 
sustainable development agenda.

The Sendai framework is a voluntary, nonbinding agreement that has the fol-
lowing aim:

“The substantial reduction of disaster risk and losses in lives, livelihoods and 
health and in the economic, physical, social, cultural and environmental assets of 
persons, businesses, communities and countries.”
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This represents a policy shift at the global level from managing disasters to man-
aging disaster risks, thereby emphasizing the importance of prevention and prepared-
ness, and moving from reactive to more proactive approaches to prevent new and 
reduce existing disaster risks. The Sendai framework defines four priorities for ac-
tion and seven global targets whose achievement will be measured using appropriate 
indicators.

Recognizing the disaster potential of technological and Natech (cascading) haz-
ards following the Fukushima Natech accident in 2011, the scope of disaster risk 
reduction has been broadened significantly in the Sendai framework which follows 
an all-hazards approach. As such, it includes natural and man-made hazards, and 
related environmental, technological, and biological hazards and risks. The frame-
work also calls for a substantial reduction of disaster damage to critical infrastructure 
and disruption to their services. Since a loss of lifelines can trigger or exacerbate the 
consequences of a technological or Natech accident, this target will also directly 
support Natech risk reduction.
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Major natural events must be characterized in terms of their hazard, that is, their ability 
to cause significant harm. Although there have been attempts to predict the occur-
rence of natural events, uncertainties still exist with respect to large-scale natural haz-
ards due to their complexity. Furthermore, for Natech risk analysis, a simplified event 
characterization is needed. This chapter focuses on the characterization of selected 
natural hazards which were found to be relevant with respect to impacts at industrial 
installations, that is, earthquakes, floods, and, due to recent events in Japan, tsunamis.

5.1  INTRODUCTION
Natural events can affect the integrity of industrial installations and cause damage, 
business interruption, and subsequent economic losses, but they can also induce ma-
jor accidents due to the release of energy or materials into the atmosphere (Salzano 
et al., 2013; Krausmann et al., 2011). In this framework, earthquakes, floods, light-
ning, tsunamis, and storms (hurricane, tornado), as well as other natural-hazard 
phenomena, such as intense rain or extreme temperatures, must be characterized 
in terms of their hazard, that is, their ability to cause harm in significant amounts, 
and to possibly overwhelm the capacity of industrial and public emergency-response 
systems. These issues are a matter of concern for public authorities and the popula-
tion. Indeed, since the beginning of human civilization, there have been attempts to 
predict the occurrence of natural events. Therefore, the body of scientific literature, 
guidelines, standards, and historical databases on natural events, and more specifi-
cally on the hazard they represent, is large. For each of the cited events, the knowl-
edge in the hands of scientists and practitioners is nowadays sufficiently large for the 
development of efficient measures and systems to mitigate the associated risks.

Despite these observations, and in the light of Natech risk reduction, public au-
thorities, industry managers, and risk analysts often need a simplified characteriza-
tion and representation of natural phenomena. This allows a proactive development 
and adoption, in the early design phase, of structural and organizational protection 
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70 CHAPTER 5  Natural Hazard Characterization

measures. To this end, a characterization with only 1 or 2 degrees of freedom for each 
natural phenomenon of concern is needed.

This requirement was implemented by Cornell (1968), in his pioneering work 
on earthquake and reliability engineering, who along with Luis Esteva developed 
the field of Probabilistic Seismic Hazard Analysis (PSHA) for earthquakes which 
is nowadays used worldwide (Baker, 2008). Following his general methodology, the 
hazard value (or hazard curve) H for the given natural event (nat) may then be ex-
pressed as the cumulative probability of exceeding a threshold intensity value λnat, 
over the time interval T as:

H T T( , ) |nat nat natλ φ λ α( )= >	 (5.1)

where α is the reference intensity value and the function φ is evaluated by the Pois-
son law for the global annual rate of occurrence Rtot of rare events which is indepen-
dent of time, that is:

e1 R Ttotφ = − −
	 (5.2)

The variable Rtot is typically represented by the summation over the standard, 
normal, cumulative probability distribution functions of each natural- event sce-
nario, and it includes information on the mean and the standard deviation:

R e d
1
2tot nat

2
nat

scenario

nat
2

nat

∫∑λ α
σ π

λ( )> = λ µ σ

λ

( )− −
∞

	
(5.3)

Where industrial equipment is concerned, hazard curves could be calculated for 
a time T that corresponds to the Technical Service Life (TSL) of equipment. In 
some cases, designers consider the Functional Service Life (FSL) which is lower than 
the TSL (ISO, 2000). However, the first option satisfies the need for conservative 
choices to be on the safe side. Eventually, the following expression may be adopted:

H ( , TSL) |TSLnat nat natλ φ λ α( )= >	 (5.4)

Often, 50 years is assumed as the TSL. This choice is not only technical. Indeed, 
the 10% exceedance probability of occurrence of λnat in 50 years is associated with the 
mean earthquake recurrence interval of 475 years. Hence, a 475-year mean recurrence 
interval has tended to become a widely used benchmark value for acceptable risk.

The annual exceedance probability of occurrence, Rtot, is often calculated using a 
Weibull equation in terms of the number n of historical observations corresponding 
to a given intensity or magnitude, expressed as m, and it represents per se a measure 
of the hazard:

R
n

m
1

tot natλ α( )> =
+

	
(5.5)

From this equation, the return period (or the recurrence interval) TR, which 
is the average number of years between the occurrence of two events of equal (or 
greater) magnitude, can be derived. It is the reciprocal of Rtot.

Hnat(λnat,T)=φλnat>α|T

φ=1−e−RtotT

Rtotλnat>α=∑scenario1σ2π∫λnat∞
e−λnat−µ2/2σdλnat

Hnat(λnat,TSL)=φλnat>α|TSL

Rtotλnat>α=n+1m
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715.2 Prediction and Measurement

These issues will be extensively discussed for the most important natural events 
of concern in this book: earthquake, tsunami, and flooding. For each of these events, 
this chapter will evaluate the main hazard intensity parameters and the related limi-
tations and uncertainties. A similar approach can be adopted for any other natural-
hazard phenomenon.

5.2  PREDICTION AND MEASUREMENT
5.2.1  Earthquake
Earthquakes are seismic movements of the ground that are mainly caused by tec-
tonic activities. The interaction between earthquakes and equipment can result 
in large damage when hazardous industrial installations are involved (Campedel 
et  al.,  2008). Clearly, Natech risk reduction needs a multidisciplinary effort that 
involves (1) the definition of the occurrence probability of a given earthquake inten-
sity, (2) the structural analysis of the equipment interaction with the seismic forces, 
(3) the analysis of the specific response of the industrial process after structural dam-
age of the equipment and its supports has occurred, and finally (4) the analysis of 
risks in global terms, following classical methodologies.

5.2.1.1  Hazard Parameters of Concern
With specific reference to earthquakes and given a hazardous industrial site of inter-
est, ground motion is the main variable to take into account. More specifically, the 
measured ground motion refers to seismic waves radiating from the earthquake focus 
to the hazardous site and is related to the earthquake source, the path of the seismic 
wave from the source to the site, and to the specific geomorphologic characteris-
tics of the site. Moreover, the earthquake characteristics include energy, frequency 
contents, phases, and many other variables that can affect the structural response of 
buildings and other structures.

Currently, the problem of defining effective and reliable predictors for the seismic 
response behavior of structures is one of the main topics of earthquake engineering. 
Empirical vulnerability analyses are often carried out in terms of peak ground accelera-
tion, PGA (or alternatively in terms of peak ground velocity, PGV), as this parameter is 
relatively easy to infer by earthquake intensity conversion (Panico et al., 2016; Lanzano 
et al., 2013, 2014a; Salzano et al., 2003, 2009). Furthermore, several databases on histori-
cal damage due to earthquakes are usually related to the PGA of the earthquake [e.g., the 
pipeline damage database provided by Lanzano et al. (2015)]. Moreover, the calculation 
of this parameter from typical earthquake magnitude metrics (e.g., the Modified Mercalli 
scale or the Richter scale) is straightforward.

Local and national authorities usually provide tools for PSHA (Bommer, 2002; 
Cornell, 1968) both in Europe and in the USA. Hence, the exceedance probabil-
ity of PGA occurrence calculated over 1  year or on a 50-year basis is nowadays 
available. The exceedance probability curve is the general reference function for 
structural-design purposes. As a matter of fact, seismic loads are usually determined 
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72 CHAPTER 5  Natural Hazard Characterization

from the maximum PGA of an earthquake at the site of interest over a given time 
period (the TSL or other reference time intervals given by standards or legislation).

The PGA data from the Global Seismic Hazard Assessment Project (GSHAP), 
expressed as percentage of the earth’s gravity, g, is typically used as a reference for the 
earthquake hazard map. The GSHAP has produced a homogeneous seismic hazard 
map for horizontal PGAs representative of stiff site conditions, with a 10% chance 
of exceedance in 50 years. In addition, hazard curves and classifications can be found 
in local information systems. In this context, the US Geological Survey is a good 
source of seismic hazard maps (http://www.usgs.gov).

A discussion of the secondary natural hazards related to earthquakes, such as soil 
liquefaction and ground displacement, is outside the scope of this chapter, although 
these phenomena can produce significant damage to industrial equipment (Lanzano 
et al., 2014b; Krausmann et al., 2010).

5.2.1.2  Probabilistic Seismic Hazard Analysis
PSHA is a probability-based framework to evaluate the seismic hazard (Baker, 2008; 
Kramer, 1996). According to Baker (2008), PSHA is composed of the five steps de-
scribed in Fig. 5.1. This approach aims to identify the annual rate of exceeding a given 
ground-motion intensity by considering all possible earthquakes and the associated 
ground motions together with their occurrence probabilities, thereby avoiding the 
definition of a worst-case ground-motion intensity which is not without difficulty.

For Natech risk analysis it is important to know the ground shaking at a haz -
ardous site. In order to predict the ground motion, the distance distribution from 
earthquakes to the site of interest needs to be modeled. Baker (2008)  notes that for 
a given earthquake source, an equal occurrence probability is generally assumed at 
any location on the fault. If locations are uniformly distributed, the distribution 
of source-to-site distances by using the geometry of the source is straightforward.

For any earthquake, if IM is the ground-motion intensity measure of interest (such 
as PGA), the natural logarithm of IM is normally distributed. Hence, at any distance r 
from the earthquake source with magnitude m, the probability of exceeding any PGA 
level x can be evaluated by using the corresponding mean and standard deviation σ:

P IM x m r
x IM

, 1
ln ln

IMlnσ
( )> = − Φ

−



	

(5.6)

where Φ is the standard normal cumulative distribution function (Baker, 2008). Con-
sidering the number of possible sources, nsources, we can then integrate over all considered 
magnitudes and distances in order to obtain λ (IM > x), that is, the rate of exceeding IM:

∫∫∑λ λ> = > >
=

IM x M m P IM x m r f m f r dr dm( ) ( ) ( | , ) ( ) ( )i

r

m

m

i

n

min
0

M R
1

i i

max

min

maxsources

	
(5.7)

where λ (Mi > mmin) is the rate of occurrence of earthquakes greater than mmin from 
the source i, and fM(m) and fR(r) are the probability density functions (PDFs) for 
magnitude and distance.

PIM>xm,r=1−Φlnx−lnIM¯σlnIM

λ(IM>x)=∑i=1nsourcesλ(
Mi>mmin)∫mminmmax∫0-

rmaxP(IM>x|m,r)   fMi(m)   fRi(r)   dr   dm
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735.2 Prediction and Measurement

FIGURE 5.1  Schematic of the Five Basic Steps in Probabilistic Seismic Hazard Analysis 
According to Baker (2008)

(A) Identify earthquake sources, (B) characterize the distribution of earthquake magnitudes 
from each source, (C) characterize the distribution of source-to-site distances from each source, 
(D) predict the resulting distribution of ground motion intensity, (E) combine information 
from A–D to calculate the annual rate of exceeding a given ground motion intensity.
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74 CHAPTER 5  Natural Hazard Characterization

Occasionally, the results of a PSHA are expressed in terms of return periods of 
exceedance, that is, the reciprocal of the rate of occurrence, or as probabilities of 
exceeding a given ground-motion intensity within a specific time window for a giv -
en rate of exceedance. The latter is calculated under the assumption that the prob -
ability distribution of time between earthquakes is Poissonian. The probability of 
observing at least one event in a period of time t is therefore equal to ( Baker, 2008):

P e t1 ,t
t

(at least one event in time ) λ= − ≈λ−
	 (5.8)

where λ is the rate of event occurrence as defined earlier. For an exhaustive discus-
sion of PSHA the reader is referred to Baker (2008) and Kramer (1996).

For design applications, there has emerged a convention to consider the prob-
ability of a ground-motion level within a given design life (TL) of a structure in ques-
tion [t = TL in Eq. (5.8)]. Hence for a given probability and design life, the seismic 
hazard can also be expressed in terms of the return period TR given by:

T
T

Pln 1R
L

( )=
−

−	
(5.9)

It is common to see seismic hazard defined in terms of P and TL in the current 
codes and provisions, for example, in Eurocode 8 (CEN, 2004).

For some critical structures, such as nuclear power plants, the design ground 
motion may be more commonly expressed as an annual probability or frequency of 
being exceeded (i.e., TL = 1 year). Under International Atomic Energy Association 
regulations (IAEA, 2003), a typical design criterion for critical elements of a nuclear 
power station is a ground motion with an annual probability of being exceeded of 
10−4. Using Eqs. (5.8) and (5.9), this corresponds to approximately a 1% probability 
of being exceeded in 100 years (or a 0.5% probability of being exceeded in 50 years).

More generally, the performance-based seismic design (PBSD) formalizes the 
approach of citing multiple objectives for structures to withstand minor or more 
frequent levels of shaking with only nonstructural damage, while also ensuring life-
safety and the avoidance of collapse under severe shaking (ATC, 1978). These ob-
jectives define the limit states, which describe the maximum extent of damage ex-
pected to the structure for a given level of ground motion.

Although there are different definitions of limit states, a 475-year return period 
(corresponding to P = 10% in TL = 50 years) is commonly adopted as a basis for en-
suring “life-safety.” However, several codes have recently begun to adopt 2475 years 
(corresponding to P = 2% in TL = 50 years) as the return period for the no-collapse 
criterion, even though it is subsequently rescaled to incorporate an assumed inherent 
margin of safety against collapse (NBCC, 2005; NEHRP, 2003). Longer return peri-
ods may be considered for critical structures, but this kind of analysis would require 
that uncertainties be treated carefully.

The 2009 revision to the NEHRP Provisions introduces a new conceptual ap-
proach for the definition of the input seismic action (NEHRP, 2009). The seismic 
input (maximum considered earthquake) is modified by a risk coefficient (for both 
short and long periods) which is derived from a probabilistic formulation of the 

P(at   least   one   event   in   time   t)=1−e−λt≍λt,

TR=−TLln1−P
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755.2 Prediction and Measurement

likelihood of collapse (Luco et al., 2007). These modifications change the definition 
of seismic input to ensure a more uniform level of collapse prevention.

For most applications, the hazard is described in terms of a single parameter, that 
is, the value of the reference PGA on type A ground, which corresponds to rock or 
other rock-like geological formations. As an example, Fig. 5.2 shows the European 
Seismic Hazard Map (ESHM) which illustrates the probability to exceed a level of 
ground shaking in terms of the PGA in a 50-year period. The illustrated levels of 
shaking are expected to be exceeded with a 10% probability in 50 years, which cor-
responds to a return period TR of 475 years.

European legislation (CEN, 2004) prescribes the use of zones for which the refer-
ence PGA hazard on a “rock” site (ag) is assumed uniform. Many seismic codes are mov-
ing away from this particular practice, choosing instead to define the hazard directly 
for the site under consideration (NEHRP, 2003, 2009; NTC, 2008; NBCC, 2005), or 
allowing for interpolation between contour levels of uniform hazard.

As an example and to give an order of size of the acceleration levels in Eu-
rope, for a medium-high seismicity area like Italy four seismic zones are defined 
(OPCM, 2003) according to the value of the maximum horizontal peak ground ac-
celeration ag whose probability of exceedance is 10% in 50 years (Table 5.1). Sub-
sequently, in the new Italian Building Code (NTC, 2008) the Italian Hazard Map 
(called MPS04) was defined for each single location and is therefore site specific.

FIGURE 5.2  European Seismic Hazard Map in Terms of Exceeding a Peak Ground 
Acceleration (PGA) With a Probability of 10% in 50 Years

©SHARE project, http://www.share-eu.org/
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5.2.2  Tsunami
A tsunami (lit. “harbor wave”) is a series of long-period water waves caused by the 
displacement of a large volume of water generated by undersea earthquakes, volcanic 
eruptions, aerial landslides, and other disturbances above or below water. The oc-
currence of tsunamis can cause major (direct and indirect) losses in terms of human 
lives and infrastructure damage as seen recently in Japan (2011), Chile (2010), and 
on the coastlines of the Indian Ocean (2004) (Suppasri et al., 2013; Mas et al., 2012; 
Koshimura et al., 2009). From an industrial-safety point of view, port structures are 
particularly vulnerable.

Based on historical tsunami observations, the vast majority of tsunamis are in-
duced by earthquakes. The resulting waves have small amplitude (the wave height 
above the normal sea surface), and a very long wavelength (often hundreds of kilo-
meters), whereas normal ocean waves have a height of roughly 2 m and a wavelength 
of only 100–200 m. Tsunami waves can travel at speeds of over 800 km/h in the open 
sea. Due to the large wavelength, the wave takes 20–30 min to complete a cycle and 
has an amplitude of less than 1 m. For this reason, tsunamis are difficult to detect in 
deep water.

Like other types of waves, tsunami waves have a positive (ridge) and negative 
peak (trough). If the ridge arrives first, a huge breaking wave or sudden and quick 
flooding on land occurs. The resulting temporary rise in sea level is called run-up. 
Run-up is measured in meters above a reference sea level. If the tsunami trough 
arrives first, the shoreline recedes as the water is drawn back. A large tsunami may 
exhibit multiple waves arriving over a period of hours, with significant time between 
the wave crests. It is interesting to note that the first wave to reach the shore may 
not have the highest run-up (Nelson, 2012).

Tsunamis can cause damage via two mechanisms: (1) the force of a wall of water 
traveling at high speed slamming into coastlines and structures, and (2) the drag 
forces of a large water volume that recedes from the land, thereby carrying a large 
amount of debris with it. This latter phenomenon can occur even with waves that do 
not appear to be large. From an engineering point of view, the tsunami action needs 
to be evaluated in terms of loading on structures, and proper intensity parameters 
must be considered. In the common design practice, the relevant parameters are the 
maximum water height, hw and the maximum water velocity, vw.

Table 5.1  Seismic Zonation in Italy According to the OPCM (2003)

Seismic Zone

Ground Acceleration (g) With 
Probability of Exceedance Equal 
to 10% in 50 Years (ag)

Acceleration (g) of the Elastic 
Response Spectrum (ag) at period T = 0

1 >0.25 0.35
2 >0.15–0.25 0.25
3 0.05–0.15 0.15
4 <0.05 0.05
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775.2 Prediction and Measurement

Probabilistic tsunami hazard analysis (PTHA) is similar to the widely used PSHA 
for earthquakes. The basic approach is to combine the rate at which tsunamis are 
generated with the distribution of amplitudes that are expected to occur at the site 
for a given tsunami. The probabilistic tsunami hazard from earthquakes is given by 
(PGEC, 2010; Rikitake and Aida, 1988):

W z N M f M f P W z M dMdLoc ,Loc Loci
i

N

m
m

EQK tsu min
1 Loc

Loc tsui i

FLT

∑ ∫∫ν ( )( ) ( ) ( ) ( )> = >
=

	 (5.10)

where νEQK (Wtsu > z) is the annual rate of tsunami wave heights exceeding z, NFLT 
is the number of tsunamigenic fault sources, Ni (Mmin) is the rate of earthquakes 
with magnitude greater than Mmin for source i, fm and fLoc are PDFs for the magnitude 
and rupture location, and P(Wtsu > z|M,Loc) is the conditional probability of the 
tsunami wave height, Wtsu, exceeding the test value z.

Assuming the tsunami wave heights are log-normally distributed, the conditional 
probability of exceeding wave height z is given by (PGEC, 2010):

σ
> = − Φ −





P W z M

z W M
( | ,Loc) 1

ln( ) ln( ˆ ( ,Loc))
tsu

tsu

EQK	
(5.11)

where W Mˆ ( ,Loc)tsu  is the median wave height, σEQK is the aleatory variability of the 
tsunami wave height from earthquakes (e.g., standard deviation) in natural loga-
rithm units, and Φ is the cumulative normal distribution.

If only a small number of representative scenarios (magnitude and location) are 
considered, then the tsunami hazard from earthquakes simplifies to (PGEC, 2010):

∑∑ν > = >
==

W z rate P W z M( ) ( | ,Loc )
j

NS

i

N

EQK tsu ij
11

tsu ij ij

iFLT

	
(5.12)

where rateij is the rate of occurrence of scenario j from source i.
The tsunami wave heights are calculated using numerical simulations. A site-

specific PTHA involves the production of a full source-to-site numerical tsunami 
simulation on a high-resolution digital elevation model (DEM) for each considered 
potential source scenario. As a result, the computational cost of site-specific PTHA 
would generally be almost unaffordable in practice. Hence, specific strategies are 
being developed for reducing the computational burden (Geist and Lynett, 2014). 
These strategies are typically based on crude approximation methods extrapolating 
inland the offshore wave heights, and/or using an oversimplification of the seismic 
source variability and applying a cruder selection of the relevant seismic sources 
(Thio et al., 2010). These procedures are therefore affected by very large epistemic 
uncertainties.

A novel methodology to reduce the computational cost associated with a site-
specific tsunami hazard assessment for earthquake-induced tsunamis has recently been 
presented by Lorito et al. (2015). It allows the performance of high-resolution inun-
dation simulations on realistic topobathymetry only for the relevant seismic sources.

νEQKWtsu>z=∑i=1NF
LTNiMmin∫m∫LocfmiM-

fLociLocPWtsu>zM,LocdMdLoc

P(Wtsu>z|M,Loc)=1−Φln(z)−ln(Wˆ
tsu(M,Loc))σEQK

Wˆtsu(M,Loc)

νEQK(Wtsu>z)=∑i=1NFLT∑j=1NSir
ateijP(Wtsu>z|Mij,Locij)
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5.2.3  Floods
The US Federal Emergency Management Agency (FEMA) defines flooding as a 
general and temporary condition of partial or complete inundation of normally dry 
land areas from the overflow of inland or tidal waters, from the unusual and rapid 
accumulation or runoff of surface waters from any source, and from mudflows. Most 
floods fall into three major categories: riverine, coastal, and shallow flooding. Al-
luvial fan flooding is another type of flooding more common in mountainous areas 
(Pellegrino et al., 2015, 2010).

Flood hazard maps are available in many regions in Europe and the United States. 
Often, those maps report the number of observed floods with specific magnitude in 
the areas of concern over a given time interval, thus following a Weibull analysis. 
Table 5.2 shows a proposal for a flood hazard classification as reported by the Euro-
pean Spatial Planning Observation Network (ESPON, 2006).

The identification of flood-prone areas requires the collection and analysis of his-
torical flood data, the availability of accurate digital elevation data, water discharge 
data, and stream cross-sections located throughout the watershed (Baban, 2014). In 
Europe, this data is available only for certain case-study areas. So far, the mapping of 
flood-prone areas in Europe does not follow a consistent approach, and there are sev-
eral approaches in different catchment areas or riverbeds.

For the purpose of Natech risk analysis, the area affected by flooding, or alter-
natively, the intensity of the phenomenon, are identified by the maximum water 
depth (hw) expected at the hazardous industrial site and/or the maximum expected 
water velocity (vw). These two parameters are highly dependent on the flood sce-
nario considered. Hence, different return times are usually assessed for each specific 
flood scenario.

In several European countries, flood hazard maps showing the maximum expect-
ed water depth and velocity given the return time of the flood event are available. 
Three categories of water impact are typically defined. With respect to water veloc-
ity these are: (1) slow submersion (negligible water velocity), (2) low-speed wave 
(water velocity ≤ 1 m/s), and (3) high-speed wave (water velocity > 1 m/s). Con-
cerning water height the categories are: (1) low height (0.5 m, no damage expected), 

Table 5.2  Flood Hazard Classification Based on Observations Over a Period of 
15 Years (ESPON, 2006)

Number of Observed Major River 
Floods at NUTS3 Level Hazard Classes Definition

0 1 Very low hazard
1 2 Low hazard
>1 –≤2 3 Moderate hazard
>2–≤3 4 High hazard
>3 5 Very high hazard
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795.2 Prediction and Measurement

(2) intermediate height (1 m/s, damage expected), and (3) high water height (1.5 m, 
extensive damage expected).

Table 5.3 shows a hazard classification that is based on maximum water depth 
and velocity. If both values are available, those leading to the worst-case classifica-
tion should be adopted. Naturally, such a hazard characterization is dependent on 
the time of return selected for the reference flood events.

If data concerning maximum water depth and water velocity are not available, a 
general natural hazard index with specific reference to Natech risks can be obtained 
from historical data. The approach originally developed by the European Spatial 
Planning Observation Network (ESPON, 2006) can be adopted to obtain a general 
hazard characterization based on a 50-year observational period. The resulting haz-
ard matrix is shown in Table 5.4.

If flood maps are available that only show the maximum extent of the flooded 
area for a given return time, a simplified estimation of the maximum water depth and 
velocity can be obtained as follows:

•	 The maximum water depth may be assumed as the difference between the 
height of the soil at the boundary of the flooded zone and the mean height of 
the site of interest.

•	 The mean velocity of a gravity-driven flow in rough open channels and rivers 
can be estimated using Manning’s empirical formula:

v
n

s R
1 1/2 2/3=	 (5.13) v=1ns1/2R2/3

Table 5.3  Flood Hazard Classification Based on Water Depth and Velocity

Hazard Index Hazard Classification Water Depth (m/s) Water Velocity (m/s)

1 Very low ≤0.5 ≤0.2
2 Low >0.5–1 >0.2–0.5
3 Moderate >1–1.5 >0.5–1.0
4 High >1.5 >1.0

Table 5.4  Flood Hazard Classification Based on Number of Floods Observed in 
50 Years

Hazard Index Hazard Classification Number of Observed Floods (Year−1)

1 Very low 0
2 Low 1–3
3 Moderate 4–6
4 High >7

Adapted by the European Spatial Planning Observation Network (ESPON, 2006)
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80 CHAPTER 5  Natural Hazard Characterization

where v (m/s) is the mean velocity of the flow, s (m/m) is the slope of the channel 
if the water depth is constant, R (m) is the hydraulic radius of the cross-section 
of the channel (defined as the area of the cross-section of the channel divided by 
the length of the wetted perimeter, which is easily determined assuming a simpli -
fied trapezoidal shape of the channel), and n is a roughness coefficient that can be 
related through standard values to the river characteristics (e.g., n = 0.030 for clean 
and straight rivers, n = 0.035 for major rivers, and n = 0.040 for sluggish rivers with 
deep pools).

The FEMA Flood Map Service Center (MSC) is the official public source for 
flood hazard information produced in support of the National Flood Insurance Pro-
gram (NFIP) in the USA (https://msc.fema.gov/). MSC produces official flood maps 
and gives access to a range of other flood hazard products. Generally, three main ap-
proaches are taken into consideration to address the risks due to flooding:

•	 Statistical studies to determine the probability and frequency of high discharges 
of streams that cause flooding.

•	 Analytical models and maps to determine the extent of possible flooding when 
it occurs in the future.

•	 Monitoring storms and snow levels to provide short-term flood prediction, 
since the main causes of flooding are abnormal amounts of rainfall and sudden 
thawing of snow or ice.

5.2.3.1  Probability and Frequency of Flooding
If data on stream discharge is available over an extended period of time, it is pos-
sible to determine the flood frequencies for any given stream. Starting from his-
torical observations, statistical analysis can be used to determine how often a given 
discharge or stage of a river is expected. This allows the definition of a return period 
or recurrence interval and the probability of a given discharge in the stream for any 
year. The yearly maximum discharge of a stream from one gauging station over a suf-
ficiently long period of time is needed for this analysis.

As a first step in the determination of the recurrence interval, the yearly dis-
charge values are ranked (Nelson, 2015). Each discharge is associated with a rank, 
m, with m = 1 assigned to the maximum discharge over the years of record and m = n 
attributed to the smallest discharge whose rank is equal to the number of years over 
which there is a record, n. Using the following Weibull equation, the number of 
years of record, n, and the rank for each peak discharge are then used to calculate the 
recurrence interval, R:

R
n

m
1

=
+

	
(5.14)

Knowing the recurrence interval and the yearly discharge, these two quanti-
ties can be combined in a plot that allows the determination of the expected 
peak discharge for floods with specific return periods. An example of such a plot 
is shown in Fig.  5.3 for the Red River of the North gauging station at Fargo, 
North Dakota.

R=n+1m
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815.2 Prediction and Measurement

The probability, Pe, of a specific stream discharge occurring in any year can be 
calculated using the inverse of Eq. (5.14). Pe is also called the annual exceedance 
probability (Nelson, 2015):

P
m

n 1e =
+	

(5.15)

The probability that one or more floods occurring during any period exceed a 
given flood severity can be calculated using the following equation:

P P n1 (1 )t e= − − ⋅	 (5.16)

where Pt is the probability of occurrence over the entire time period, n.

5.2.3.2  Flood Maps
Flood hazard maps illustrate the areas susceptible to flooding when a river exceeds 
its banks due to different discharge scenarios. Coupled with topographic informa-
tion and supported by satellite images and aerial photography of past flood events, 
these maps can be created using historical data on river stages and discharge levels 
of previous floods (Nelson, 2015). Fig. 5.4 shows a hazard map for a hypothetical 
10–20-year, a 100-year, and a 200-year flood for a region in Germany crossed by the 
Elbe River. While flood hazard maps contain information on the magnitude and 
likelihood of a flood event, flood risk maps also include information on the potential 
consequences of flooding.

Pe=mn+1

Pt=1−(1−Pe)·n

FIGURE 5.3  Frequency of Flooding: Relation Between the Peak Discharge for Each Year 
Versus Recurrence Interval of the Red River in Fargo, North Dakota

From E.M. Baer (2007).

Co
py

rig
ht

 E
ls

ev
ie

r 2
01

7 
Th

is
 b

oo
k 

be
lo

ng
s 

to
 C

at
he

rin
e 

O
ch

se
nb

ei
n



82
C

H
A

P
T

E
R

 5 N
atural H

azard C
haracterization

FIGURE 5.4  Hazard Map for Hypothetical 10–20-Year, 100-Year, and 200-Year Inundation Scenarios for the River Elbe

Bundesanstalt für Gewässerkunde, Germany, http://geoportal.bafg.de/mapapps/resources/apps/HWRMRL-DE/index.html?lang=de
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835.2 Prediction and Measurement

There are different methods to quantify flood hazards and risks which result in 
different types of flood maps as illustrated in Fig. 5.5. Flood hazards can be evaluated 
using methods of lower or higher complexity which depend on the available data, 
resources, and time. Nevertheless, de Moel et al. (2009) indicate that the conceptual 
framework behind the calculation of flood hazards is general and in principle follows 
three steps:

1.	 Estimation of the discharge levels for specific return periods. Most commonly, 
hydrological models are used to calculate discharges. These models require 
spatially explicit and comprehensive knowledge on meteorological conditions, 
soil, and land cover. Alternatively, discharge levels can be determined 
by frequency analyses of discharge records and fitting of extreme-value 
distributions, or in case this information is not available, from precipitation 
records using runoff coefficients.

2.	 Translation of discharge levels into water levels once discharges and their 
associated return periods have been derived. This is usually accomplished 
using so-called rating (stage-discharge) curves or with 1D or 2D hydrodynamic 
models.

3.	 Determination of the inundated area (and—if possible—also of the flood 
depth) by combining water levels with a DEM. This procedure yields a flood 
map that shows either flood extent or depth.

Flood extent maps are the most common flood hazard maps. They show the in-
undated areas for a specific scenario which can either be a historical or a hypotheti-
cal flood event with a specific return period, for example, once in 50 or 100 years 
(Fig. 5.6B). When the extent of a flood is known for specific return periods and a 

FIGURE 5.5  Conceptual Framework for Flood Hazard and Risk Mapping for a Hypotheti-
cal Case

Courtesy of de Moel et al. (2009).
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84 CHAPTER 5  Natural Hazard Characterization

DEM is available, the flood depths can be easily derived. This process results in a 
flood depth map (Fig. 5.6C).

Generally, in flood hazard maps the inundation area and the related water depths 
are normally considered the most important parameters for estimating the flood’s 
adverse consequences. However, other parameters, such as water velocity, the dura-
tion of the flood, or the rate of water rise can also be crucial depending on the cir-
cumstances of the flood. In particular with respect to Natech risks, the water velocity 
can be a determining factor as the vulnerability of hazardous equipment toward still 
water or fast water flows differs significantly.

5.2.3.3  Flood Forecasting and EU Floods Directive
Flood forecasting allows the alerting of authorities and the population of imminent 
flood conditions so that they can take appropriate protective actions. The most 
accurate flood forecasts use long time-series of historical data that relates stream 
flows to measured past rainfall events. A coupling procedure of historical information 
with real-time observations is needed in order to make the most accurate flood 

FIGURE 5.6  Different Flood Map Types Based on a Hypothetical Case

(A) Historical flood map, (B) flood extent map, (C) flood depth map, (D) flood danger map, 
(E) qualitative risk map, (F) quantitative risk (damage) map.

Courtesy of de Moel et al. (2009).
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855.2 Prediction and Measurement

forecasts (Pellegrino et al., 2010, 2015) together with radar estimates of rainfall and 
general weather-forecasting techniques. The intensity and height of a flood can be 
predicted with good accuracy and significant lead-time if high-quality data is avail-
able. Flood forecasts typically provide parameters like the maximum expected water 
level and the likely time of its arrival at specific locations along a waterway. There 
are several regulations, initiatives, and programs in place that support flood forecast-
ing and general risk reduction from flooding. Some selected examples are provided 
as follows.

In many countries, urban areas prone to flooding are protected against a 100-year 
flood, that is, a flood that has a probability of around 63% of occurring in any 100-
year period of time. The United States National Weather Service (NWS) Northeast 
River Forecast Center (NERFC) (http://www.weather.gov/nerfc/), which is a part 
of the US National Oceanic and Atmospheric Administration (NOAA), assumes 
for flood forecasting in urban areas that it takes at least 1 in. (25 mm) of rainfall in 
about 1 h to start significant ponding of water on impermeable surfaces. Many River 
Forecast Centers of the NWS routinely issue Flash Flood Guidance and Headwater 
Guidance, which indicate the amount of rainfall that would need to fall in a short 
period of time to cause flooding (http://www.srh.noaa.gov/rfcshare/ffg.php).

In addition, the United States follows an integrated approach to producing real-
time hydrologic forecasts which are available from the NWS (http://water.weather.
gov/ahps/). This approach uses, for example, data on real-time, recent and past 
streamflow conditions from the U.S. Geological Survey [http://waterwatch.usgs.
gov/, different community collaborative observing networks (http://www.cocorahs.
org/)] and automated weather sensors, the NOAA National Operational Hydrologic 
Remote Sensing Center (http://www.nohrsc.noaa.gov/) etc. combined with quan-
titative precipitation forecasts (QPF) of expected rainfall and/or snow melt. This 
forecasting network also includes various hydroelectric companies.

The Global Flood Monitoring System (GFMS) is an experimental system funded 
by NASA which maps flood conditions quasi worldwide (http://flood.umd.edu). Us-
ers anywhere in the world can use GFMS to determine when floods might occur in 
their area. GFMS uses precipitation data from NASA’s Global Precipitation Mea-
surement (GPM) mission, a system of Earth observing satellites. Rainfall data from 
GPM is combined with a land surface model to determine how much water is soak-
ing into the ground, and how much water is flowing into streamflow. Users can view 
statistics for rainfall, streamflow, water depth, and flooding every 3 h, at each 12-km 
grid point on a global map. Forecasts for these parameters are 5 days into the future. 
The resolution of the produced inundation maps is 1 km.

The FloodList project reports on all major flood events occurring to raise aware-
ness of flood risks and the associated potential severe consequences (http://floodlist.
com). FloodList has become an authoritative source of up-to-date information on 
flood events.

In response to several recent extreme flood events, the European Floods Direc-
tive on the assessment and management of flood risks requires EU Member States to 
develop Flood Risk Management Plans (European Union, 2007). These plans need 
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to set appropriate objectives for the management of flood risk and reduce poten-
tial adverse consequences on a number of risk receptors. The Directive prescribes a 
three-step procedure to achieve its objectives:

•	 Preliminary Flood Risk Assessment: The Floods Directive requires Member 
States to engage their government departments, agencies, and other bodies to 
draw up a Preliminary Flood Risk Assessment. This assessment has to consider 
impacts on human health and life, the environment, cultural heritage, and 
economic activity.

•	 Risk Assessment: The information in this assessment will be used to identify the 
areas at significant risk which will then be modeled in order to produce flood 
hazard and risk maps. These maps include detail on the flood extent, depth, and 
level for three risk scenarios (high, medium, and low probability).

•	 Flood Risk Management Plans: These plans are meant to indicate to policy 
makers, developers, and the public the nature of the risk and the measures 
proposed to manage these risks. However, they are not formally binding (e.g., 
with respect to land-use planning). The Floods Directive prescribes an active 
involvement of all interested stakeholders in the process. The management 
plans are to focus on prevention, protection, and preparedness. Also, flood 
risk management plans shall take into account the relevant environmental 
objectives of Article 4 of the EU Water Framework Directive (European 
Union, 2000).

The Global Flood Awareness System (GloFAS, http://www.globalfloods.eu) was 
jointly developed by the European Commission and the European Centre for Me-
dium-Range Weather Forecasts (ECMWF) in the United Kingdom. The system, 
which is independent of administrative and political boundaries, links state-of-the-
art weather forecasts with a hydrological model. Since GloFAS has a continental 
scale set-up it provides downstream countries with information on upstream river 
conditions as well as continental and global overviews.

5.3  LIMITATIONS, UNCERTAINTIES, AND 
FUTURE IMPACTS OF CLIMATE CHANGE
Other natural phenomena could be included in the list of events discussed earlier. 
Many are strongly affected, either in terms of their frequency or intensity, by climate 
change (IPCC, 2007). Severe weather phenomena, such as heat and cold waves, 
tornadoes, cyclones (typhoons or hurricanes) but also intense rainfall, water sprouts, 
and extreme winds can cause major Natech events as discussed in Chapter 3. These 
phenomena have been loosely analyzed and only few detailed studies are available 
on the vulnerability of industrial equipment toward these natural hazards.

Finally, it is important to note that uncertainties in the assessment of natural 
hazards are often caused by a lack of knowledge or understanding of the underly-
ing physical processes. In case of large-scale natural events, there is insufficient 
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knowledge of event frequencies and severity parameters, as well as present and future 
boundary conditions. Expert judgment can be used to take account of these epis-
temic uncertainties which might nevertheless be difficult to limit, especially with 
respect to event or scenario probabilities (Beven et al., 2015).
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Technological Hazard 
Characterization

V. Cozzani, E. Salzano
Department of Civil, Chemical, Environmental, and Materials Engineering, 
University of Bologna, Bologna, Italy

In the framework of Natech risk assessment, technological hazard refers to a poten-
tial for the occurrence of adverse effects due to the release of hazardous substances, 
from process or storage equipment, caused by natural-hazard impacts. It is impor-
tant to identify the equipment that acts as a hazard source, and to rank the hazard 
in terms of the type and amount of hazardous substances it contains, its operating 
conditions, as well as its vulnerability with respect to natural hazards. This chapter 
examines these aspects to support the prioritization of specific measures for Natech 
accident prevention and mitigation, and to focus the application of detailed quan-
titative risk-analysis techniques to a limited set of accident scenarios or equipment 
items that are considered to be the most critical.

6.1  INTRODUCTION
The United Nations Office for Disaster Risk Reduction defines a technological haz-
ard as (UNISDR, 2015):

A hazard originating from technological or industrial conditions, including 
accidents, dangerous procedures, infrastructure failures or specific human activi-
ties, that may cause loss of life, injury, illness or other health impacts, property 
damage, loss of livelihoods and services, social and economic disruption, or envi-
ronmental damage.

The comment to this definition explicitly mentions the Natech hazards that 
originate from the impacts of natural events on hazardous industrial installations, 
such as nuclear power plants, or chemical processing, and storage facilities. As was 
already discussed in the previous chapters, the release of hazardous substances due to 
process upsets or structural failure triggered by natural hazards can affect plant work-
ers, the population, property, and the environment both in- and outside the area 
impacted by the natural event.

In the framework of Natech risk assessment, the evaluation of technological 
hazards serves the purpose of identifying the potential sources of adverse effects in-
volving the release of hazardous substances, following the impact of one or multiple 
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92 CHAPTER 6  Technological Hazard Characterization

natural events. This starts with the assessment of the hazard that an equipment item 
containing a hazardous substance poses, regardless of the accident trigger. However, 
when dealing with natural hazards, several limitations present themselves. In par-
ticular, the structural capacity, i.e., the absolute strength of the system beyond the 
expected or design loads or, in other words, the structural vulnerability of the system 
with respect to natural events is crucial and needs to be considered in Natech risk 
assessment.

With respect to Natech risk, the potential technological hazard sources should 
be prioritized by ranking process and storage equipment on the basis of three main 
factors:

1.	 The hazard of the substance or mixture of substances and the amount of the 
substance or mixture of substances (stored, produced, or transported) present in 
the unit or equipment item considered.

2.	 The physical state of the substance contained in the equipment.
3.	 The structural vulnerability of the vessel (equipment item) with respect to the 

natural event.

These three factors will be discussed in the following sections with specific refer-
ence to natural-hazard impacts.

6.2  SUBSTANCE HAZARD
The hazard associated with a substance is strictly related to the intrinsic capacity of 
the substance, or mixture of substances, to produce harm to people, property, and 
the environment. This hazard is clearly general and is not specific to Natech risks. 
Hence, the substance information in the European REACH Regulation (European 
Union, 2006), which regulates the registration, evaluation, authorization, and re-
striction of chemicals in the European Union, can be used for the evaluation of the 
technological hazard.

This information can be combined with hazard categories from the European 
Regulation on classification, labeling, and packaging (CLP) of substances and 
mixtures (ECHA, 2015; European Union, 2008), and substance data and related 
threshold quantities in the Seveso Directive on the control of major-accident haz-
ards involving dangerous substances (European Union, 1997) and its amendments 
(European Union, 2003, 2012). The Seveso Directive also includes a list of particu-
larly problematic substances that are named explicitly and for which separate quali-
fying quantities apply. Table  6.1 shows the list of dangerous-substance categories 
and associated thresholds for lower- and upper-tier Seveso establishments as per the 
Seveso Directive. Further details can be found in the cited Directives and Regula-
tions. Eventually, the substances to be considered in the hazard assessment are only 
those that are stored or processed in sufficient amounts to produce damage.

Analyses of past Natech accidents showed that for Natech risk assessment special 
attention needs to be paid to atypical scenarios caused by the interaction between 
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936.2 Substance Hazard

Table 6.1  List of Substance-Hazard Categories According to the CLP 
Regulation and Threshold Amounts for Lower- and Upper-Tier Installations as 
per the Seveso Directive (European Union, 2008, 2012)

Hazard Categories

Lower-Tier Upper-Tier

Amount (t)

Section “H”—HEALTH HAZARDS

H1 ACUTE TOXIC Category 1, all exposure routes 5 20
H2 ACUTE TOXIC, Category 2, all exposure routes; Category 3, 
inhalation exposure route

50 200

H3 STOT SPECIFIC TARGET ORGAN TOXICITY—SINGLE 
EXPOSURE STOT SE Category 1

50 200

Section “P”—PHYSICAL HAZARDS

P1a EXPLOSIVES, Unstable explosives or Explosives, Division 
1.1, 1.2, 1.3, 1.5, or 1.6, or substances or mixtures having 
explosive properties according to method A.14 of Regulation 
(EC) No 440/2008 and do not belong to the hazard classes organic 
peroxides or self-reactive substances and mixtures

10 50

P1b EXPLOSIVES, Explosives, Division 1.4 50 200
P2 FLAMMABLE GASES Flammable gases, Category 1 or 2 10 50
P3a FLAMMABLE AEROSOLS, “Flammable” aerosols Category 
1 or 2, containing flammable gases Category 1 or 2 or flammable 
liquids Category 1

150 (net) 500 (net)

P3b FLAMMABLE AEROSOLS, “Flammable” aerosols Category 
1 or 2, not containing flammable gases, Category 1 or 2 nor 
flammable liquids Category 1)

5,000 (net) 50,000 (net)

P4 OXIDISING GASES Oxidizing gases, Category 1 50 200
P5a FLAMMABLE LIQUIDS, Flammable liquids, Category 1, or 
Flammable liquids Category 2 or 3 maintained at a temperature 
above their boiling point, or other liquids with a flash point 
≤60°C, maintained at a temperature above their boiling point

10 50

P5b FLAMMABLE LIQUIDS, Flammable liquids Category 2 or 
3 where particular processing conditions, such as high pressure 
or high temperature, may create major-accident hazards, or other 
liquids with a flash point ≤60°C where particular processing 
conditions, such as high pressure or high temperature, may create 
major-accident hazards

50 200

P5c FLAMMABLE LIQUIDS, Flammable liquids, Categories 2 or 
3 not covered by P5a and P5b

5,000 50,000

P6a SELF-REACTIVE SUBSTANCES AND MIXTURES and 
ORGANIC PEROXIDES, self-reactive substances and mixtures, 
Type A or B or organic peroxides, Type A or B

10 50

P6b SELF-REACTIVE SUBSTANCES AND MIXTURES and 
ORGANIC PEROXIDES, self-reactive substances and mixtures, 
Type C, D, E, or F or organic peroxides, Type C, D, E, or F

50 200

(Continued )
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94 CHAPTER 6  Technological Hazard Characterization

the substance hazard and the specific features of the natural event causing the loss 
of containment. In particular, accident scenarios involving the release of hazardous 
substances into water are quite frequent for some Natech events (floods, heavy rain, 
tsunami, etc.). In this context, hazards related to water contamination but also to 
substance reactivity with water may play an important role in influencing and pos-
sibly aggravating the risks due to the technological hazard (cf. Chapter 3).

6.3  PHYSICAL STATE OF THE RELEASED 
SUBSTANCE
The physical state of the release plays an important role in establishing the haz-
ard due to Natech events. Several physical states are of relevance in determining 
the substance hazard: liquefied gases under pressure, cryogenic liquefied gases, com-
pressed gases, liquids, and solids.

Liquefied gases under pressure are fluids that are in the liquid phase at a tempera-
ture that is higher than their boiling point at atmospheric pressure. Two different 
options exist: (1) liquefied gases under pressure at ambient temperature (i.e., fluids 
that at ambient temperature and atmospheric pressure would be in the gas phase), 
and (2) fluids in the liquid phase at a temperature higher than ambient temperature 
and higher than their boiling point at atmospheric pressure.

Hazard Categories

Lower-Tier Upper-Tier

Amount (t)

P7 PYROPHORIC LIQUIDS AND SOLIDS Pyrophoric liquids, 
Category 1 Pyrophoric solids, Category 1

50 200

P8 OXIDISING LIQUIDS AND SOLIDS Oxidizing Liquids, 
Category 1, 2, or 3, or oxidizing solids, Category 1, 2, or 3

50 200

Section “E”—ENVIRONMENTAL HAZARDS

E1 Hazardous to the Aquatic Environment in Category Acute 1 
or Chronic 1

100 200

E2 Hazardous to the Aquatic Environment in Category Chronic 2 200 500

Section “O”—OTHER HAZARDS

O1 Substances or mixtures with hazard statement EUH014 100 500
O2 Substances and mixtures which in contact with water emit 
flammable gases, Category 1

100 500

O3 Substances or mixtures with hazard statement EUH029 50 200

Table 6.1  List of Substance-Hazard Categories According to the CLP Regulation 
and Threshold Amounts for Lower- and Upper-Tier Installations as per the 
Seveso Directive (European Union, 2008, 2012) (cont.)
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956.3 Physical State of the Released Substance

Option (1) is a widely used storage strategy for many categories of chemicals and 
fuel, such as liquefied petroleum gas (LPG), chlorine, and ammonia. Option (2) is 
usually applied in certain processing activities of the chemical industry. Equipment 
containing liquids under pressure at high temperature is specific to process opera-
tions and not of bulk storage, it is less frequently used and has a lower inventory. 
Nevertheless, for both options, any failure of the equipment that contains hazardous 
materials may result in a rapid or almost instantaneous release of the substance to 
the atmosphere, thus producing severe accident scenarios due to the simultaneous 
release of vapor, a liquid aerosol, and, depending on the release conditions, the for-
mation of a pool of boiling liquid.

If gas is liquefied by cooling the fluid below ambient temperature, a cryogenic liq-
uid is obtained. Cryogenic liquids are liquefied gases that are kept in their liquid state 
at very low temperatures (usually at their boiling point at atmospheric pressure). All 
cryogenic liquids are gases at ambient temperature and atmospheric pressure. The 
most important example of this type of substance is liquefied natural gas (LNG). 
The main technological hazard is related to loss of containment of the substance. 
If a cryogenic liquid is released to the environment, a sudden vaporization takes 
place until a pool of boiling liquid is formed. A vapor cloud originates from the 
initial vaporization and from the boiling pool. However, the energy needed for the 
vaporization is supplied from the environment (ground or air). This usually decreases 
the rate of evaporation, thus affecting the dispersion mode. However, when marine 
structures are of concern (as for LNG, e.g., LNG terminals or jetties) the rapid heat 
exchange with the sea or river/lake water may affect the evaporation and trigger 
anomalous accidents (Bubbico and Salzano, 2009).

Compressed gas releases will immediately generate a gas cloud. However, due to 
the limited inventory of storage systems, caused by the low density of compressed 
gases, the actual relevance and overall severity of such releases needs to be specifi-
cally assessed.

When liquids are released, hazards are created due to the entrainment of vapors 
in the air that comes in contact with the liquid. Liquid evaporation takes place, and 
a cloud of vapors may be formed. Nevertheless, the intensity of evaporation and the 
concentration of vapors in the cloud are expected to be much lower than for lique-
fied gases, due to the difference in driving force available for evaporation.

The hazard related to substances in the solid state is essentially associated with 
the chemical properties of the substance. However, dust explosions and fires are 
mainly linked with the physical characteristics. Hence, a “fine dust” physical state 
should be considered.

The detailed analysis of release scenarios is out of the scope of this chapter. The 
reader is referred to comprehensive publications on the topic to obtain more detailed 
information on the qualitative and quantitative characterization of events involving 
the loss of containment of chemical substances in different physical states (Man-
nan, 2005; van Den Bosch and Weterings, 2005).

In the case of Natech scenarios, the possibility that liquid pools or released solid 
substances come in contact with and are displaced by water needs to be taken into 
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96 CHAPTER 6  Technological Hazard Characterization

account in the risk analysis. This may cause specific accident scenarios that are 
usually disregarded when loss of containment takes place due to internal failures of 
the system.

6.4  EQUIPMENT VULNERABILITY
The vulnerability of an equipment item in a Natech event derives from its structural 
features. As such, its vulnerability can be obtained from detailed structural modeling 
only. Nevertheless, in the framework of quantitative risk analysis, the introduction 
of a simplified approach to the assessment of equipment vulnerability with respect 
to natural-hazard loading is useful. Ranking methodologies of process units are thus 
needed to help prioritize intervention, design prevention and mitigation systems 
and measures, be they technical or organizational, and restrict the application of 
detailed analysis techniques (QRA) to a limited number of critical equipment items.

On the path to defining a ranking procedure and the propensity to cause an acci-
dent in a given technological system, it is worth considering that any process which 
converts raw materials or intermediate products to final products, or any transpor-
tation system of fluids, should first be ranked by virtue of the specific hazard of the 
substance involved. Simply put, a large storage tank containing water cannot be 
considered as hazardous as a similar tank containing flammable materials, whatever 
its scale or construction characteristics. Besides, for the given substance, several pos-
sible equipment types might exist, each of which with different structural character-
istics, functions, and scale.

Various approaches for classifying equipment using different categories are 
available. Based on several past analyses, equipment was categorized in three classes 
with respect to the design standard: (1) atmospheric equipment (storage tank and 
process units), (2) pressurized equipment (cylindrical buried, cylindrical above-
ground, spheres), and (3) pipeline systems. The following sections will be devoted to 
these three types of equipment only.

6.4.1  Atmospheric Equipment
Atmospheric equipment includes storage tanks and process units adopted for a range 
of applications, such as distillation, separation, extraction, etc. Due to their capacity 
and wide diffusion, atmospheric storage tanks are the most relevant type of equipment. 
They are constructed worldwide following the American Petroleum Institute standard 
API 650 (American Petroleum Institute, 2007) and are typically vertical cylinders. 
Other atmospheric process equipment, such as distillation towers, or cyclones, are also 
designed to similar codes and standards, they have, however, slender geometry.

From a structural point of view, all these equipment types are generally built by 
using carbon steel or stainless steel, with a typical maximum allowable working pres-
sure (MAWP) and corresponding failure pressure of few millibars. Shell thicknesses 
range from 5  mm to about 1  cm for some sections of jumbo tanks. Interestingly, 
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976.4 Equipment Vulnerability

studies have shown that earthquake-triggered structural damage involving water 
tanks is very similar to tanks containing hazardous materials and their behavior can 
be described using a similar methodology. Distillation and absorption columns, and 
similar tower units typically have an internal diameter greater than 0.1 m.

6.4.2  Pressurized Equipment
Pressurized equipment is often used for very hazardous substances and is typically 
cylindrical (buried or above-ground) or spherical. Their design and certification is 
governed worldwide by well-known design codes, such as the ASME Boiler and Pres-
sure Vessel Code (ASME, 2015) in North America, and the EU Directive 2009/105/
EC (European Union, 2009).

The most common hazardous system in the process industry is related to the 
storage of large amounts of liquefied gases, such as LPG (propane, butane, and their 
mixture), ethylene, or hydrogen. The shell thickness and the corresponding design 
pressure is clearly larger than for atmospheric equipment and may reach several cen-
timeters for small equipment like chemical reactors. Pressure vessels are typically 
welded, and are not intended to be fired and subjected to an internal gauge pressure 
greater than 0.5 bars. The MAWP is generally lower than 30 bar, and the minimum 
and maximum working temperatures are, respectively, −50 and 300°C for steel or 
100°C for aluminum or aluminum alloy vessels.

When large amounts of hazardous materials are stored in pressurized equipment, 
the vessels are often mounded or buried, to avoid any interaction with external ef-
fects in case of fire, explosion, or simple collisions with objects. In this case, several 
accident scenarios can be considered as not credible (and the technological hazard is 
therefore reduced to negligible values) due to the physical impossibility of accidents. 
Nevertheless, this kind of equipment may have been designed with external auxil-
iary systems and pipes, which should also be considered as a source of technological 
hazard.

Pressurized equipment typically also includes shell and tube heat exchangers, 
seal-less pumps with a specified maximum flow-rate greater than 0.5 m3/h, or reac-
tors, and some elongated vessels (distillation).

6.4.3  Pipelines
Pipeline systems within industrial installations may be above-ground or buried. The 
pipe body can be continuous or segmented and is typically built from carbon or stain-
less steel when transporting hazardous substances.

For the evaluation of the technological hazard, the pipeline system has to be 
separated into transportation and distribution networks. The transportation network 
is generally used to transfer the liquid or gas from the production place to the indus-
trial plants or urban distribution system.

With respect to gas, overland transportation pipelines generally operate at high 
pressure (>70 bars), in order to transfer a large amount of fluid per unit time. In the 
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98 CHAPTER 6  Technological Hazard Characterization

United States, for example, the large-scale natural-gas transmission system includes 
around 300,000 km of high-strength, steel pipelines, with diameters between 0.6 
and 0.9 m and pressures between 34 and 97 bars. With respect to the seismic vul-
nerability of pipeline systems, two large categories based on pipe diameter exist: 
(1) D ≥ 400 mm for high-pressure transmission systems; and (2) D < 400 mm for 
distribution and low-pressure transmission systems (Lanzano et al., 2013).

For distribution systems the most common pipe materials are cast iron, ductile 
iron, steel, and polymers. Cast iron was largely used in the last century. This mate-
rial shows high fragility and lacks ductility, which raises safety concerns. For these 
reasons, pipelines are nowadays made of ductile iron, steel, and plastic materials like 
polyvinylchloride, polyethylene (HDPE), and glass-reinforced fiber polymers. Other 
construction materials, such as concrete, are used for water and wastewater pipelines.

The damage patterns occurring in these structures are largely dependent on the 
material base properties and the joint detailing. For this reason, all the possible com-
binations of material and joints are typically divided into two categories: (1) con-
tinuous pipelines (CP) and (2) segmented pipelines (SP), or equivalently in brittle 
(SP) and ductile (CP) in terms of prefailure deformations.

Table 6.2 shows the main structural features, which are essential for gas and liq-
uid pipelines. It is worth noting that hazardous materials (toxic, flammable) must be 
transported only in continuous pipelines, which have high strength and can tolerate 
large deformations before breaking and subsequent fluid release.

The choice of the joints is also a crucial issue in the seismic design of pipelines, 
particularly for those used for gas. In order to avoid that the pipeline joints perform 
as weak points, they must be designed aiming at restoring the continuity of the pipe-
line body in terms of strength and stiffness. This is achieved by mostly using welded 
joints, however, in some cases, mechanical and special joints are also used.

Among the different welding techniques, three are remarkable for steel pipelines: 
(1) oxyacetylene welding (OAW), (2) submerged arc welding (SAW), and (3) high-
quality welding. In the past, the preferred welding type belonged to the first and sec-
ond categories. In fact, the SAW gives a good strength recovery compared to OAW, 
which suffered extensive damage in earthquakes.

Table 6.2  Structural Features of Pipelines (Lanzano et al., 2014)

Pipelines Materials Joints Damage Patterns

Continuous (CP) Steel; polyethylene; 
polyvinylchloride; glass 
fiber reinforced polymer

Butt welded; welded 
slip; chemical weld; 
mechanical joints; 
special joints

Tension cracks; local 
buckling; beam buckling

Segmented (SP) Asbestos cement; 
reinforced concrete; 
polyvinylchloride (PVC); 
vitrified clay; cast iron

Caulked joints; bell 
end spigot joints

Axial pull-out; crushing 
of bell end; crushing 
of spigot joints; 
circumferential failure; 
flexural failure
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996.4 Equipment Vulnerability

An important distinguishing factor for the hazard from pipeline systems is wheth-
er the pipeline is installed above or below ground (Lanzano et al., 2014). Generally, 
the burial depth of gas pipelines is in the range of 1–2 m. Pipelines with very large 
diameters might be buried deeper. For the above-ground case, the use of support 
structures is common. Gas pipes are frequently placed below ground level. The bury-
ing process is beneficial for two reasons. On the one hand, the surrounding soil pro-
tects the pipeline from above-ground hazards, such as natural events or accidents. 
Secondly, the lateral confinement provided by the soil, which increases with depth, 
reduces the likelihood of domino effects due to fire or explosion.

A simple measurement for pipeline performance and the associated technologi-
cal hazard is the pipeline repair rate, RR (ALA, 2001).

6.4.4  Hazard Classification Based on Structural Features and 
Hazard of the Secondary Scenario
The analysis of the expected damage and the criticality of the associated accident 
scenarios can provide further indications on whether equipment is critical. In the 
framework of Natech risk analysis, the structural damage itself may have only a 
limited relevance. The severity of the accident following equipment damage and 
loss of containment is the element that should take priority in the analysis.

A first classification of equipment criticality may be derived from Table 6.3 for 
units containing substances with the hazard characteristics and nonnegligible sub-
stance amounts as shown in Table  6.1. Substance characteristics were combined 
with the expected structural vulnerability of the equipment and the relevance of the 
hazard related to its physical state.

The highest hazard is assumed for above-ground, pressurized equipment that con-
tains liquefied gases. Any structural failure or loss of control of the associated indus-
trial process, either related to anthropogenic causes or natural events, may result in 

Table 6.3  Technology Hazard Matrix With 1 = Low Hazard and 5 = High 
Hazard

Equipment Liquefied Gas Compressed Gas Cryogenic Liquid Liquid Fine Dusts

Pressurized 
(above-ground)

5 4 4 2 1

Pressurized 
(underground)

2 3 2 2 1

Atmospheric — — 5 3 3
Pipeline 
(above-ground)

4 3 4 2 1

Pipeline 
(underground)

3 2 3 1 —

Underground equipment is considered buried or mounded.
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100 CHAPTER 6  Technological Hazard Characterization

a large-scale accident due to the rapid release of content and the possible escalation 
to fire, explosion, toxic dispersion, or even to environmental disaster. The score is 
higher than for nonliquefied gases because of the large difference in density, and 
hence mass per volume. A similar reasoning can be used to explain the high hazard 
score for above-ground pipelines, which contain, however, lower amounts of hazard-
ous substances. Cryogenic liquids contained in atmospheric vessels also result in 
the maximum hazard score due to the vessels’ intrinsic fragility in case of internal 
pressurization.

When buried or mounded, both liquefied and cryogenic liquids are less hazardous 
due to the intrinsic protection afforded by the mound or surrounding soil. Com-
pressed gas may be slightly more hazardous if released through thin layers of soil or 
structures.

Where liquid substances are a concern, the hazard is related to their flammability 
and toxicity, and also to environmental issues. Atmospheric equipment is typically 
utilized for high-capacity storage of hazardous liquids, and this leads in turn to higher 
hazards. Although having a lower hazard score for liquids, pressurized equipment is 
typically used for very hazardous materials. Consequently, the failure and following 
loss of containment can also result in nonnegligible hazards.

Finally, the highest hazard score for fine dusts is associated with large-scale at-
mospheric equipment, such as silos or mills. In this case, fire or explosions may be 
induced by external causes which can result in severe accident scenarios.

A more detailed evaluation of the technological hazard should, however, also 
take into account the intensity of the loss of containment following equipment dam-
age and the specific hazard of the material released. A useful approach to assess esca-
lation thresholds is the description of secondary target damage by a discrete number 
of structural Damage States (DSs) and of Loss Intensities (LIs) following the scheme 
originally introduced to obtain a cost estimate of damage caused by explosions (Tam 
and Corr, 2000) or by natural events (HAZUS, 1997). The structural DS of equip-
ment may, for instance, be described by two classes: DS1, equivalent to minor dam-
age to the structure or to auxiliary equipment, and DS2, with intense damage or 
even total collapse of the structure.

The shift to DSs due to natural-hazard impact may also be associated to a loss 
of containment, whose intensity is among the most important factors affecting 
the relevance of the Natech scenario. In fact, increasing LIs usually result in an 
increase of the severity of the loss-of-containment scenario and in a decrease of 
the time available for successful mitigation. The LIs following vessel damage may 
then be represented by a discrete number of LI categories or so-called risk states 
RS. Following the approach used in the Purple Book  (Uijt de Haag and Ale,  1999), 
three LI categories were defined: (1) LI1: “minor loss,” defined as the partial loss 
of inventory, or the total loss of inventory in a time interval higher than 10  min 
from the impact of the blast wave; (2) LI2: “intense loss,” defined as the total loss 
of inventory in a time interval between 1 and 10  min; and (3) LI3: “catastrophic 
loss,” defined as the “instantaneous” complete loss of inventory (complete loss in a 
time interval of less than 1 min).
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1016.4 Equipment Vulnerability

As a first approximation, it is obvious that LI1 losses are usually associated to 
DS1, whereas loss states LI2 and LI3 can in general be associated to a DS2 state. 
However, a further factor that should be taken into account is the hazard posed by 
the substance released from the damaged equipment item. In particular, if the same 
LI is considered, in case of volatile releases, toxic substances may cause more severe 
accident scenarios than flammable substances. On the other hand, for nonvolatile 
releases, flammable substances represent more severe hazards than toxic substanc-
es. Table 6.4 shows the expected Natech scenarios and the associated severity for 

Table 6.4  Expected Secondary Scenarios and Estimated Severity for Different 
Target Equipment and Loss Intensity Classesa

Loss Intensity

Expected Secondary Events for Different Target Equipment

Atmospheric 
Equipment

Pressurized 
Equipment

Elongated 
Equipment

Auxiliary 
Equipment

LI1—Flammable Minor pool fire Minor jet fire Minor pool fire; 
minor flash fire

Minor pool fire; 
minor flash fire

LI1—Toxic Minor 
evaporating pool

Boiling pool; jet 
toxic dispersion

Minor boiling 
pool; toxic 
dispersion

Minor 
evaporating pool

LI2—Flammable Pool fire; flash 
fire; VCE

Jet fire; flash fire; 
VCE

Pool fire; flash 
fire; VCE

Minor pool fire; 
minor flash fire

LI2—Toxic Evaporating 
pool; toxic 
dispersion

Boiling pool; jet 
toxic dispersion

Boiling pool; 
toxic dispersion

Minor 
evaporating pool

LI3—Flammable Pool fire; flash 
fire; VCE

BLEVE/fireball; 
flash fire; VCE

Pool fire; flash 
fire; VCE

Minor pool fire; 
minor flash fire

LI3—Toxic Evaporating 
pool; toxic 
dispersion

Boiling pool; jet 
toxic dispersion

Boiling pool; 
toxic dispersion

Evaporating 
pool; minor 
toxic dispersion

Loss Intensity

Expected Severity

Atmospheric 
Equipment

Pressurized 
Equipment

Elongated 
Equipment

Auxiliary 
Equipment

LI1—Flammable Low High Low Low
LI1—Toxic Low High High Low
LI2—Flammable High High High Low
LI2—Toxic High High High Low
LI3—Flammable High High High Low
LI3—Toxic High High High High
aVCE, Vapor cloud explosion; BLEVE, boiling liquid expanding vapor explosion. “Flammable” and “Toxic” refer to 
the substance in the secondary vessel damaged by the blast wave.
Adapted from Cozzani et al. (2006).
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102 CHAPTER 6  Technological Hazard Characterization

different LIs and DSs, taking into account the hazard posed by the released substance. 
This concept of DSs and associated risk states is further explored in Chapter 7.

6.5  CONCLUSIONS
When determining the technological hazard, the danger associated with the intrin-
sic chemical and physical properties related to the processed and stored substances 
cannot be neglected. Equipment that contains flammable/toxic, highly flammable/
toxic, or extremely flammable/toxic substances according to the CLP Regulation 
should certainly be considered as relevant source of potentially severe accidents. In 
addition, a substance’s physical state (gas, liquid, solid) and the equipment’s operat-
ing conditions, which depend on the specific processing or storage activity, are also 
of extreme importance. In this context, hazard matrices can be a useful tool for rank-
ing the hazard related to process equipment and to identify the units that have to be 
taken into account in the Natech risk analysis.
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Natech Risk 
and Its Assessment

E. Krausmann
European Commission, Joint Research Centre, Ispra, Italy

Risk analysis is a powerful tool for estimating the risk level originating from a 
hazardous industrial activity. This chapter briefly introduces the industrial risk–
assessment process and proposes a methodology for Natech risk assessment based on 
the conventional QRA procedure, illustrating the individual steps of the process. 
It also discusses the accompanying data requirements and common applications of 
the results.

7.1  GENERAL CONSIDERATIONS
In most countries a risk assessment is required to identify and minimize public-health 
threats or potential environmental effects of a proposed hazardous industrial activity, 
both during normal operation and in accident situations. Identification of poten-
tially significant effects may lead to a modification of the proposed action to reduce 
risks or to the consideration of alternatives. The potential impacts of natural hazards 
are generally taken into account to some extent in the design and construction of 
facilities by adhering to dedicated codes and standards, although the impacts are not 
usually fully considered in risk-management plans.

However, as already discussed in Section 4.2.1, there are questions related to the 
adequacy of the design basis of hazardous installations against natural-hazard load-
ing. The primary goal of natural-hazard resilient design for buildings and other struc-
tures (e.g., against earthquakes or high winds) is to prevent building collapse and 
therefore to guarantee life safety. In order to reduce Natech risk the preservation of 
the structural integrity is not sufficient; the avoidance of loss of containment (LOC) 
of hazardous materials must also be considered. In addition, it is usually unclear 
which level of damage or failure (possibly including LOC) is to be expected above 
the design-basis loading (Krausmann, 2016).

Consequently, the adoption of performance-based design against natural-hazard 
impacts is recommended for critical structures and buildings within an industrial 
plant. Performance-based standards require that safety-relevant buildings, equip-
ment, and systems satisfy performance criteria (e.g., control rooms remain opera-
tional after a design-basis natural event) with respect to materials, equipment, and 
design and construction methods (Cruz and Okada, 2008).
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106 CHAPTER 7  Natech Risk and Its Assessment

Risk analysis is the tool of choice for estimating the level of risk produced by a 
hazardous activity. Quantitative risk analysis in particular allows the identification 
of system weaknesses, the prioritization of safety measures in terms of their yield for 
risk reduction, or the estimation of a facility’s overall risk level, summarized in a risk 
figure. This risk figure can then be compared with prescribed target levels, where 
existing, to show that risks are adequately controlled in fulfillment of regulatory 
requirements.

7.2  THE INDUSTRIAL RISK–ASSESSMENT PROCESS
The qualitative or quantitative assessment of the risk from an industrial operation 
is an important step in controlling this risk. The assessment process comprises five 
steps: (1) the identification of the hazard(s) and failure mechanisms; (2) the estima-
tion of the failure frequencies; (3) consequence analysis to understand the impact 
of failure in terms of overpressure, heat radiation, and dispersion of toxic materials; 
(4) risk integration or recomposition where likelihood and consequence information 
is combined to express total risk; and (5) risk evaluation where the risk estimate is 
compared to tolerability or acceptability targets or criteria (Cox, 1998). The first 
four steps are also referred to as risk analysis.

Qualitative risk analysis is often used as a first step in industrial risk assessment as 
it requires relatively little effort and no specific expertise in risk analysis. The risk 
is estimated by defining severity categories for both the event frequencies and the 
consequences which are combined in a so-called risk matrix (Table 7.1). This is a 
simple but effective method for obtaining an overview of which hazards need to be 
prioritized to reach predefined risk-reduction targets.

Quantitative risk analysis or QRA is a powerful technique for estimating industrial 
risk, but its application is complex and time consuming. A well-accepted framework 
for QRA exists, as well as specific tools for its practical implementation (e.g., Uijt de 
Haag and Ale, 1999; Delvosalle et al., 2004). QRA aims at assigning numbers to the 
likelihood and the consequences of a failure case, while at the same time considering 
the totality of all possible events (Cox, 1998). The risk estimate is then commonly 
represented as individual risk or societal risk (F–N curves), examples of which are 
shown in Figs. 7.1 and 7.2.

Individual risk is the probability for an individual to suffer ill effects (e.g., death or 
injury) at a specific point around a hazardous facility per given time period (Christou,  
1998a). Connecting the points for which the individual risk has the same value 
yields so-called isorisk curves or individual risk contours. These curves are indepen-
dent of the population density around the hazardous installation. Where a group 
of people is at risk from an industrial activity the risk indicator of choice is societal 
risk. F–N curves plot the cumulative frequency (F) of different accident scenarios 
against the number (N) of potential casualties— usually fatalities—associated with 
these scenarios. It is important to note that in F–N curves N represents the number 
of casualties that could be equalled or exceeded. Since the calculation of F–N curves 
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1077.2 The Industrial Risk–Assessment Process

Table 7.1  Example of a Risk Matrix

Red denotes areas of intolerable risk, orange and yellow indicate areas where risk reduction measures should be 
implemented, and green shows areas where risk is broadly acceptable.
Adapted from Cox (1998).

FIGURE 7.1  Example of Isorisk Curves Showing the Individual Risk Around a Tank 
Containing a Hazardous Substance
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108 CHAPTER 7  Natech Risk and Its Assessment

requires consideration of all potential accident scenarios, it is a resource-intensive 
exercise (HSE,  2009). The Center for Chemical Process Safety of the American 
Institute of Chemical Engineers has issued detailed guidelines on quantitative risk 
analysis for the chemical process industry (CCPS, 2000).

Like other methods for risk analysis, QRA is subject to a number of limitations, 
many of which arise from uncertainty in the input data or lack thereof, the used 
models, and the quality of the analysis. A lack of skilled human resources and time 
can also negatively impact the QRA. These limitations must be understood and 
considered when using QRA for decision-making purposes.

Regardless of the approach chosen, extensions to both qualitative and quantita-
tive risk analyses need to be made to take into account the characteristics of Natech 
events. Time constraints and data availability permitting, the quantitative method-
ology is preferable to a qualitative approach. Therefore, in the following sections we 
will discuss a quantitative methodology for Natech risk analysis.

7.3  THE NATECH RISK–ASSESSMENT PROCESS
The conventional QRA process lends itself to Natech risk assessment. This requires 
the extension of the QRA methodology to include specific equipment damage mod-
els and consideration of the possibility of simultaneous loss-of-containment events 
at several units, an important characteristic of Natech accidents in general. Simple 
damage models are available for a limited number of equipment categories (storage 
tanks, some types of process equipment) and in particular for earthquake impact. 
Inclusion of these damage models in QRA case studies clearly showed the importance 

FIGURE 7.2  Example of a Societal Risk Curve
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1097.3 The Natech Risk–Assessment Process

of considering earthquake-triggered accident scenarios for ensuring the safety of 
the facility itself and the surrounding population and environment (Antonioni 
et al., 2007). Therefore, natural hazards can be important risk contributors at hazard-
ous facilities and must be adequately considered in the risk-analysis process.

7.3.1  Input
Natech risk assessment requires a significant amount of input information to evalu-
ate the interaction of the natural hazard with the industrial system, as well as its pos-
sible consequences. The following list provides an overview of the data specifically 
required for seismic Natech risk analysis. It is, however, equally applicable to Natech 
risk analysis in general (Antonioni et al., 2007; Krausmann et al., 2011a):

1.	 natural-hazard severity parameters [e.g., peak ground acceleration (PGA), 
which is the most commonly used proxy for describing an earthquake’s severity 
and damage potential, peak ground velocity, peak ground displacement, etc.];

2.	 target equipment (usually the highest priority would be given to the most 
dangerous equipment categories both in terms of type and quantity of hazardous 
substances processed or stored and the equipment’s operating conditions);

3.	 damage states (the earthquake severity needs to be related to the damage 
intensity; this can be achieved by lessons-learned type studies of past accidents 
or using numerical modeling);

4.	 equipment damage models (probit models or fragility curves which relate the 
damage intensity to the associated probability);

5.	 consequence-analysis models [these models estimate the consequences of a 
LOC, e.g., in terms of substance concentrations (toxic release), heat radiation 
(fires), or overpressure (explosions)];

6.	 likelihood estimates (frequencies, probabilities, or qualitative likelihood 
estimates for all possible event combinations);

7.	 information on risk receptors (e.g., population distribution around the 
hazardous installations).

Empirical equipment damage models were developed or are under development, 
partly based on the analysis of past accident data (Salzano et al., 2003; Campedel 
et al., 2008; Antonioni et al., 2009). The lack of detailed equipment damage models 
is the main limitation of the methodology and a significant source of uncertainty. 
Further work in this direction is therefore required. This will also decrease data and 
model uncertainties inherent in the analysis.

Some natural hazards, for example, a strong earthquake or flood causing a Nat-
ech accident are likely to simultaneously down on- and off-site lifelines and utilities 
required for accident prevention and mitigation. The loss of utilities can either trig-
ger the Natech accident in the first place, or hamper emergency-response actions to 
mitigate its consequences. Therefore, a worst-case risk-analysis approach seems war-
ranted in which the failure of internal and external safety and mitigation measures is 
assumed in the QRA scenario-building process.
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110 CHAPTER 7  Natech Risk and Its Assessment

7.3.2  Hazard Identification and Consequence Analysis
The general framework for industrial risk assessment outlined in Section 7.2 is 
equally valid for Natech risk assessment. However, the conventional QRA proce-
dure needs to be extended to accommodate the characteristics of Natech accident 
scenarios. Hence, specific damage models to assess the severity and probability of 
equipment damage due to a natural event, and a procedure to account for the pos-
sibility of simultaneous hazardous-materials releases from more than a single process 
or storage unit are required (Krausmann et al., 2011a).

The flowchart in Fig.  7.3, which was adapted from Antonioni et  al. (2007), 
shows the principal steps in the quantitative analysis of seismic Natech risk. This 

FIGURE 7.3  Flowchart Showing the Procedure for Seismic Natech Risk Analysis

Adapted from Antonioni et al. (2007).
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1117.3 The Natech Risk–Assessment Process

methodology is also applicable to the analysis of Natech risk due to any other type 
of natural-event trigger. The starting point in the analysis of seismic Natech risk is 
the characterization of the natural hazard in terms of severity and frequency at the 
location of the hazardous installation (Step 1) and the identification of the target 
equipment (Step 2). Information on the PGA is easily available from measurements 
or historical records, and PGA is therefore practical for characterizing the severity 
of the ground motion (Campedel et al., 2008). Probabilistic seismic hazard analysis 
(PSHA) can be used to estimate the occurrence probability of an earthquake with 
a given intensity at a specific location. For the analysis of flood Natech risk, infor-
mation from flood hazard maps prepared by government authorities, or reports and 
anecdotal information on past inundations could be used to characterize the flood 
severity in terms of water height, speed, and duration (Krausmann, 2016).

The natural-hazard scenarios on which the risk analysis is to be based are often 
determined by the regulator which may require protection of a hazardous installa-
tion against specific natural-hazard levels (e.g., a 100-year flood or an earthquake 
with 475 years return period). The operator can decide to voluntarily ramp up safety 
levels above minimum requirements, and operators that have already been affected, 
for example, by floods, recommend using worst-case natural-hazard scenarios in the 
site’s external hazard identification.

The target equipment that poses the greatest safety risk can be identified based 
on evidence of its involvement in past Natech accidents, determined from chemical- 
accident database analyses (Sengul,  2005; Krausmann et  al.,  2011b; Santella 
et al., 2011) and the criticality in case of LOC. The latter is defined by the equipment’s 
operating conditions in terms of temperature and pressure and the amount and type of 
substance it contains. These factors, together with the extent of damage suffered by a 
piece of equipment due to earthquake loading or impact by another type of natural haz-
ard, also influence the accident scenarios which can develop following a LOC event.

Once the target equipment has been identified, the possible damage caused by a 
natural hazard has to be associated with it. Detailed earthquake damage models are 
available for certain types of equipment, for example, storage tanks, from structural-
engineering applications. Use of these models is, however, not practicable for assess-
ing the risk to a chemical complex with its many units and structures. Following the 
approach used in HAZUS (FEMA, 2003), the damage to a piece of equipment can 
be approximated by defining a limited number of discrete damage states DS (Step 3).  
These damage states are then used to calculate the expected severity of LOC. 
Depending on the application, a different number of damage states can be applied. 
Antonioni et al. (2007) use two damage states, where DS1 indicates limited struc-
tural damage with a partial loss of vessel inventory or entire loss in a time interval 
higher than 10 min, and DS2 indicates extended structural damage with complete 
loss of inventory in less than 10 min. On the other hand, Salzano et al. (2003) de-
fine three damage states with DS1 and DS2 denoting minor and relevant structural 
damage, respectively, and DS3 corresponding to total structural collapse. In order 
to describe the severity of release they then associate three so-called risk states with 
these damage states (minor and relevant release, loss of complete inventory). Other 
damage and risk states can be defined.
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112 CHAPTER 7  Natech Risk and Its Assessment

The accident scenario(s) following LOC depend on the substance hazard and 
the extent of release, which is defined by the magnitude of the LOC (small or big 
hole) and the storage or operating conditions. For instance, even if the damage 
severity is the same, releases from pressurized equipment could have very different 
consequences than discharges from vessels kept at atmospheric pressure. The quan-
tity and conditions of the released substance can be determined using source-term 
models. Once the LOC severity is known, event trees can be applied to identify the 
final outcomes of the scenarios of a specific damage mode (e.g., pool fire, jet fire, 
toxic dispersion, vapor cloud explosion, etc.). Specific event trees, derived from the 
analysis of past Natech accidents, should be used to consider the dynamics of Natech 
events (Cozzani et al., 2010; Renni et al., 2010). Although a realistic Natech risk 
analysis would also require an assessment of the natural-hazard impact on existing 
protection measures, Antonioni et al. (2007) recommend disregarding prevention 
and mitigation measures as they would likely be damaged by the earthquake and 
therefore not be available.

The probability of a target equipment to suffer a specific extent of damage as 
function of the earthquake severity (e.g., PGA) can be estimated from fragility 
curves or using so-called probit functions (Finney, 1971; Vílchez et al., 2001), with 
both approaches being equivalent (Step 4). Although some fragility information for 
typical chemical storage and processing equipment is available (e.g., Kiremidjian 
et al., 1985; Seligson et al., 1996; Salzano et al., 2003; Fabbrocino et al., 2005; Di 
Carluccio et al., 2006), probit functions are more widely used in industrial quantita-
tive risk analysis. The probit variable PrDS is a function of the PGA and can be easily 
converted into the equipment damage probability PDS for a specific damage state DS 
(Finney, 1971):

= +k kPr 1 2ln(PGA)DS

The frequency of the accident scenario associated with specific equipment dam-
age is then calculated by multiplying the frequency of an earthquake of a given PGA 
value with PDS. Campedel et al. (2008) provide a list of the probit coefficients k1 and 
k2 for different types of equipment based on empirical data. The probit coefficients 
also depend on the existence of implemented safety measures (e.g., anchoring of 
equipment) and the filling level which determines the criticality of liquid-sloshing 
effects due to the earthquake forces (Ibrahim, 2005). The lack of detailed equipment 
damage models linking damage states to probabilities is at present one of the main 
limitations of the proposed analysis methodology.

The consequences of the final outcomes of an accident scenario can be assessed 
using conventional consequence models (Step 5). They include not only dispersion, 
fire, and explosion models, but also effects models including probit functions that 
allow the calculation of the impact of overpressure, heat radiation, and toxic effects 
on the population (e.g., van den Bosch and Weterings, 1997; CCPS, 2000). A brief 
synopsis of consequence-analysis models is provided in Section 7.3.2.1.

For some Natech accidents there is a high likelihood that several chemical pro-
cess or storage units are damaged simultaneously by the natural hazard and hence 

PrDS=k1+k2 ln(PGA)
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1137.3 The Natech Risk–Assessment Process

more than one accident scenario will occur. This is taken into account in Steps 
6–8 where the event combinations are identified, and their frequencies and conse-
quences evaluated. The overall consequences of the combined scenarios can then 
be derived by summing up the results, for example, human health impact for each 
single accident scenario. The calculation of the overall frequency of the identified 
combinations of scenarios is presented in detail in Antonioni et al. (2007). In the 
last step (9) the risk from the identified accident scenarios is estimated and visualized 
as individual risk or F–N curves.

7.3.2.1  Consequence-Analysis Models
Although it is beyond the scope of this book to provide a detailed discussion of 
consequence-analysis models, a brief introduction to the subject is beneficial for 
the overall understanding of the risk-analysis process. Christou (1998b) provides a 
generic but concise overview of the most common phenomena and the associated 
models used in the analysis. van den Bosch and Weterings (1997) give a more de-
tailed description of available models and the conditions under which they should 
be used.

The analysis of the consequences of a loss-of-containment event crucially de-
pends on the source term, that is, the quantity and the conditions of the hazardous-
materials release. Discharge models are readily available and provide the amount and 
rate of substance outflow, the duration of the discharge, and the phase of the release 
(liquid, gas, or two-phase).

If the substance is discharged into the atmosphere, dispersion models are applied 
to model the behavior of the formed substance cloud. Depending on the properties 
of the released gas (lighter or heavier than air), specific models are used. For at-
mospheric dispersion modeling, meteorological conditions at the time of substance 
release (wind speed and direction, temperature, humidity, pressure, and air stability 
class) and the site topography are relevant. Dispersion models provide information 
on the substance concentration as a function of location and time.

When flammable substances are released there is a risk of ignition. Depending 
on the process or storage conditions, pool fires (substances at atmospheric pressure) 
or jet fires (pressurized substances) can result. The associated fire models calculate 
the thermal flux (heat radiation) emanating from the fires. If a fire ignites close to 
pressurized equipment, the heating of the substance and the subsequent increase in 
pressure inside the unit can cause a mechanical explosion, destroying the unit. This 
boiling liquid expanding vapor explosion (BLEVE) releases the full substance content 
of the affected unit instantaneously. Of importance for analyzing the consequenc-
es of a BLEVE are the formation of a fireball (thermal radiation) and the generation 
of projectiles. An unconfined vapor cloud explosion (UVCE) is usually the product of 
delayed ignition of a discharged flammable substance. If a flammable vapor cloud 
finds no immediate ignition source upon release, the cloud is dispersed with the wind 
and can ignite at a later stage. Of concern with respect to UVCEs is the formation 
of a rapidly moving pressure wave and the associated effects of overpressure on risk 
receptors.
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114 CHAPTER 7  Natech Risk and Its Assessment

In industrial risk assessment, vulnerability models aim to estimate the response of 
risk receptors (e.g., in terms of health effects) to toxic concentration, heat radiation, 
and overpressure from shock waves. Due to the different response behavior of indi-
viduals in particular to toxic exposure, vulnerability assessment is affected by signifi-
cant uncertainty. Toxic-effects models are based on laboratory experiments which are 
then extrapolated to humans (definition of threshold concentration or dose for death 
and injury). For the impact of heat from fires, radiation intensities and the associated 
expected effects on the population and structures are defined [e.g., 37.5 kW/m2 is 
sufficient to cause damage to process equipment (Christou, 1998b)]. For explosions, 
shock wave overpressure models are used. Probit functions also lend themselves to 
the assessment of all aforementioned effects.

7.3.2.2  Cascading Effects
Industrial installations are often grouped into large integrated clusters due to eco-
nomic reasons, environmental factors, legal requirements, or social issues. Every in-
stallation in such an industrial park represents a danger to the other facilities in the 
neighborhood depending on the amount and type of hazardous substances processed, 
handled, or stored, and the associated process or storage conditions. If an accident 
occurs in one of these installations there is therefore the risk of a domino or cascad-
ing effect, that is, a propagation of the accident within the same plant or to one or 
more neighboring installations due to knock-on effects. This could lead to an esca-
lation of the primary accident with consequences on potentially extended areas of 
the industrial park (Reniers and Cozzani, 2013). For Natech accidents, the risk of a 
cascading effect is particularly high due to the potentially multiple and simultaneous 
hazardous-materials releases over extended areas, and the loss of lifelines needed for 
accident prevention and mitigation (Chapter 3).

The direct causes of cascading or domino effects are blast waves, fires, or the 
projection of fragments caused by a primary accident with equipment damage 
and the subsequent LOC of hazardous substances. Cozzani et  al. (2013) argue 
that also indirect effects can lead to a domino accident. The release of hazard -
ous materials would in this case not be triggered by direct equipment damage 
but rather via, for example, loss of process control due to damage to the control 
room, or structural damage to and collapse of buildings housing hazardous equip -
ment. Loss of cooling or power fluctuations can also lead to process upsets and 
LOC (Section 2.6).

A significant number of domino accidents occurred in the past and with their 
consequences being severe, European legislation on the control of major accident 
hazards involving dangerous substances explicitly addresses this type of risk. The 
Seveso Directive requires the identification, assessment, and control of domino 
risks for all establishments covered by the Directive (Section 4.1.1). This also in-
cludes the requirement that concerned operators exchange suitable information 
that allows them to take appropriate measures to control the domino risk. Appro-
priate safety distances between hazardous equipment, thermal insulation of units 
to protect them against heat impingement from adjacent fires, or emergency water 
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1157.3 The Natech Risk–Assessment Process

deluges are some preventive measures that can be taken to address domino risks 
(Mecklenburgh,  1985). Consolidated methodologies and tools for the identifica-
tion of domino risks and for GIS-supported quantitative domino risk assessment are 
available (Khan and Abbasi, 1998, 2001; Cozzani et al., 2005, 2006).

For an in-depth treatment of the identification and assessment of domino sce-
narios in the process industries, both from a safety and security context, the reader is 
referred to Reniers and Cozzani (2013).

7.3.3  Risk Integration and Evaluation
For risk integration the most commonly used indicators are individual risk and so-
cietal risk. The numerical outcome of a quantitative risk analysis is not an accurate 
number but invariably contains uncertainties introduced during the various steps of 
the analysis process which can be up to one order of magnitude. The sources of these 
uncertainties can be grouped into uncertainties in models, input data and in general 
analysis quality, and range from outdated failure rates to errors in consequence mod-
eling and omissions in the identification and characterization of all relevant hazards 
(Cox, 1998; CCPS, 2000). They do not render the analysis and its results invalid. 
However, end users have to be aware of the existence of uncertainties when making 
decisions based on risk estimates. CCPS (2000) provides an exhaustive list of sources 
of uncertainty in the risk-analysis process.

Risk analysis can be used in several ways to improve the safety of a hazardous in-
stallation. It helps identify system weaknesses, provides input for the setting of risk-
reduction priorities, or quantifies the improvement achieved by the implementation 
of targeted risk-reduction measures for optimizing expenditures. Alternatively, the 
outcome of risk analysis feeds into the decision-making process by providing risk 
estimates that can be used for comparison with risk criteria that need to be complied 
with to fulfill regulatory requirements. This step in the risk-assessment process is also 
referred to as risk evaluation.

Although the analysis of risk is a rather scientific task, the management of the 
resulting risk involves a great deal of consultation and negotiation between all stake-
holders. This includes decisions on which types of risk and associated risk levels are 
acceptable or tolerable and which are not. In this context, acceptable and tolerable 
are not identical. Instead, “tolerable” refers to the willingness of society to tolerate 
certain risks as long as the benefit outweighs the risks (HSE, 2001). Moreover, in 
most legal frameworks for chemical-accident prevention proof needs to be given that 
the risk associated with a hazardous activity is controlled. This includes the identifi-
cation and implementation of adequate risk-reduction measures.

There are several methods to judge whether a specific risk level is sufficiently low. 
A cost-benefit analysis expresses the residual risk in terms of monetary value. The 
term “as low as reasonably practicable (ALARP)” defined in the United Kingdom 
indicates an approach that avoids risk reduction that would incur grossly dispropor-
tionate costs (Cox, 1998). Other possibilities to judge whether a risk is acceptable 
are expert judgment or prescriptive numerical risk targets or criteria. In addition to 
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116 CHAPTER 7  Natech Risk and Its Assessment

the regulatory regime and the political context, the definition of these absolute risk 
criteria strongly depends on society’s attitude toward hazards.

Practically, there is a general framework that defines three levels of risk as illus-
trated in Fig. 7.4 (HSE, 2001). In the top zone risk is unacceptable and must be re-
duced at any cost. Risks falling into the zone at the bottom are considered negligible 
and usually no further risk-reduction actions are required. The tolerable risk zone 
would then lie in between these boundary levels. This area is subject to proper risk 
assessment and the implementation of risk-control measures to achieve risk levels 
that are as low as practicable.

In the European Union (EU) there are no uniform risk criteria as safety ap-
proaches (probabilistic, deterministic) vary across its Member States. Some coun-
tries have developed risk-based criteria, defining acceptable levels of risk, while oth-
ers specify consequence-based criteria which establish maximum permissible levels 
of overpressure, heat radiation, or toxic concentration. Based on the risk criteria 
used in selected EU Member States, Trbojevic (2005) suggests a set of common cri-
teria for individual risk. In his proposal the boundary for unacceptable individual risk 
is set to 10−5 events per year while negligible risk is 10−8 per year. The target level for 
individual risk within the tolerable risk zone should be 10−6 per year.

FIGURE 7.4  Carrot Diagram Representing the Framework for Risk Acceptance 
(HSE, 2001)

©Crown Copyright.
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The decision about the acceptability of risk must take both individual risk and 
societal concerns into account. Developing criteria for the risk of multiple fatalities 
in one accident is, however, difficult and only few countries have defined numerical 
values which are either prescriptive or used as nonlegal orientation norms. As an ex-
ample, in the Netherlands the expected frequency of accidents involving more than 
10 fatalities must not exceed 10−5 per year, while for accidents with more than 100 
deaths the frequency must not be greater than 10−7 per year (Duijm, 2009).
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Risk assessment is a prerequisite for understanding the Natech risk and for determin-
ing if and which prevention and preparedness measures should be implemented to 
reduce the risk. The analysis of multihazard risks is a highly complex task and there 
is no consolidated methodology for assessing the Natech risk. This chapter intro-
duces selected qualitative and semiquantitative Natech risk-analysis methodologies, 
approaches, and tools of varying levels of resolution. The outcome of these method-
ologies can be used for evaluating the risk in accordance with the risk-acceptability 
criteria in place.

8.1  RAPID-N
The identification of potentially Natech-prone areas and the determination of the 
associated risk level are the first steps toward managing Natech risks. As Krausmann 
and Baranzini (2012) note, hardly any Natech risk maps exist in EU Member States 
and OECD Member Countries. In few countries, maps with overlays of natural and 
technological hazards were created to provide an indication to government author-
ities of where multihazard risks could exist. These hazard maps do, however, not 
consider site-specific features or the interaction between natural and technological 
hazards. The development of a Natech risk assessment and mapping capability is 
considered a high-priority need by authorities for effectively reducing Natech risks.

Following calls by government, the European Commission’s Joint Research 
Centre has developed a semiquantitative methodology for Natech risk analysis and 
mapping which has been implemented as a web-based software framework called 
RAPID-N. It is freely available via prior user registration and authorization at http://
rapidn.jrc.ec.europa.eu. RAPID-N allows the quick analysis of Natech risks at local 
(single installation) or regional (multiple assets) level with a minimum of data. It 
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120 CHAPTER 8  Qualitative and Semiquantitative Methods

features a user-friendly interface with advanced data entry, visualization, and analy-
sis tools. In order to preserve confidentiality, it supports data protection and access 
restrictions for critical information, such as industrial plant data and the associated 
risk assessment.

RAPID-N was designed to support different natural hazards and industrial equip-
ment types. Estimating the Natech risk and mapping it in a web-based environment, 
it can not only support land-use- and emergency planning, but also Natech damage 
and consequence analysis immediately after a natural event. The latter is fundamen-
tal for first responders who require an assessment of the dangers of secondary hazards 
from industrial plants following a natural disaster before dispatching rescue teams. It 
could also provide a means for authorities to warn the population in the vicinity of 
the installation in a timely manner.

The structure of RAPID-N is based on four self-contained but interconnected 
modules, each of which carries out specific tasks in support of the Natech risk-
analysis process. These modules are briefly described in the following sections. For a 
detailed description of the framework and guidance on its use, the reader is referred 
to Girgin and Krausmann (2013) and Girgin (2012). In Chapter 10 a full case-study 
application of RAPID-N is presented for earthquake impact on a chemical installa-
tion containing flammable and toxic substances.

8.1.1  Scientific Module
The scientific module provides all underlying computational support for the RAPID-
N simulations (data handling, statistics, mapping, etc.). The module also includes 
the so-called property-definition and -estimation framework, which forms the very basis 
of RAPID-N’s Natech risk-analysis functionality. Natural hazards, industrial plants 
and their units, and hazardous substances are all described via their properties, for 
example, hazard severity, site characteristics, boiling point, etc. These character-
istics are not always known in sufficient detail for RAPID-N to run a simulation. 
Hence, the tool uses property estimators to fill existing data gaps based on available 
scientific estimation methods and equations. For example, RAPID-N can estimate 
the peak ground acceleration at the hazardous installation based on the epicentral 
severity and the use of automatically selected attenuation equations valid for the 
given geographic region. An example of a very simple property estimator would be 
the automatic calculation of the tank diameter from its volume. Instead of analytical 
equations or complex mathematical functions, default values of the properties can 
also be specified (e.g., the default ambient temperature). Rather than using hard-
coded functions, RAPID-N also performs the damage and risk analysis with prop-
erty estimators. The advantage of this implementation is twofold: (1) it reduces the 
amount of data to be provided by the user, and (2) the Natech risk analysis is ren-
dered extremely flexible as alternative assessment methods with varying complexity 
can be implemented easily by the user. The estimation framework also allows the 
definition of custom properties to support additional analysis needs. Uncertainty in 
numerical data can be specified using fuzzy numbers, which are automatically taken 
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1218.1 RAPID-N

into consideration by RAPID-N while performing numerical calculations. Wher-
ever possible, the calculation results are also reported as fuzzy numbers to provide an 
indication of the uncertainty.

8.1.2  Industrial Plants and Units Module
For assessing the Natech risk, RAPID-N estimates the damage severity and probabil-
ity for industrial-plant equipment under natural-hazard loading. For this purpose, the 
tool needs information on the geographic location of the plant and the characteris-
tics of the plant units, such as type of equipment, dimensions, structural properties, 
operating and storage conditions, and hazardous substances contained in the unit. 
Existing safety measures, for example, dikes around storage tanks, can also be speci-
fied. RAPID-N includes a special mapping tool that helps the user to quickly locate 
and delineate the boundaries of industrial installations and identify plant units using 
publicly available satellite imagery. Once the type and total quantity of hazardous 
substance has been defined, RAPID-N calculates the amount of substance involved 
in the accident and used for the consequence analysis based on operating/storage 
conditions. Fig. 8.1 gives an example of a RAPID-N interface showing both user-
defined and estimated plant unit information. Process units located at fixed chemical 
installations and onshore pipelines are currently supported.

In-depth information on plant and equipment characteristics is usually difficult 
to obtain as it is often considered proprietary and is therefore closely held by indus-
try. If no equipment information is available at all, user-defined typical plant units can 
be assigned to a hazardous plant to allow a rough estimate of the Natech risk. These 
typical plant units can be defined for specific industrial activities, for example, typi-
cal storage tanks for refineries or petrochemical facilities.

8.1.3  Natural-Hazards Module
Source and onsite data on the natural-hazard accident initiator are provided by 
RAPID-N’s natural-hazards module. The source data include information on the 
characteristics of the natural hazard, for example, earthquake coordinates, focal 
depth, and magnitude. However, for the Natech risk analysis the source charac-
teristics are secondary. Rather, the natural-hazard severity data at the location of 
the hazardous installation are required. RAPID-N can estimate the onsite natural-
hazard severity by using estimation equations that are selected automatically by the 
data-estimation framework based on source parameters, location, and geographic 
region. For example, RAPID-N uses attenuation equations for estimating the seismic 
forces at a specific distance from the epicenter. RAPID-N also supports the direct 
inputting of the onsite natural-hazard severity, if known to the user, or the use of 
earthquake hazard maps (e.g., USGS ShakeMaps) for which local hazard parameters 
are calculated by interpolation of available map data.

RAPID-N currently contains data and hazard-intensity estimation meth-
ods that focus on earthquakes as the proof-of-concept hazard. Its natural-hazard 
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122 CHAPTER 8  Qualitative and Semiquantitative Methods

database includes source data of worldwide earthquakes with a magnitude >5.5 
since the early 1970s for use in historical scenario assessment. RAPID-N also 
monitors the earthquake catalogs of the United States Geological Survey (USGS) 
and the European-Mediterranean Seismological Centre (EMSC), and once new 
earthquake data become available they are automatically included in RAPID-N’s 
earthquake database. At the time of writing this book, work has been launched to 
provide data and methods for extending the tool to flood Natech risk analysis and 
mapping.

FIGURE 8.1  Example of Plant Unit Information

The asterisk designates data estimated or assigned as default values by RAPID-N in the absence 
of user-defined information.Co
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1238.1 RAPID-N

8.1.4  Natech Risk-Analysis Module
This module constitutes the very core of RAPID-N. It estimates equipment damage 
caused by a natural hazard, analyzes the most likely consequences, and visualizes the 
outcome of the analyses on a map showing possible impact zones.

The analysis process starts with the determination of the damage probability and 
severity of equipment located at industrial plants impacted by a natural hazard. For 
this purpose, RAPID-N uses fragility curves which relate onsite hazard-severity pa-
rameters (e.g., peak ground acceleration) to the probability of damage for a given 
damage severity (Fig. 8.2). In order to be able to define damage-state-specific Nat-
ech scenarios, RAPID-N uses discrete damage states, examples of which are given 
in Section 7.3 and in FEMA (2003). Since criteria for damage classification also 
depend on the target application area (e.g., analysis of hazardous-materials releases 
vs. economic cost of damage) RAPID-N supports multiple damage classifications to 
allow the user to customize the risk analysis. If the user prefers, RAPID-N can auto-
matically select for each plant unit an appropriate fragility curve.

Once the level of damage is known, it needs to be related to type and severity of 
loss of containment to identify the consequences in terms of toxic dispersion, fire, or 
explosion. RAPID-N associates risk states to the predicted damage severities which 
in practice are simplified consequence scenarios. These risk states define the magni-
tude of loss of containment, depending on the substance hazard and the operating 
or storage conditions, and the release and ignition probabilities where applicable. 
Multiple risk states with different scenario parameters and validity conditions can be 
defined for a specific damage state. The most appropriate risk state for further analy-
sis is automatically determined by RAPID-N considering plant unit characteristics, 
damage state, and validity conditions of the risk states.

Based on the selected risk state, RAPID-N calculates the amount of substance 
involved in the accident, which is used for the consequence analysis depending on 
operating/storage conditions. The consequences are estimated by means of a scenar-
io-specific, dynamically-generated consequence model that is formed by RAPID-N 
using the consequence-analysis methods and equations available in the database of 
the property-estimation framework. As proof of concept, the framework includes 
the US EPA RMP Guidance for Offsite Consequence Analysis methodology (US 
EPA, 1999) for analyzing the impacts of the probable Natech accident scenarios. 
While it is not a full-fledged quantitative analysis methodology, it is an example of a 
simple but functional approach to consequence analysis that allows the estimation of 
the distances to severity endpoints. For toxic releases, the endpoints are either Emer-
gency Response Planning Guideline 2 (ERPG-2) or immediately dangerous to life 
and health (IDLH) toxic concentrations. For flammable substances, the endpoints 
to heat radiation levels of 5 kW/m2 for 40 s (corresponding to second degree burns) 
and overpressures of 7 kPa (1 psi) for vapor cloud explosions are calculated. The 
user can easily customize the endpoint criteria or introduce different consequence-
analysis models, if so preferred. User-defined modifications to the RAPID-N frame-
work do not affect other users, leaving room for experimenting with novel Natech 
risk-analysis approaches.
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FIGURE 8.2  Fragility Curve for an Anchored Steel Storage Tank Subjected to Earthquake 
Shaking
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1258.1 RAPID-N

The RAPID-N output is presented as a summary report including all parameters 
used in the risk analysis and detailed results, as well as an interactive risk map that 
displays the severity, probabilities, and impact zones of the simulated Natech events. 
Fig. 8.3 gives an example of a case-study output. If the risk assessment involves mul-
tiple plant units, areas which might be affected by releases from several units can 

FIGURE 8.3  Example Output of a RAPID-N Earthquake Natech Case Study

Co
py

rig
ht

 E
ls

ev
ie

r 2
01

7 
Th

is
 b

oo
k 

be
lo

ng
s 

to
 C

at
he

rin
e 

O
ch

se
nb

ei
n



126 CHAPTER 8  Qualitative and Semiquantitative Methods

be easily identified in the output map. Moreover, as the risk of cascading effects 
during Natech events is high, RAPID-N can also be used as a screening tool for 
identifying potential problem areas due to domino effects. For example, if released 
flammable substances ignite, RAPID-N shows if other infrastructures fall within the 
fire’s impact zone. This gives an indication of where attention should be paid and 
where further in-depth analysis might be warranted.

8.1.5  Outlook
The current version of RAPID-N supports earthquake Natech risk analysis and 
mapping for fixed chemical installations and onshore pipeline systems. The next 
release of the tool will incorporate floods as additional Natech accident trigger. 
RAPID-N will then also be able to calculate individual and societal risk in ad-
dition to impact zones in an attempt to move toward a more quantitative treat-
ment of the problem. An automated analysis function will also be implemented to 
analyze Natech risk for facilities available in the RAPID-N database immediately 
after the occurrence of a major natural event, so that competent authorities, first 
responders and other interested parties can be alerted quickly to ensure fast protec-
tive action if required.

8.2  PANR
A qualitative methodology for the preliminary assessment of Natech risk (PANR) 
in urban areas was proposed by Cruz and Okada (2008) . The PANR methodology 
involves identifying, quantifying, and analyzing the risk posed by the presence of 
hazardous materials in a territory subject to natural hazards to local exposed ele -
ments in a community. PANR defines risk as a function of the hazard (magnitude 
and probability) and the vulnerability of the elements exposed (consequences, 
their severity, and probability) to the hazards (both the natural and secondary 
hazards from any chemical accidents and their domino effects).

=Risk Hazard * Vulnerability� (8.1)

The PANR methodology involves several steps including data collection and 
inventory development, hazard identification and vulnerability analysis, and es -
timation of a Natech risk index for each storage tank containing hazmats in a 
territory. Once the Natech risk-index values have been estimated, it is possible 
to identify those areas with high Natech risk (Natech hotspots). Using the previ -
ous expression for risk, the Natech risk index (NRI i) for each hazmat contain -
ing storage tank i in a territory for a given natural disaster scenario is defined as 
follows:

= + +D C[NRI ] [HRL ]*[ Area-sc ]i i i i i� (8.2)

where HRL is a score that accounts for the hazmat-release likelihood, given the 
natural-hazard event; D is a score that accounts for the effects of potential domino 

Risk=Hazard*Vulnerability

[NRIi]=[HRLi]*[Di+Area-sci+Ci]
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1278.2 PANR

chemical accidents; Area-sc is a score that measures the potential consequences of 
the hazmat release from each tank i on the population in the directly affected area 
given the natural-disaster scenario; and C is a score that measures the potential 
consequences of the hazmat release from each tank i on essential facilities located 
within the directly impacted area that are critical for the safety and well-being of the 
community and the environment given the natural-disaster scenario. Fig. 8.4 shows 
a schematic of these relationships.

The PANR methodology was developed as a diagnostic tool for local com-
munities and is intended to promote the participation in the assessment process 
of local government officials and first responders in consultation with community 
members, industrial-facility operators, and experts. The PANR methodology was 
tested among representatives of European Union Member States during an in-
ternational workshop at the Joint Research Centre of the European Commission 
in 2007 (Cruz and Krausmann, 2008) to identify minimum skills and knowledge 
needed to carry out the assessment.

Improvements to the methodology were proposed by Cruz and Suda (2015) by 
introducing relationships to estimate D, Area-sc, and C, as well as implementing 
PANR into the Joint Research Centre’s RAPID-N tool (Section 8.1) for the estima-
tion of the HRL values. The authors applied the methodology to an industrial park 
and neighboring residential areas in Kobe, Japan, and compared the results obtained 
with estimates of NRIs for past Natech accidents in Japan. Data for the study were 
collected through interviews, survey questionnaires, site visits, review of govern-
ment reports, city plans, chemical-accident rules and regulations, as well as past 
studies and peer-reviewed literature. In the future, the authors plan to carry out the 
assessment process involving local community members, industry representatives, 
and local government authorities.

FIGURE 8.4  Graphic Representation for the Natech Risk Index (NRIi) for Tank i (Base 
Map ©2016 Google, Zenrin)
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8.3  TRAS 310 AND TRAS 320
The German Major Accidents Ordinance, which transposes the main part of the 
EU Seveso Directive into national law, requires in its Art. 3 that the operator of an 
establishment, where large amounts of certain hazardous substances are used or may 
be present, has to take the required precautions to prevent and in case of a failure 
take measures to limit the possible consequences of major accidents like the release 
of hazardous substances, fires, and explosions. These precautions and measures have 
to reduce the risks of major accidents according to the state of the art in safety. In 
this context, the operator has to consider natural hazards for the determination of 
the necessary precautions and measures.

The German Federal Ministry for the Environment is allowed to issue Technical 
Rules for Installation Safety (TRAS) which concretize these obligations of operators. 
Related to Natech risks this was done with:

1.	 a TRAS for hazards triggered by floods and precipitation (TRAS 310) and
2.	 a TRAS for hazards triggered by wind, snow loads, and ice loads (TRAS 320).

Both were drafted by the German Commission on Process Safety [Kommission 
für Anlagensicherheit (KAS)], appointed according to Art. 51a of the Federal Im-
mission Control Act [Bundes-Immissionsschutzgesetz (BImSchG)].

Both TRAS are valid for establishments that fall within the scope of the Major 
Accidents Ordinance. However, it is recommended that both TRAS should also be 
applied to all other installations not subject of the Major Accidents Ordinance but 
that require licensing according to the BImSchG and if a risk of an accident involv-
ing hazardous substances cannot be excluded. Therefore the term “sites” is used if an 
obligation of a TRAS is relevant for establishments and should be applied to theses 
installations as well.

Both TRAS follow a similar approach which is flexible and based on methodolo-
gies which are applied already to operational hazards. In addition, both TRAS define 
probabilities or intensities of the addressed natural hazards to be taken into consid-
eration in the design and operation of installations. Moreover, in the case of TRAS 
310 (precipitation and floods), the expected effects of climate change in Germany 
on these natural hazards are taken into account by considering a “climate-change 
factor.” In the case of TRAS 320 (wind, snow loads, and ice loads), the relevant 
expected effects of climate change in Germany were evaluated and it was decided 
that according to the current state of knowledge a “climate-change factor” is not 
appropriate. Therefore, the TRAS includes other regulations on the adaptation of 
protection aims and installations to climate change.

8.3.1  TRAS 310 “Precautions and Measures Against the Hazard 
Sources Precipitation and Flooding”
8.3.1.1  Scope of Application
TRAS 310 (TRAS 310, 2012a,b; Köppke et al., 2012) is valid for sources of hazards 
to sites (later called “hazard sources”) which result from
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1298.3 TRAS 310 and TRAS 320

1.	 floods caused by riverine and flash floods or storm surge, including the failure of 
flood defenses;

2.	 drainage flooding, e.g., caused by heavy precipitation or sewer backup; and
3.	 rising groundwater.

From the hazards that may be linked with precipitation and floods, only flotsam 
is addressed in TRAS 310. Nevertheless, due to the obligations according to Art. 
3 of the German Major Accidents Ordinance, operators of establishments have to 
consider other related hazards like hail, landslides, etc.
The following sections on TRAS 310 include translations of the text of the TRAS.

8.3.1.2  Methodological Approach of TRAS 310
The methodological procedure of TRAS 310 is illustrated in Fig. 8.5. The operator’s 
obligations may be fulfilled with regard to hazard sources by following these four 
actions:

1.	 Hazard source analysis to investigate the impact on the site for each hazard 
source as a single hazard or in combination with other natural hazards.

2.	 Analysis of hazards and threats to examine their impacts on each safety-
relevant part of an establishment or installation.

3.	 Elaboration of a protection concept against major accidents (here Natech 
accidents).

4.	 Examination of “major accidents despite precautions,” which leads in particular 
to the specification of measures to mitigate the effects of (nevertheless 
occurring) major accidents.

The only new part of this approach is the “hazard source analysis.” The other 
steps are in line with the approaches used traditionally in the preparation of safety 
reports.

8.3.1.3  Hazard Source Analysis
The starting point of the methodology is a hazard source analysis in which the pos-
sible sources of hazards to the sites are determined. First, a simplified hazard source 
analysis identifies those natural events which cannot “reasonably be excluded” at 
the site locations in qualitative terms. Second, in a detailed hazard source analysis, 
further information must be collected to determine probabilities and intensities of 
the possible hazard sources.

8.3.1.3.1  Simplified hazard source analysis

First it is to be determined which hazard sources occurred in the past or may occur 
at the site location and which can reasonably be excluded. Simple criteria can be 
applied to make this determination. Natural-hazard maps, especially flood maps, play 
an important role in this regard. However, information in old maps must be treated 
with caution, and it needs to be ascertained that

1.	 the date of map preparation is known to check the reliability of the data 
(orography, currency, level of detail) and
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130 CHAPTER 8  Qualitative and Semiquantitative Methods

FIGURE 8.5  Flowchart for the Consideration of Natural Hazards in Safety Management

*If required pursuant to Art. 10 of the Major Accidents Ordinance only.
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1318.3 TRAS 310 and TRAS 320

2.	 all relevant kinds of hazards are considered (often flash floods and floods from 
sewers are not included).

Selected criteria are given in Table 8.1 for riverine and coastal flooding, poten-
tially combined with flow, flotsam, and ice run. No simple, general criterion can be 
cited that makes it reasonably possible to exclude the hazard source “flooding” trig-
gered by precipitation outside mapped (flood) risk areas.

8.3.1.3.2 D etailed hazard source analysis

Where hazard sources cannot reasonably be excluded, a detailed hazard source analy-
sis is required. The following trigger events are to be assumed for the detailed hazard 
source analysis:

1.	 As foundation for precautions to prevent major accidents (first obligation 
according to Art. 3 of the Major Accidents Ordinance):
a.	 events with medium probability (recurrence interval at least 100 years 

according to Art. 74 of the Federal Water Act) and requirements due to 
climate change according to Annex I of TRAS 310, or

b.	 events with a higher recurrence interval (>100 years) in those cases where 
the site is located next to water bodies (e.g., rivers or coast) and if public 
defense structures (e.g., dikes) are designed for a higher recurrence interval 
(e.g., 200 years).

2.	 Generally, it must be assumed that water penetrates into the site with at least 
an intensity expected for a 100-year event to determine the measures required 
to limit the consequences of major accidents (second obligation according to 
Art. 3 of the Major Accidents Ordinance).

With regard to the basis for measures to prevent major accidents, operators have 
to consider that the standards for the dimensioning of public flood defenses may be 
based on events that occur more rarely than 100-year events. For sites behind these 
defenses, operators usually do not have to take any own precautions to prevent major 

Table 8.1  Criteria for Selected Natural-Hazard Sources

Hazard Source Criterion Necessity and Extent of Hazard Source Analysis

River or coastal 
high water 
flooding 
combined with 
flow, dynamic 
pressure, flotsam, 
and ice run

Designated flood 
plain or area 
mapped on (flood) 
hazard or risk 
maps under Art. 
74 of the Federal 
Water Act

On the designated flood 
plain or within the 
mapped (flood) risk area

Detailed hazard 
source analysis 
required

Mapped, but outside 
(flood) risk areas

No further 
examination 
required

Rising 
groundwater

Underground parts 
of installations 
where hazardous 
substances 
are present 
(tanks, pipes)

Releases due to buoyancy 
possible

Detailed hazard source 
analysis required

Releases due to buoyancy 
not possible

No further 
examination 
required
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132 CHAPTER 8  Qualitative and Semiquantitative Methods

accidents, if the failure of the defenses can be reasonably excluded as a hazard source 
(Art. 3 of the Major Accidents Ordinance). However, if a site is directly situated 
next to water, the standards for the dimensioning of public flood defenses up- and 
downstream of the site need to be applied to the flood defense of this site. Otherwise 
there would be a gap in the flood defenses and when a flood occurs, the water could 
flow through the site into the hinterland.

If the flood defenses have not been dimensioned, constructed, and maintained in 
accordance with the relevant technical rule for dikes, their failure cannot be exclud-
ed. In this case (i.e., for old dikes) the operator has to either take own flood defense 
precautions or contribute to remedial works of the public flood defenses.

The detailed hazard source analysis involves the following steps:

1.	 Determination of the potential inflow and runoff routes with direction of flow.
2.	 Determination of possible water levels dependent on the intensity of the event.
3.	 Quantification of possible flow speeds (to estimate the effects of dynamic 

pressure and flotsam).
4.	 Estimation of the threat from flotsam or ice run.
5.	 Estimation of the threat from erosion (undermining of buildings and parts of 

installations).
6.	 Estimation of the threat from the flotation of installations and parts of 

installations.

For Step 2, an inflow–outflow calculation is useful. Flooding of a site is only pos-
sible if the inflow of water is significantly greater than the runoff of water. For this 
reason, potential inflow routes and rates must be compared by the operator with the 
runoff routes and rates. A potential inflow of water may be caused by (Fig. 8.6)

1.	 extreme precipitation,
2.	 water backing up from the sewer system (onsite/offsite),
3.	 surface water (lateral inflow due to terrain formation, e.g., at locations in 

depressions),
4.	 lateral inflow due to high-water flooding or the failure of flood defenses (levee, 

gates), or
5.	 groundwater or return seepage.

On the other hand, relevant runoff routes may be (Fig. 8.7)

1.	 surface runoff (due to terrain formation, harmless diversion of excess water 
along roads when extreme events occur),

2.	 seepage to aquifers,
3.	 sewer systems (onsite/offsite), and
4.	 flood pumping stations (along waters).

In this context it should be borne in mind that the probabilities of failure used 
in the design of sewer systems are much higher than those for the design of flood 
defenses. This means that in case of heavy precipitation events, sites can have a 
significant inundation risk due to sewer failure even if they are located far away from 
any surface water.
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1338.3 TRAS 310 and TRAS 320

FIGURE 8.6  Potential Inflows of Water at a Site

FIGURE 8.7  Potential Water Runoff Routes From a Site
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134 CHAPTER 8  Qualitative and Semiquantitative Methods

If flooding cannot be excluded, digital terrain models and computer programs 
for hydrological and hydraulic simulation should be applied. For simple cases, a 1D 
representation can be reasonable, for larger sites or in case of unclear flow directions, 
a 2D simulation is useful.

Neoformation of groundwater may be caused by sustained rain or by flooding. It 
occurs with time delay and leads to a rise of the groundwater level. This increases the 
buoyancy of underground tanks and pipes and may cause a threat for underground 
parts of an installation. In order to assess the threat from a rise in groundwater, 
information on the groundwater level is required and calculation models should be 
applied.

8.3.1.3.3 C onsideration of climate change

The foreseeable consequences of climate change should be taken into consideration 
in the course of a hazard source analysis, even if there are uncertainties.

With the global temperature rising as a consequence of climate change, the at -
mosphere’s capacity to absorb water vapor will increase proportionately. This gives 
reason to believe that the intensity and frequency of heavy precipitation events will 
increase in line with the rise in temperature. Therefore, the preconditions for flood -
ing should be adapted to more frequent and intense heavy precipitation. According 
to the emission scenarios discussed by the IPCC (2007), it is to be assumed that the 
precipitation volumes in winter in Germany could be 0–15% higher over the pe -
riod 2021–50 than during the control period 1961–90. Over the period 2071–2100, 
they could be 0–40% higher, while the regional volumes of precipitation may vary 
widely.

As it has still not been possible to determine scientifically a climate-change 
factor for each region, a standard climate-change factor of 1.2 should be applied as a 
matter of precaution, unless the consequences of climate change have already been 
taken into consideration by the competent authorities pursuant to Articles 72–81 
of the Federal Water Act in their (flood) hazard maps, or the competent water au-
thority has previously determined possible changes due to climate change in runoff 
models of floods (for enforcement see Section 8.3.1.12).

8.3.1.4  Determination of Threatened Safety-Relevant Parts of 
Establishments and Installations
If the impacts by precipitation and floods which cannot reasonably be excluded are 
known, it is to be determined which safety-relevant parts of installations and estab-
lishments could be affected. The safety-relevant parts of establishments and installa-
tions of this kind are as follows:

1.	 Installations and parts of installations where hazardous substances are present.
2.	 Installations and parts of installations with safety-relevant functions.

The threatened installations can be easily identified by comparing their eleva-
tion with the expected water level of a flood which occurs once in 100 or more years.
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1358.3 TRAS 310 and TRAS 320

8.3.1.5  Determination of Possible Causes of Major Accidents
For the identification of the possible causes of major accidents, it is to be deter-
mined for each threatened part of establishments and installations how the hazard 
source that would become active could affect the safety-relevant parts of the instal-
lations and establishments threatened in the specific case. The following approach is 
proposed:

1.	 Determination of the effects on threatened parts of installations where 
hazardous substances are present.

2.	 Determination of the effects on threatened parts of installations with safety-
relevant functions (within installations).

3.	 Determination of the effects on threatened installations where hazardous 
substances are present.

4.	 Determination of the effects on threatened installations with safety-relevant 
functions inside and outside the site.

5.	 Determination of the effects on the whole establishment or installation.

In the last step, the consequences of the simultaneous effects of hazard sources 
on all parts of the establishments and installations on the site, and the interac -
tions between them (effects on one installation/part of an installation trigger a 
major accident in another installation/part of the same installation) are to be 
examined.

8.3.1.6  Specification of Scenarios and Protection Aims
Having identified the possible hazard sources (TRAS Section  7 “Detailed Haz-
ard Source Analysis”) and the possible hazards or threats which they could trigger 
(TRAS Section  9 “Determination of Preconditions for the Occurrence of Major 
Accidents”), scenarios to cover these hazard sources are to be determined and exam-
ined in detail. It has to be proved that the effectiveness of precautionary measures 
is consistent with the state of the art of safety technology according to Art. 3 of the 
Major Accidents Ordinance.

In the investigation of the scenarios, the primary protection aims are the protec-
tion of people, the environment, and property (Art. 5 of the BImSchG and Art. 3 of 
the Major Accidents Ordinance). Precautions have to consider these general protec-
tion aims and are to be specified in concrete terms in relation to the hazard sources 
and the associated scenarios.

The basis for the specification in concrete terms are the results of the hazard 
source analysis, from which information is derived about the intensity of a hazard 
source as a function of its probability of occurrence. If the damage triggered by haz-
ardous sources of different intensities is known, the risks can be determined. These 
risks must be reduced to an accepted level by defining the general protection aims 
in concrete terms.

An at least 100-year event should be taken as the basis for the specification of the 
protection aims. They should be based on rarer events if they are used for the design 
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136 CHAPTER 8  Qualitative and Semiquantitative Methods

of public flood defenses with regard to sites that are directly located next to water 
bodies. The consequences of climate change for the various hazard sources are to be 
taken into consideration additionally (see Annex I of TRAS 310).

8.3.1.7  Elaboration of Protection Concepts for Scenarios
Protection concepts, as a part of the operator’s safety management, are to be devel-
oped for those hazard sources that cannot reasonably be excluded. The hazards or 
threats must be identified, and the scenarios and protection aims be determined.

Every protection concept should include various safety precautions and measures 
(lines of defense) (Fig. 8.8). For existing establishments and installations, and those 
to be constructed, different kinds of precautions and measures can make sense.

8.3.1.8  Review of Protection Concepts
The protection concept developed must be reviewed with a focus on the achieve-
ment of the protection aims. This process has to verify the probabilities of occur-
rence, the intensities of the natural-hazard sources, and the probabilities of failure of 
the precautions and measures chosen to reduce the risk.

The review serves as verification of the obligations of the operator according to the 
Major Accidents Ordinance and the BImSchG. If the chosen precautions and measures 
are considered to be insufficient, the protection concept in question is to be revised in 
order to incorporate further precautions and measures to provide for major accidents.

8.3.1.9  Determination of Accident Scenarios
According to the Major Accidents Ordinance the operator has to elaborate accident 
scenarios. These scenarios are drawn up to determine the following:

1.	 The measures required to mitigate the effects of major accidents that can 
reasonably be excluded pursuant to Art. 3 Para. 3 of the Major Accidents 
Ordinance (major accidents despite precautions).

2.	 The information required for the elaboration of internal alarm and emergency 
plans pursuant to Art. 10 of the Major Accidents Ordinance.

FIGURE 8.8  Safety Precautions and Measures (Flooding)
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1378.3 TRAS 310 and TRAS 320

3.	 The information required for the drafting of external alarm and emergency 
plans pursuant to Art. 9 of the Major Accidents Ordinance.

Items 2 and 3 are only required if establishments are subject to the “upper tier” 
requirements of the Major Accidents Ordinance.

Concerning hazards caused by precipitation and floods, attention is to be paid to 
the following points when these scenarios are drafted:

1.	 Parts of installations located at higher elevations may not have to be taken into 
consideration as a consequence of the exclusion of exceptional events.

2.	 Natural-hazard sources, for example, flooding, may affect several parts of an 
installation simultaneously and cause disturbances.

3.	 As a consequence, more than the largest mass contained in a part of an installation 
may be released under certain circumstances (e.g., leakage of several tanks).

4.	 Apart from the dispersion of substances in the atmosphere, when events caused 
by flooding and precipitation occur, dispersion in water is to be assumed.

5.	 It is to be assumed that the availability of measures to mitigate consequences 
will be limited in case of impacts by a natural hazard (e.g., limited availability of 
access routes, etc.).

6.	 In addition, it is to be assumed that the availability of external personnel will 
be limited.

7.	 Moreover, the extent to which an impact may trigger another hazard at another 
installation or another part of the same installation is to be evaluated.

8.3.1.10  Specification of Measures to Mitigate the Effects of Major 
Accidents
According to Art. 3 Para. 3 of the Major Accidents Ordinance, the operator has to 
take precautionary measures to keep the effects of major accidents as small as pos-
sible. Whether and to what extent the external natural-hazard sources examined in 
the TRAS 310 require measures of any kind to prevent the dispersion of contami-
nants must be evaluated systematically in the individual case.

8.3.1.11  Planning for Emergencies
The operator with “extended obligations” according to the Major Accidents 
Ordinance (“upper tier establishments” subject to the Seveso Directive) has to set 
up and update if required an internal alarm and emergency plan, and has to supply 
information required for external alarm and emergency plans. The results of the 
previously mentioned steps can require updates of both.

8.3.1.12  Design Criteria for the Consideration of Climate Change
Annex I of the TRAS 310 includes the following design criteria for sites which have 
to take the expected effects of climate change in Germany into consideration. The 
principles for the purpose of adaptation to climate change are as follows:

1.	 A climate-adaptation factor of 1.2 is applied to the triggering natural-hazard 
intensities (for a probability of 1 in 100 years) to be estimated for 2010 to take 
into consideration possible changes in the period up to 2050.
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138 CHAPTER 8  Qualitative and Semiquantitative Methods

2.	 New installations that will be designed for the period up to 2050 or after should 
comply with the requirements.

3.	 The climate-adaptation factor does not have to be taken into consideration if 
the intention is to operate a planned new installation not until 2050.

4.	 As of 2050, the climate-adaptation factor is to be considered in the layout of all 
installations (i.e., including the existing ones).

5.	 A detailed hazard source analysis may provide reasons for a variation of the 1.2 
factor in individual cases. This is possible in particular if the consequences of 
climate change are already taken into consideration in (flood) hazard maps or 
the competent water authority has previously ascertained the possible change in 
the runoff flooding due to climate change.

6.	 Should other developments in what is known about climate come to light 
in the period up to 2050, they will be taken into consideration when this 
Technical Rule on Installation Safety is revised.

The need for adaptation to climate change is taken into consideration in the 
requirements presented in Table 8.2.

8.3.2  TRAS 320 “Precautions and Measures Against the Hazard 
Sources Wind, Snow Loads and Ice Loads”
TRAS 320 (2015a), which is relevant for the natural hazards wind, snow loads, and ice 
loads, was issued in Jul. 2015. It is based on the methodology already used in TRAS 310. 
The details of TRAS 320 are not presented here but the interested reader is referred to 
a complete translation in English (TRAS 320, 2015b). In addition, recommendations 
and explanations to TRAS 320 are available in German (Krätzig et al., 2015).

Table 8.2  Requirements for Adaptation to Climate Change

Hazard Source
Intensity to Be Estimated as 
of 2010

Intensity to Be Estimated 
for 2050

River flooding Flood runoff (m3/s) 1.2 × flood runoff (m3/s)
Flash flood events Flood runoff (m3/s) 1.2 × flood runoff (m3/s)
Storm surge events Nominal height of levees, etc. 

pursuant to designation
May subsequently be raised by 

up to 1 ma

Heavy precipitation Peak heavy precipitationb for 
t = 100 a

1.2 × peak heavy precipitation 
for t = 100 a

Rising groundwater Surface of terrain Surface of terrain (climate 
change adaptation factor not 
relevant)

aGeneral coastal defense plans, for example, the measures taken by the Lower Saxony Water, Coastal Defense and 
Nature Conservation Agency, http://www.nlwkn.niedersachsen.de
bhttp://www.dwd.de/kostra

Co
py

rig
ht

 E
ls

ev
ie

r 2
01

7 
Th

is
 b

oo
k 

be
lo

ng
s 

to
 C

at
he

rin
e 

O
ch

se
nb

ei
n

http://www.nlwkn.niedersachsen.de/
http://www.dwd.de/kostra


1398.3 TRAS 310 and TRAS 320

8.3.3  Summary
Both TRAS have to be seen as rules to implement the requirements of the German 
Major Accidents Ordinance considering approaches applied already in its enforce-
ment in Germany. They both propose the same methodology which is based in its 
Steps 2–4 on “traditional” hazard analysis and risk management in Germany. The 
new introduced instrument is the first step, the “Hazards Source Analysis.” This 
step requires first a qualitative and then a quantitative analysis of probabilities 
and intensities of natural hazards at site locations. Natural-hazard maps are very 
helpful in this step but may not cover all relevant natural hazards. The challenge 
is to find sufficient historical data for the evaluation of these other relevant natural 
hazards.

TRAS 310 may be one of the first technical rules considering the expected con-
sequences of climate change. This was possible due to enormous work carried out in 
Germany, especially on projections of climate change at the regional level. TRAS 
320 includes no “climate-change factor” in its requirements but the obligation to 
consider exceptional snow loads in all parts of Germany. This reflects the discussions 
on climate-change effects in winter.

The main challenge of both TRAS is the cooperation of experts for industrial 
safety science with other disciplines. Therefore, the elaboration of the TRAS re-
quirements had to consider the risk-management approaches of these other disci-
plines, as well. As flood and precipitation risk management, as well as civil engineer-
ing (like DIN EN 1990 and 1991) are based on semiprobabilistic approaches, both 
TRAS had to do the same. In addition, both TRAS had to address hazards that are 
usually not considered by these other disciplines but are relevant for Natech risk 
management (e.g., hazards by flotsam or airborne projectiles). For these hazards, de-
terministic requirements were added.

In the final state of their preparation, both TRAS were “tested,” that is, imple-
mented at establishments or installations. TRAS 310 was implemented at a chemi-
cal establishment threatened by a small river; TRAS 320 was implemented related 
to wind impacts for a distillation column in a coastal area in the north of Germany, 
and for a tank close to the coast of the Baltic Sea in Germany related to snow load. 
All cooperating operators regarded the methodology of the TRAS as a useful ap-
proach. In the case of the “TRAS 310 test site,” the site was designed in such a way 
that a flood could damage parts of the site but would not be able to cause a major 
accident. Two years after the test exercise, the site was exposed to severe flooding 
and the consequences were as assumed.

The application of TRAS 320 related to wind hazards showed that the increase 
of the requirements of the DIN standards used in civil engineering (introduction of 
wind zones in 2005 with an increased design speed at that site) was more relevant 
than the additional requirements of TRAS 320. The application of TRAS 320 and 
its requirements related to snow, on the other hand, showed that availability of data 
on the design and construction of installations is very relevant. The absence of in-
formation on the static design and gaps in the documentation of the construction of 
installations may be more costly than the implementation of the TRAS 320.
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8.4  OTHER METHODOLOGIES
Methods for seismic risk assessment at industrial plants were first proposed in the 
1980s. Reitherman (1982), for example, offered some suggestions on engineering 
approaches for the prevention of earthquake-triggered spills after studying releases 
from a number of smaller earthquakes during the period of 1964–80. Kiremidjian 
et  al. (1985) developed a general methodology for seismic risk analysis at major 
industrial facilities, focusing on methodologies for estimating the damage to struc-
tures and equipment. Werner et al. (1989) identified potential hazardous-materials 
releases that could occur in Silicon Valley facilities and suggested a methodology for 
risk mitigation. Tierney and Eguchi (1989) described a methodology for estimating 
the risk of postearthquake hazardous-materials releases of anhydrous ammonia and 
chlorine in the Greater Los Angeles Area. The pilot application of the methodology 
was discussed in detail by Seligson et al. (1996).

More recently, Busini et  al. (2011) proposed a qualitative screening tool for 
seismic Natech risk using the analytical hierarchy process as multicriteria decision 
model for evaluating suitable qualitative key hazard indicators. This methodology 
facilitates the identification of situations in which a more complex and costly quan-
titative risk assessment is called for.

In the state of California, the Administering Agency’s Subcommittee, Region 
I Local Emergency Planning Committee (LEPC) updated the California Acciden-
tal Release Prevention (CalARP) Program Seismic Assessment Guidance in 2013 
(CalARP, 2013). The guidance specifically recommends that installations perform 
the seismic assessment on

1.	 covered processes (those where regulated substances are stored, processed, or 
otherwise handled) as defined by CalARP Program regulations;

2.	 adjacent facilities whose structural failure or excessive displacement could result 
in the significant release of regulated substances; and

3.	 onsite utility systems and emergency systems which would be required to 
operate following an earthquake for emergency reaction or to maintain the 
facility in a safe condition, (e.g., emergency power, leak detectors, pressure 
relief valves, battery racks, release treatment systems including scrubbers or 
water diffusers, firewater pumps and their fuel tanks, cooling water, room 
ventilation, etc.).

Most importantly, the guidance recommends that in order to reduce the risk of 
accidental releases, individual equipment items, structures, and systems (e.g., power, 
water, etc.) may need to achieve varied performance criteria. The guidance includes 
the following four main criteria: (1) maintain structural integrity, (2) maintain posi-
tion, (3) maintain containment of material, and (4) function immediately follow-
ing an earthquake. In addition, the updated guidance specifically addresses the as-
sessment of ground shaking, including local site amplification effects, fault rupture, 
liquefaction and lateral spreading, seismic settlement, landslides, and tsunamis and 
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seiches. In addition, it provides guidance on prevention and mitigation measures to 
reduce the risk of hazmat releases (CalARP, 2013).

Similarly, the Institute for Disaster Mitigation of Industrial Complexes at Wase -
da University in Japan has published comprehensive Guidelines for Earthquake 
Risk Management at Industrial Parks located in coastal areas ( IDMC, 2016) tak-
ing into account the lessons learned from the Great East Japan earthquake and 
tsunami.

Ayrault and Bolvin (2004) developed a methodology for the integration of 
flood hazards in the risk-reduction process at industrial facilities. It recommends 
carrying out a risk analysis for each type of equipment that could cause a major 
accident following flood damage. The methodology also emphasizes the identifica-
tion of safety barriers based on the predicted accident scenarios. Also El Hajj et al. 
(2015) address flood impacts at hazardous installations. They developed a qualita-
tive risk-analysis methodology that includes the development of generic reference 
bow-ties with a focus on accident scenarios triggered by floods. The methodology 
was validated through application of the accident scenarios in the surface treat-
ment sector.
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Quantitative Methods 
for Natech Risk 
Assessment
V. Cozzani, E. Salzano
Department of Civil, Chemical, Environmental, and Materials Engineering, 
University of Bologna, Bologna, Italy

Quantitative risk assessment is a powerful but complex and time-consuming 
task, which requires a significant amount of information and sophisticated 
models for the analysis of a very high number of scenarios even for rather simple 
plant layouts. The availability of software tools that support the risk analyst is 
therefore crucial. In this chapter, two tools that support the quantitative analysis 
of Natech risk are presented. The risk figures resulting from the application of 
these tools can then be used for comparison with quantitative risk-acceptability 
criteria.

9.1  ARIPAR
9.1.1  Framework of the ARIPAR-GIS Natech Module
The Natech module of the ARIPAR-GIS software was developed to implement 
the specific procedure for the quantitative analysis of Natech events developed by 
Antonioni et  al. (2009). The procedure is summarized in Fig.  9.1 and is actually 
a customization of the general framework presented in Fig.  7.3. The specific 
assumptions and steps introduced to implement the general methodology discussed 
in Chapter 7 are briefly summarized later in the chapter.

The starting point in the quantitative assessment of Natech scenarios is the 
characterization of the frequency and severity of the natural event by a suffi -
ciently simple approach, which is suitable for use in a risk-assessment framework 
(Steps 1–3 in Fig.  9.1A). Usually, in this step a limited number of “reference 
events” is identified, each having a given intensity and an expected frequency 
or return time. A set of impact vectors may thus be defined, the elements of the 
vectors being the intensity of the natural events characterized by one or more in -
tensity parameters selected to describe the natural event. It should be noted that 
this step in no way is intended to provide a characterization of the natural hazard 
at the site, nor to provide data for a detailed analysis of the damage to structures, 
but only to obtain the input data necessary for use in simplified equipment dam -
age models.

9
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144 CHAPTER 9  Quantitative Methods for Natech Risk Assessment

FIGURE 9.1 

Flowchart of the Framework Proposed for Quantitative Risk Assessment of (A) Natech 
Scenarios and (B) Domino Effect

Adapted from Cozzani et al. (2014).
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1459.1 ARIPAR

Simplified hazard-ranking criteria based on inventory and physical state of haz-
ardous substances may be used to identify critical equipment items that should be 
included in the analysis (Step 4 in Fig.  9.1A) (Antonioni et  al.,  2009). The ap-
plication of vulnerability models is then needed to assess the equipment damage 
probability (Step 5). These equipment vulnerability models are further discussed 
in Section 9.1.5. Consequence assessment of the single scenarios triggered by the 
natural event (Step 6) can be carried out by using conventional models, although 
a limited number of Natech-specific final outcomes may arise (Cozzani et al., 2010; 
Renni et al., 2010).

The final steps of the procedure (Steps 7–10) are aimed at risk recomposition. 
These steps require a dedicated approach for the identification of possible multiple 
and simultaneous accident scenarios and the calculation of their frequencies and 
consequences. This procedure, which is summarized in Table  9.1, was originally 
developed within the framework of the risk analysis of domino accidents present-
ed in Fig. 9.1B (Cozzani et al., 2005, 2006). Actually, as shown in the figure, sev-
eral steps needed in the quantitative analysis of risk due to either domino effects 
(cf. Section 7.3.2.2) or the impact of natural events on process equipment are simi-
lar, and similar mathematical procedures can be applied in the assessment process. 
The procedure used for Steps 7–10 is described in detail in Antonioni et al. (2007), 
Reniers and Cozzani (2013), and Cozzani et al. (2014).

9.1.2  The ARIPAR-GIS Software
The ARIPAR-GIS software was developed in the framework of the ARIPAR project 
(Egidi et al., 1995), which was one of the first applications of Quantitative Area Risk 
Analysis techniques in the evaluation of all hazards in an extended industrial area. 
The ARIPAR-GIS software allows the calculation of individual and societal risk 
originating from multiple risk sources due to both fixed installations and hazardous-
materials transport systems. The software is supported by a geographical information 
system (GIS) platform that allows positioning of the different risk sources and 
producing risk maps as a result of the assessment. Spadoni et al. (2000, 2003) provide 
a detailed description of the software.

9.1.3  The Natech Package of the ARIPAR-GIS Software
A specific software package was developed and added to the ARIPAR-GIS 
software in order to allow the quantitative analysis of risk due to Natech events. 
The implemented procedure allows the automatic identification of all the 
possible overall scenarios that may be generated by the impact of a natural event 
(earthquake or flood) on a hazardous site of interest. A simplified layout needs to 
be implemented in a GIS environment. The procedure automatically generates all 
the overall events generated by equipment damage, calculates the expected overall 
frequencies and vulnerability maps, and performs the quantitative analysis of the 
risk in the area of interest.
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146 CHAPTER 9  Quantitative Methods for Natech Risk Assessment

Table 9.1  Summary of Steps 7–10 for the Identification of Credible 
Combinations of Events and of the Resulting Frequencies and Consequence 
Evaluation, Taking Into Account Multiple Simultaneous Failures

Item Definition Value/Equation

Input Parameters

n Total number of target equipment —
k Number of target equipment 

simultaneously damaged by a 
Natech scenario

—

Nk Number of Natech-induced 
scenarios involving k different final 
outcomes

( )= 



 =

−
N k

n
n

n k k
!

! !k

m Index associated with a generic 
combination of k events

m = 1,…, Nk

Ψ Vessel vulnerability See Tables 9.2–9.4
f Overall expected frequency of 

the Natech scenario affecting the 
industrial facility

Evaluated according to specific models 
for the natural event of interest

δ i( , )m
kJ Combination index δ =i( , ) 1m

kJ  if i-th event triggered 
by flooding belongs to the vector 

δ =i; ( , ) 0m
k

m
kJ J  if not.

Evaluation of Combinations Probability and Frequency

Nf Number of different overall scenarios 
that may be generated by a single 
natural event

∑= 



 = −

=

N
n
k

2 1f
k

n
n

1

Pf
k m( , ) Probability of occurrence of the 

m-th combination involving 
the simultaneous damage of k 
equipment

∏ ψ δ ψ( )( )= − + − 
=

P i1 , 2 1f
k m

m
k

i

n
( , )

1

J

ff
k m( , ) Frequency of occurrence of the 

m-th combination involving 
the simultaneous damage of k 
equipment

= ⋅f f Pf
k m

f
k m( , ) ( , )

Consequence Assessment Trough the Vulnerability Evaluation of Multiple Scenarios

Vf,i Vulnerability calculated for the 
(k,m) scenario triggered by Natech

Vf
k m( , ) Vulnerability associated with the 

occurrence of the m-th combination 
involving the simultaneous damage 
of k equipment

∑= 







=

V Vmin ;1f
k m

f i
i

m
( , )

,
1

Adapted from Antonioni et al. (2015).

Nk=kn=n!n−k!k!

δ(i,Jmk)δ(i,Jmk)=1

Jmk;   δ(i,Jmk)=0

Nf=∑k=1nnk=2n−1

Pf(k,m)Pf(k,m)=∏i=1n1−ψ+δi,Jmk2ψ−1

ff(k,m)ff(k,m)=f⋅Pf(k,m)

Vf(k,m)Vf(k,m)=min∑i=1mVf,i;1
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1479.1 ARIPAR

9.1.4  Input Data and Calculation Procedure
The starting point of the procedure is the input of data on all the possible critical 
targets. The critical targets were defined in the present approach as all equipment 
items having a relevant inventory of hazardous substances (cf. Chapter  6). The 
GIS section of the ARIPAR-GIS software associates to a simplified layout (usually 
reporting only the equipment items and the main lines) the critical targets identified 
in the safety assessment of the plant. A single risk source is associated to each 
equipment item. In the Natech version, if the risk source is a possible target of the 
natural event, it may be associated to a vulnerability model, an equipment class, 
and to a secondary “Natech” event. Equipment involved only in Natech events, if 
present, may be represented by risk sources not associated to any primary scenario.

The default equipment classes in ARIPAR-GIS are atmospheric and pressurized 
tanks, elongated vessels, and auxiliary vessels, but further classes may be defined by 
the user. Specific equipment vulnerability models, yielding the equipment damage 
probability as a function of a severity vector used to quantify the severity of the natu-
ral event, are associated to each equipment class. Vulnerability models are usually 
defined in the software as probit equations, since this is the most common approach 
used in the literature. This issue will be further discussed in Section 9.1.5. Figure 9.2 

FIGURE 9.2  Management of Natech Equipment Vulnerability Models in the ARIPAR-
GIS Software
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148 CHAPTER 9  Quantitative Methods for Natech Risk Assessment

shows an example of the equipment vulnerability model input interface provided by 
the software.

A secondary event is also associated to all the identified domino targets. A single 
secondary event is considered, in order to limit the computational effort required. 
Typically, the most severe credible scenario should be selected as the secondary 
event. An occurrence probability associated to this event is also required by the 
software. The occurrence probability represents the probability of the selected sec-
ondary event to take place given the equipment damage. The occurrence probability 
may be used to take into account that the equipment damage may not always be fol-
lowed by a relevant secondary accident (e.g., the ignition of a release is not certain). 
In the absence of specific data, the occurrence probability should be conservatively 
assumed equal to 1.

The expected frequency of each domino scenario and the vulnerability map of 
each scenario are then calculated. The standard procedure of the ARIPAR-GIS soft-
ware is used to estimate the contribution to the risk indices of all the identified 
domino scenarios.

9.1.5  Equipment Vulnerability Models
The detailed quantitative approach to the assessment of Natech scenarios presented 
in the previous section is based on the availability of models for equipment 
vulnerability. As mentioned in Chapter 7, several types of models may be applied 
to assess the failure probability of an equipment item due to the impact of a natural 
event. Detailed vulnerability models based on structural analysis may be developed, 
although these are time consuming and require unaffordable efforts in a QRA 
context. Observational fragility curves are also available in the literature (Salzano 
et al., 2003, 2009; Campedel et al., 2008; Antonioni et al., 2009).

In the framework of QRA, simple models are needed to allow the swift assess-
ment of a high number of scenarios. Thus, fragility curves or simplified probabilis-
tic models were selected for the ARIPAR-GIS software procedure for Natech risk 
assessment.

In the case of Natech accidents triggered by earthquakes, fragility curves ex-
pressed in the form of a probit function were selected:

= +Y k k ln(PGA)1 2� (9.1)

where PGA is the horizontal component of peak ground acceleration and the con-
stants k1 and k2 are given in Table 9.2. With respect to floods, the equipment vul
nerability models developed by Landucci et al. (2012, 2014) are compatible with 
the software. Tables 9.3 and 9.4 summarize these models which are based on the 
evaluation of the mechanical integrity of vessels under the action of the flood, which 
results in both a “static” external pressure component, due to the depth of the flood-
ing, and in a “dynamic” external pressure component, due to the flood-water ve
locity and the associated kinetic energy. Considering this type of mechanical load, 

Y=k1+k2 ln(PGA)
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there is evidence that the vessel filling level is the most relevant parameter for the 
evaluation of the equipment integrity and associated fragility (i.e., its vulnerability). 
Thus, a critical filling level (CFL) was defined for each equipment item involved in 
a flood event of a specific intensity (e.g., having assigned flood-water velocity and 
depth) as the liquid level below which failure due to instability is possible. Further 
details are presented in Landucci et al. (2012, 2014).

9.1.6  Output
ARIPAR-GIS provides a number of different outputs. Local individual-risk maps allow 
a detailed mapping of the individual risk. If data on the population distribution 
is available, individual-risk maps for specific population categories (e.g., resident 
population, workers, etc.) can be calculated. This also includes vulnerability centers 
(i.e., sites where the aggregation of a high number of persons is expected, such as 
schools, hospitals, or railway stations.). ARIPAR-GIS outputs societal risk in the 
form of F–N curves or I–N diagrams. The latter is a measure of the exposure of 
society to the risk that plots the number of persons N in the impact area exposed to 
an individual risk within a specific range, I.

With the implementation of the Natech module, ARIPAR-GIS is currently the 
only software tool that provides a correct calculation of societal risk by being able 

Table 9.2  Values of the Probit Constants for Equipment Vulnerability Models 
Expressing Damage Probability Following an Earthquake

Type of Equipment Damage State Filling Level k1,i,j k2,i,j

Anchored atmospheric tanks ≥2 Near full 7.01 1.67
≥2 ≥50% 5.43 1.25
3 Near full 4.66 1.54
3 ≥50% 3.36 1.25

Unanchored atmospheric tanks ≥2 Near full 7.71 1.43
3 Near full 5.51 1.34
3 ≥50% 4.93 1.25

Horizontal pressurized storage tanks ≥1 Any 5.36 1.01
≥2 Any 4.50 1.12
3 Any 3.39 1.12

Pressurized reactors ≥1 Any 5.46 1.10
≥2 Any 4.36 1.22
3 Any 3.30 0.99

Pumps ≥2 — 5.31 0.77
3 — 4.30 1.00

Different vulnerability models are provided as a function of equipment category, damage state, and filling level.
Adapted from Campedel et al. (2008).
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to include the scenarios resulting from the simultaneous failure of more than one 
equipment item. This feature is not present in conventional software for QRA.

ARIPAR-GIS also allows the disaggregation of risk components, providing risk 
maps for specific scenarios or risk sources, thus allowing a sensitivity analysis and the 
identification of the most important risk sources and scenarios. Impact areas for the 
different scenarios considered can also be obtained. Further details on the output of 
the ARIPAR-GIS software are provided in Spadoni et al. (2000, 2003).

A quantitative risk analysis of earthquake and flood impacts at a hazardous instal-
lation using ARIPAR-GIS is presented in Chapter 11.

Table 9.3  Vulnerability Model and Input Parameters for Atmospheric 
Cylindrical Tanks Involved in Flood Events Based on the Critical Filling 
Level (CFL)

Item Definition Value/Equation

Vulnerability Model Equations

CFL Critical filling level ρ ρ ρ= + −





k
v gh P gHCFL

2
w w

w
2

w w cr f

Pcr Vessel critical pressure evaluated with 
the proposed simplified correlation

Pcr = J1C+J2 in which
J1 = -0.199
J2 = 6950

Ψ Vessel vulnerability due to flooding
ψ φ

φ φ
=

−
−

CFL min

max min

Input Parameters

C Vessel capacity Small capacity C < 5,000 m3

Medium capacity 5,000–10,000 m3

Large capacity > 10,000 m3

vw Flood-water velocitya 0–3.5 m/s
hw Flood-water deptha 0–4 m
ρw Flood-water density 1,100 kg/m3

ρf Stored liquid density 650–1,300 kg/m3

kw Hydrodynamic coefficient 1.8
H Vessel height Small capacity 3.6–18 m

Medium capacity 3.6–16.2 m
Large capacity 3.6–7.2 m

g Gravity acceleration 9.81 m/s2

φmin Minimum operative filling level 0.01
φmax Maximum operative filling level 0.75
aParameters can be derived from the hydrogeological study of the analyzed area or provided by local competent 
authorities.
Adapted from Landucci et al. (2012).

CFL=ρwkw2vw2+ρwghw−Pcr/ρfgH

ψ=CFL−φminφmax−φmin
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Table 9.4  Vulnerability Model and Input Parameters for Horizontal Cylindrical 
Tanks Involved in Flood Events Based on the Critical Filling Level (CFL)

Item Definition Value/Equation

Vulnerability Model Equations

CFLh Critical filling level for horizontal vessels 
(pressurized or atmospheric)

ρ ρ ρ
ρ ρ ρ ρ

( ) ( )
( ) ( )

= ⋅ − ⋅ −
+ ⋅ − −

A h h
B

CFL ( )l

l

h ref v w c

ref v v

vw,c Flooding critical velocity = ⋅ − −v E h h h( )F
w,c w c min

Ψ Vessel vulnerability due to flooding If vw ≥ vw,c, Ψ = 1;
If vw < vw,c, ψ φ φ φ( )( )= − −CFL min max min

Input Parameters

C Vessel capacity Small capacity < 10 m3

Medium capacity 10–30 m3

Large capacity > 30 m3

Wt Vessel tare weighta 900–2,200 kg (Small capacity)
3,000–7,200 kg (Medium capacity)
9,900–63,000 kg (Large capacity)

D Vessel diameter 1.3–1.6 m (Small capacity)
1.6–2.4 m (Medium capacity)
2.3–3.8 m (Large capacity)

L Vessel length 3–3.5 m (Small capacity)
4.5–11.1 m (Medium capacity)
8–24 m (Large capacity)

A First CFLh correlation coefficient = ⋅A K Da
1

B Second CFLh correlation coefficient B = K2 (Wt + K3)b

E vw,c correlation factor = ⋅E K L4
c

F vw,c correlation exponent F = K5 ln (L/D) + K6

K1 Coefficient for A evaluationa 1.339
K2 Coefficient for B evaluationa −1.21
K3 Coefficient for B evaluationa −374.4
K4 Coefficient for E evaluationa 5.497
K5 Coefficient for F evaluationa −0.06
K6 Coefficient for F evaluationa −0.375
a Exponent for A evaluationa −0.989
b Exponent for B evaluationa −0.107
c Exponent for E evaluation −0.692
vw Flood-water velocityb 0–3.5 m/s
hw Flood-water depthb 0–4 m
ρw Flood-water density 1100 kg/m3

hc Height of concrete basement (flooding 
protection)

0.25 m

hmin Minimum flooding height able to wet 
the vessel surface

hmin = λ–D/2

CFLh=ρref⋅A/ρl−ρv⋅(hw−hc)+ρref⋅B
−ρv/ρl−ρv

vw,c=E⋅(hw−hc−hmin)F

ψ=CFL−φmin/φmax−φmin

A=K1⋅Da

E=K4⋅Lc

(Continued)
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152 CHAPTER 9  Quantitative Methods for Natech Risk Assessment

9.2  RISKCURVES
RISKCURVES is a computer program package that was developed by the Netherlands 
Organization for Applied Scientific Research (TNO) in the late 1980s to perform 
a QRA of hazardous activities due to conventional causal factors of accidents. The 
software has since then been upgraded continuously to introduce several innovative 
concepts, such as full integration of consequence modeling, showing societal risk 
on a map, calculation of risk contours and allowing external consequence data to 
be used for the risk calculation. Considering that a QRA is a complex task, special 
attention is paid to the user friendliness of the software and its capabilities to easily 
integrate the results in office- and GIS environments ( TNO, 2015a).

RISKCURVES is a tool that aims to quantify the risk from the storage and trans-
port of hazardous materials to the surrounding population and the built environ-
ment in urban areas and at chemical facilities. The risk sources include both fixed 
installations but also equipment used in the transport of hazardous materials (e.g., 
pipelines, road and rail tankers, ships). The tool allows the definition of a QRA with 
an unlimited number of fixed or transport equipment types with all their associ-
ated accident scenarios. Similar to RAPID-N, which was introduced in Section 8.1, 
RISKCURVES aims to support the user by offering different levels of user interac-
tion during the assessment process, ranging from standard user on the one end in 
which user input is minimal, to expert user on the other end in which all input data 
is provided by the user him/herself (van het Veld et al., 2007). This means that de-
pending on the complexity level, either RISKCURVES’s internal assessment models 
will decide the analysis to various degrees or the user can fully customize the input 
data. This gives the user a maximum amount of flexibility in tailoring the assessment 
process, and it is a winning approach that has already shown its usefulness in the 
application of RAPID-N.

Item Definition Value/Equation

λ Saddle height parameter which indicates 
the vessel axis height with respect to the 
ground anchorage point

0.98 m (Small capacity)
0.98–1.38 m (Medium capacity)
1.38–1.98 m (Large capacity)

ρl Stored liquid density 500–1100 kg/m3

ρv Stored vapor density 1.25–20 kg/m3

ρref Reference density used for the definition 
of CFL correlations

1000 kg/m3

φmin Minimum operative filling level 0.01
φmax Maximum operative filling level 0.90
aValue evaluated for 2 MPa design pressure.
bParameters can be derived from the hydrogeological study of the analyzed area or provided by local competent authorities.
Adapted from Landucci et al. (2014).

Table 9.4  Vulnerability Model and Input Parameters for Horizontal Cylindrical 
Tanks Involved in Flood Events Based on the Critical Filling Level (CFL) (cont.)
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1539.2 RISKCURVES

In order to support the consequence analysis, RISKCURVES includes the soft-
ware package EFFECTS, also developed by TNO, which calculates the consequences 
of the accidental release of toxic and/or flammable chemicals. It includes models 
related to hazmat release, evaporation, and dispersion, as well as fire and explosion 
models (TNO, 2015b). Both RISKCURVES and EFFECTS are based on reference 
handbooks developed in the Netherlands, namely the Yellow Book, Green Book, 
Purple Book, and Red Book (VROM, 2005a,b,c,d), which are considered a standard 
reference for risk assessment by many risk-assessment practitioners.

The main output of RISKCURVES is individual and societal risk (F–N curves and 
societal-risk maps), as well as the consequence areas of the accident scenarios (Fig. 9.3). 
This includes the identification of the equipment and the scenarios that dominate the 
overall risk. By determining the area under the F–N curve, RISKCURVES also provides 
an estimate of the expected number of fatalities per year (van het Veld et al., 2007). 
This information can be used for risk management, decision-making, urban planning, 
and for any activity in support of compliance with criteria required by legislation.

RISKCURVES was developed for the analysis of conventional risks associat-
ed with hazardous activities. It therefore does not contain any specific models or 

FIGURE 9.3  Example of Iso-Risk Contours and Societal Risk Area Map for a QRA Using 
RISKCURVES
(Courtesy: TNO)
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154 CHAPTER 9  Quantitative Methods for Natech Risk Assessment

software modules that explicitly take into account the interaction of natural events 
with industrial equipment or more generally Natech risks. However, this problem 
can be overcome by customizing the tool for Natech-type applications. This involves 
the use of models for equipment vulnerability analysis that consider natural-hazard 
intensities and recognizing a local probability of occurrence in terms of exceedance 
probability for the given intensity, as discussed, for example, in Chapters 5 and 7, or 
in Campedel et al. (2008) and Salzano et al. (2009).

For the Natech case study in Chapter  12, new source terms expressed as risk 
states (RSs) were introduced in RISKCURVES for each independent natural event 
with a given intensity measure IM, and for three equipment categories (atmospheric 
tank, pressurized vessel, and large pipes). These risk states are directly linked to the 
Natech fragility function P and to the natural hazard. The overall probability of 
exceeding a given RS was then defined as:

∫[ ] [ ] ( )≥ = ≥ ⋅P P h dRS RS RS RS |IM IM IMi i
IM� (9.2)

In other words, the RS probability of any equipment conditional to the occur-
rence of a natural event may be assessed by considering the corresponding hazard h 
of the natural event. The annual rate of RS exceedance is then calculated by using 
the annual rate of occurrence.

The fragility functions in Eq. (9.2) were defined in a similar way as in ARIPAR-
GIS (Section 9.1.5). For earthquakes, the same analysis and functions as shown in 
Table 9.2 (Campedel et al., 2008) were adopted for different equipment. For the evalu-
ation of the seismic fragility of pipes, the data and functions reported in Lanzano et al. 
(2014, 2015) were used. The only seismic intensity parameter considered was PGA.

For the analysis of tsunami-triggered Natech risk, the fragility functions as de-
fined in Basco and Salzano (2016) were adopted. In this case, the main intensity 
parameter is the energy flux expressed in J/m2 of the tsunami wave. This is equivalent 
to ρwhwvw

2 (where ρ, h, and v are the density, the height, and the velocity of the water 
wave) or, in other terms, the combination of kinetic and potential (i.e., buoyancy) 
energy of the wave. For tsunami debris, the Johnson number was considered (Cor-
bett et al., 1996).

A complete overview of all features and further details of the software are avail-
able at www.tno.nl/riskcurves. Additional information is provided in Chapter 12 in 
which a customized version of RISKCURVES was applied to a QRA of an oil refin-
ery located in the Mediterranean Sea under both earthquake and tsunami effects.
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Case-Study Application 
I: RAPID-N

S. Girgin, E. Krausmann
European Commission, Joint Research Centre, Ispra, Italy

In this chapter, the rapid Natech risk analysis and mapping framework RAPID-N 
introduced in Chapter 8 is used to carry out a simplified Natech risk analysis for an 
industrial facility in Izmit Bay in Turkey that was subjected to a predicted Istanbul 
earthquake scenario. The results demonstrate RAPID-N’s capability to assess the 
earthquake impact on an industrial plant, including the simultaneous analysis of the 
Natech risk at several plant units.

10.1  EARTHQUAKE SCENARIO
The Marmara region is one of the most tectonically active regions in Eurasia. Over the 
last century, seismic activity with nine earthquakes with Mw ≥ 7 was registered. The 
Kocaeli and Düzce earthquakes in 1999 were two extremely destructive events that oc-
curred in the eastern part of the region along the North Anatolian Fault (NAF). The 
NAF is a strike-slip fault system that crosses the north of Turkey for over 1200 km and 
accommodates about 25 mm right lateral slip per year between the Anatolian and the 
Eurasian plate (McClusky et al., 2000; Straub et al., 1997).

The large earthquakes generated by the NAF are in a sequence that appears to 
propagate westward (Stein et al., 1997; Barka, 1992; Ambraseys, 1970). The 1999 
Kocaeli earthquake occurred in the southern part of the eastern border of Istan-
bul province. The westward motion of the earthquakes suggests that Istanbul is at 
high risk of being hit by strong future seismic activity. Studies estimate that the 
occurrence probability of Mw ≥ 7 earthquakes in the Marmara region which could 
impact the Istanbul Metropolitan area is 41 ± 14% for the time period of 2004–34 
(Parsons, 2004). The Yalova fault segment in the south of Istanbul and the Northern 
Boundary fault in the southeast have the potential to rupture and are therefore of the 
biggest concern in this context (Parsons et al., 2000; Hubert-Ferrari et al., 2000).

The high level of seismic risk warrants an in-depth assessment of the regional 
earthquake hazard to understand potential impacts to the urban area and the haz-
ardous industry it includes. The Istanbul disaster prevention and mitigation plan 
completed in 2002 considers four different scenario earthquakes for the assessment 
of potential seismic damage (JICA, 2002). These four scenarios differ in the assumed 
location and length of NAF rupture. For this RAPID-N case study we have selected 
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158 CHAPTER 10  Case-Study Application I: RAPID-N

the Model A scenario earthquake, which is characterized by an Mw = 7.5 seismic 
event that results in the rupture of a more than 120 km strike-slip fault from west 
of the 1999 Kocaeli earthquake fault. This scenario is considered the most probable 
scenario in the disaster prevention and mitigation plan for Istanbul.

RAPID-N can in principle calculate ground-motion parameters at the location 
of hazardous installations by using scenario-earthquake parameters and available 
ground-motion prediction equations. However, for consistency with previous stud-
ies it was decided to use precalculated on-site data provided by AFAD, the Turkish 
Prime Ministry Disaster and Emergency Management Presidency (AFAD, personal 
communication). For this purpose, a 0.02° × 0.02° data grid covering the Marmara 
region that included peak ground acceleration (PGA), peak ground velocity (PGV), 
and earthquake intensity (MMI) values was converted into a ShakeMap supported 
by RAPID-N. Precalculated ground-motion parameters were based on the attenua-
tion equation by Boore et al. (1997) and Campbell (1997) (200% of the estimate) 
for PGA and PGV, respectively. They were corrected for subsurface amplification 
according to Wald et al. (1999), considering on-site soil classes from the National 
Earthquake Hazards Reduction Program (NEHRP).

The scenario earthquake with the assumed fault rupture and the correspond-
ing regional PGA estimates is shown in Fig. 10.1. As indicated in the Fig. 10.1, if 

FIGURE 10.1  The Scenario Earthquake of the Case Study (AFAD, Personal 
Communication)

The black dot denotes the location of the case study installation.
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15910.2 Chemical Facility Description

the scenario earthquake occurred, the area around Izmit Bay would be affected the 
most, with PGA values of up to 1.35 g. On the northern (Körfez) and southern 
(Tasköprü) shores of Izmit Bay, PGA values of 0.75 g are predicted. Lower PGAs of 
about 0.4 g are expected on the seashore of the European side of Istanbul and Adalar, 
whereas forecasts for the Asian side of Istanbul estimate a PGA of less than 0.3 g. 
The maximum predicted PGV and MMI are 2.7 m/s and 10.8, respectively. MMI 
values greater than 10 correspond to significant destruction to man-made structures.

10.2  CHEMICAL FACILITY DESCRIPTION
Several hazardous industrial installations in Izmit Bay were damaged during the 1999 
Kocaeli earthquake (Girgin, 2011; Durukal and Erdik, 2008; Suzuki, 2002; Stein-
berg and Cruz, 2004; Rahnama and Morrow, 2000). Considering that the Bay area 
is predicted to exhibit the highest ground motion values for the Istanbul scenario 
earthquake, we selected an industrial plant located on the southern shore of Izmit 
Bay (Fig. 10.1). This installation, which is operational since 1971, produces acrylic 
textile and technical fibers with a production capacity of 315,000 tons/year in 2015. 
The installation includes a harbor, a feedstock storage tank farm, and facilities for 
polimerization, DOP production, solvent recovery, fiber pullout, cutting packaging, 
product storage, and waste-water treatment. The site also hosts a carbon-fiber pro-
duction facility with a capacity of 3500 tons/year and a large coal/natural-gas hybrid 
power plant with a total capacity of 142.5 MW/year including coal storage silos. The 
site is surrounded by Izmit Bay in the north and crop lands in the west and east with 
a limited number of residential settlements. On the south there is a major road along 
which other industrial facilities are located (Fig. 10.2).

FIGURE 10.2  Schematic of the Industrial Plant Selected for the Case Study
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160 CHAPTER 10  Case-Study Application I: RAPID-N

The installation suffered severe damage to three storage tanks during the Kocaeli 
earthquake in 1999, which was of similar magnitude as the expected Istanbul 
earthquake. About 6500 tons of acrylonitrile were released into the air, sea, and 
groundwater, and all animals and vegetation were lethally affected inside the facil-
ity within a 200-m radius around the tanks. Acute toxicity symptoms were observed 
in emergency response teams and residents in the vicinity (Girgin, 2011). There is, 
therefore, an opportunity to compare the outcome of our Natech risk analysis with 
historical data.

As a first step in the Natech risk analysis with RAPID-N, the selected plant was 
identified in a high-resolution satellite image, its boundaries were delineated, and 
the storage tanks located and mapped. This was done with the user-friendly mapping 
tool built into the RAPID-N framework. Overall, 17 storage tanks were identified 
on site (Fig. 10.3). Tank shapes (e.g., cylindrical vertical, spherical), planar dimen-
sions, foundation types (e.g., on-ground, elevated), as well as the presence and size of 
containment dikes were also identified using the satellite image. Additional satellite 
images that were acquired at different dates were utilized to determine the roof types 
(e.g., fixed, floating roof). Once the tank shape and roof type had been determined, 
the substance storage conditions were deduced. A summary of the storage tank char-
acteristics defined in this way is shown in Table 10.1.

Although satellite images provide adequate information about the planar di-
mensions of storage tanks, vertical dimensions are difficult to obtain. Consequently, 
the tank heights and the depth of the surrounding containment dikes were not di-
rectly measurable. Therefore, it was not possible to calculate the exact tank and 
dike volumes. Although RAPID-N includes tank dimensions and volume estimation 
functions that are based on common design codes and typical storage tanks, addition-
al data were collected from a public document published by the facility to improve 
the analysis. By matching satellite imagery-based information to the information 

FIGURE 10.3  Storage Tanks Considered in the RAPID-N Case Study Application
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16110.2 Chemical Facility Description

available in the document, the substances stored in each tank and their correspond-
ing dike volumes were also determined.

Of the analyzed tanks, five are atmospheric internal floating roof tanks which 
contain acrylonitrile. Acrylonitrile is a raw material used for the production of 
acrylic fibers that is classified as highly flammable, toxic, hazardous to the aquatic 
environment, and it may cause cancer (EU, 2008; IARC, 1999). Two spherical tanks 
contain ammonia, whereas the six fixed-roof tanks contain acetic acid, vinyl acetate, 
and methanol, all of which are flammable and toxic chemicals.

No information was available on the type of substances stored in the remaining 
two external floating roof tanks. Consequently, they were excluded from the Natech 
risk analysis as no consequence analysis is possible without substance data. In fact, 
in the satellite image these tanks appear to have a very low fill level and hence they 
were considered empty for the purpose of the case study. All tanks were assumed to 
be anchored since the facility is located in a highly seismic area and had Natech 
experience in the past. Similarly, support columns of the spherical pressurized tanks 
were assumed to be braced diagonally for better seismic performance.

In addition to the overall storage tank capacity, the amount of hazardous ma-
terials actually present is also a determining factor for the risk analysis. In order 
to simulate actual operating conditions and also to demonstrate the effect of fill 
level, which is an important factor in determining the degree of structural damage of 
storage tanks, we assumed different fill levels corresponding to near-full and half-full 

Table 10.1  Storage Tank Characteristics Determined From Satellite Imagery

Unit ID Tank Shape Roof Type
Foundation 
Type

Storage 
Condition

Diameter 
(m)

Dike Area 
(m × m)

FR-A Cylindrical Internal floating On-ground Atmospheric 42.5 50 × 55
FR-B Cylindrical External floating On-ground Atmospheric 42.5 50 × 55
FR-C Cylindrical External floating On-ground Atmospheric 42.5 50 × 55
FR-1 Cylindrical Internal floating On-ground Atmospheric 25.0 50 × 50
FR-2 Cylindrical Internal floating On-ground Atmospheric 25.0 50 × 50
FR-3 Cylindrical Internal floating On-ground Atmospheric 25.0 50 × 50
FR-4 Cylindrical Internal floating On-ground Atmospheric 25.0 50 × 50
FR-5 Cylindrical Internal floating On-ground Atmospheric 25.0 50 × 50
FR-6 Cylindrical Internal floating On-ground Atmospheric 25.0 50 × 50
S-1 Spherical — Elevated Pressurized 12.5 32 × 30
S-2 Spherical — Elevated Pressurized 18.0 42 × 30
T-1 Cylindrical Fixed On-ground Atmospheric 12.2 24 × 24
T-2 Cylindrical Fixed On-ground Atmospheric 12.2 24 × 24
T-3 Cylindrical Fixed On-ground Atmospheric 7.6 30 × 22
T-4 Cylindrical Fixed On-ground Atmospheric 12.5 25 × 22
T-5 Cylindrical Fixed On-ground Atmospheric 17.2 30 × 30
T-6 Cylindrical Fixed On-ground Atmospheric 12.5 25 × 30
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162 CHAPTER 10  Case-Study Application I: RAPID-N

conditions for various tanks. Table 10.2 gives a summary of the tanks included in 
the RAPID-N risk-analysis case study, the substances they contain, reported storage 
capacities, dike volumes, and the assumed fill levels.

10.3  NATECH RISK ANALYSIS
For this Natech risk analysis with RAPID-N, the information on the severity of the 
Istanbul earthquake scenario at the location of the selected hazardous installation 
was used to assess the predicted damage to the plant’s storage tanks and its likeli-
hood. Based on the damage analysis, three different types of analysis were carried out 
to understand the earthquake impact on (1) a storage tank containing a flammable 
substance, (2) a storage tank containing a toxic substance, and (3) the multiple 
plant units listed in Table 10.2.

10.3.1  Damage Analysis
The Istanbul earthquake scenario provided by AFAD served as natural-hazard sce-
nario for all three case-study applications. The associated ShakeMap was used to 
determine the on-site earthquake severity needed for the risk analysis. For this pur-
pose, RAPID-N calculated the distance of each storage tank from the epicenter and 
interpolated the seismic hazard parameters from the ShakeMap. The storage tanks 

Table 10.2  Type and Amount of Substances in the Tanks Considered in the 
Case Study

Unit ID
Stored 
Substance

Height 
(m)

H/D 
Ratio

Capacity 
(m3)

Dike 
Volume (m3)

Fill Level 
(%)

Stored 
Quantity 
(tons)

FR-A Acrylonitrile 10.5 0.25 16,000 16,000 50 6,366
FR-1 Acrylonitrile 10.5 0.42 5,042 5,050 60 2,407
FR-2 Vinyl acetate 10.5 0.42 5,044 5,050 60 2,772
FR-3 Vinyl acetate 10.5 0.42 5,044 5,050 40 1,848
FR-4 Acrylonitrile 10.5 0.42 5,042 5,050 60 2,407
FR-5 Acrylonitrile 10.5 0.42 5,042 5,050 50 2,006
FR-6 Acrylonitrile 10.5 0.42 5,042 5,050 40 1,605
S-1 Ammonia 12.5 1.00 972 1,270 80 532
S-2 Ammonia 18.0 1.00 3,002 1,800 80 1,642
T-1 Methanol 9.0 0.74 1,059 577 80 671
T-2 Methanol 9.0 0.74 1,060 577 40 336
T-3 Acetic acid 11.0 1.45 504 750 80 423
T-4 Acetic acid 9.0 0.72 1,087 1,360 40 456
T-5 Methanol 9.5 0.55 2,186 882 80 1,385
T-6 Acetic acid 9.0 0.72 1,080 1,360 60 680
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16310.3 Natech Risk Analysis

lie at a distance of 6.1–6.3 km from the predicted location of the epicenter. Peak 
ground acceleration and velocity are of the order of 0.8 g and 1.7 m/s, respectively. 
The ShakeMap also provides data on instrumental earthquake intensity, which is ex-
pected to exceed 10, corresponding to very destructive on the European Macroseismic 
Intensity Scale (Grünthal, 1998). This suggests that if this earthquake were to occur, 
many buildings designed according to current standards would suffer damage or even 
collapse, were they located at the site of the chemical installation.

In its current version, RAPID-N includes the most frequently used damage clas-
sifications and fragility curves for storage tanks available in the scientific literature. 
For this case study, RAPID-N automatically selected for each plant unit a fragility 
curve and a corresponding damage classification that represented the best fit with 
the available data. Where plant-unit characteristics required for the calculations 
were missing, these data were estimated using RAPID-N’s built-in property estima-
tion framework. For the 15 storage tanks included in the damage analysis, RAPID-N 
utilized the fragility curves defined by O’Rourke and So (2000) for atmospheric cy-
lindrical tanks, and those of Moschonas et al. (2014) for pressurized spherical tanks. 
The different damage states used and their definitions are summarized in Table 10.3. 
The damage states of O’Rourke and So are similar to HAZUS damage states com-
monly used for seismic damage assessment (FEMA, 2010).

O’Rourke and So (2000) provide four different fragility curve sets for atmospher-
ic storage tanks applicable for fill levels <50% and ≥50%, and height/diameter (H/D) 
ratios <0.7 and ≥0.7. For pressurized tanks, Moschonas et al. (2014) provide two 
fragility curve sets for column support with and without diagonal braces. Using this 
information, three different fragility curves were selected by RAPID-N to assess the 

Table 10.3  Damage Classifications Utilized for the Case Study

State O’Rourke and So (2000) Moschonas et al. (2014)

DS1 No damage to tank or I/O pipes. No damage.
DS2 Damage to roof, minor loss of 

contents, minor damage to 
piping, but no elephant-foot 
buckling.

Minor yields that correspond to minor 
permanent deformations at critical sections 
of a small percentage of columns and/or 
braces.

DS3 Elephant-foot buckling with minor 
loss of content.

Moderate yields corresponding to moderate 
permanent deformations at critical sections 
of a moderate percentage of columns and/
or braces without any global buckling 
failure of columns.

DS4 Elephant-foot buckling with major 
loss of content, severe damage.

Major yields causing major permanent 
deformations at critical sections of a large 
percentage of columns and/or braces with 
global buckling failure of columns where 
maximum compression occurs.

DS5 Total failure, tank collapse. Buckling failure with subsequent collapse of 
the pressure vessel.
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164 CHAPTER 10  Case-Study Application I: RAPID-N

probability of the different damage categories. The curves and the corresponding 
damage probabilities as a function of damage state are summarized in Table 10.4. The 
damage parameters are provided for discrete rather than cumulative damage catego-
ries and show the probability of a certain level of damage as shown in Fig. 10.4.

The damage data in Table 10.4 were subsequently used in the Natech risk analysis. 
As outlined in Chapter 8, the expected damage states and their probabilities were 
linked to consequence scenarios via risk state definitions, and the consequences were 
then estimated by using scenario-specific, dynamically generated consequence models 
formed by RAPID-N. For some damage states, the defined physical damage does not 

Table 10.4  Summary of Damage Parameters for the Earthquake Damage 
Analysis

Unit 
ID

Distancea 
(km)

PGA 
(g)

PGV 
(m/s) Fragility Curve

Damage Probability (%)

DS1 DS2 DS3 DS4 DS5

FR-A 6.24 0.78 1.67 O’Rourke and So, 
H/D < 0.7

37.7 50.9 9.0 2.2 0.2

FR-1 6.25 0.78 1.68 O’Rourke and So, 
H/D < 0.7

37.6 50.9 9.1 2.3 0.2

FR-2 6.26 0.79 1.68 O’Rourke and So, 
H/D < 0.7

37.4 50.9 9.1 2.3 0.2

FR-3 6.26 0.79 1.68 O’Rourke and So, 
H/D < 0.7

37.3 51.0 9.2 2.3 0.2

FR-4 6.31 0.78 1.67 O’Rourke and So, 
H/D < 0.7

38.0 50.8 8.8 2.2 0.2

FR-5 6.31 0.78 1.67 O’Rourke and So, 
H/D < 0.7

37.9 50.8 8.9 2.2 0.2

FR-6 6.32 0.78 1.67 O’Rourke and So, 
H/D < 0.7

37.7 50.9 9.0 2.2 0.2

S-1 6.22 0.78 1.67 Moschonas et al., 
Braced

8.7 84.0 6.9 0.3 0.01

S-2 6.22 0.78 1.67 Moschonas et al., 
Braced

8.7 84.0 6.9 0.3 0.01

T-1 6.18 0.78 1.68 O’Rourke and So, 
H/D ≥ 0.7

11.8 22.5 38.2 25.5 1.9

T-2 6.18 0.79 1.68 O’Rourke and So, 
H/D ≥ 0.7

11.8 22.5 38.1 25.6 2.0

T-3 6.25 0.78 1.67 O’Rourke and So, 
H/D ≥ 0.7

12.1 23.1 38.5 24.6 1.7

T-4 6.25 0.78 1.67 O’Rourke and So, 
H/D ≥ 0.7

12.1 23.0 38.4 24.7 1.7

T-5 6.28 0.78 1.66 O’Rourke and So, 
H/D < 0.7

38.3 50.7 8.6 2.1 0.2

T-6 6.28 0.78 1.66 O’Rourke and So, 
H/D ≥ 0.7

12.2 23.2 38.5 24.4 1.7

aFrom the epicenter.
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16510.3 Natech Risk Analysis

imply loss of containment. For some others, no explicit information is provided by the 
damage definition about substance amount possibly released although physical damage 
leading to a release is indicated. Since historical data about release rates due to seismic 
damage are scarce, possible release scenarios were defined based on expert judgment as 
percentage of tank volume released for each damage state. Similarly, the conditional 
probability of release given a specific degree of physical damage was assigned to each 
damage state since loss of containment is not always expected, especially if physical 
damage is limited. Risk states used for the case study are summarized in Table 10.5.

Since the consequence-analysis methods and equations currently available in 
RAPID-N are based on US EPA’s Risk Management Program (RMP) guidance for 
offsite consequence analysis methodology (US EPA, 1999), a number of simplify-
ing assumptions were made for the risk analysis. For example, for all scenarios the 
atmospheric stability was assumed to be neutral (corresponding to Pasquill stability 
class D) with a wind speed of 3 m/s, which is the alternative scenario according to 
RMP. The direction of the wind was not taken into account as it is not included in 
the RMP methodology. The ambient temperature was assumed to be 25°C and the 

FIGURE 10.4  Example Cumulative and Discrete Fragility Curves [O’Rourke and 
So (2000), H/D < 0.7]

Table 10.5  Summary of Risk States Used for the Case Study

State O’Rourke and So (2000) Moschonas et al. (2014)

DS1 No release No release
DS2 2% release, 30% release probability No release
DS3 5% release, 50% release probability 2% release, 60 min, 50% release probability
DS4 50% release, 80% release probability 20% release, 60 min, 80% release probability
DS5 100% release, 100% release probability 100% release, 10 min, 100% release probability
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166 CHAPTER 10  Case-Study Application I: RAPID-N

humidity 50%. For surface roughness, rural topography (flat terrain) was considered 
as the facility is mainly surrounded by sea and crop fields as shown in Fig.  10.2. 
Hazmat releases due to the seismic forces were assumed to occur at ground level. In 
addition, for unbounded liquid spills (i.e., not contained within a dike or in case of 
dike overflow) a minimum pool depth of 10 cm created by a substance release was 
assumed. While the RMP methodology adopts a pool depth of 1 cm, it was found 
to yield unrealistic pool sizes, in particular if the amount of released substance is 
high. For relative probabilities of ignition and explosion for flammable substances, 
estimates by Cox et al. (1990) were used. The chemical properties of the hazardous 
materials used for the consequence analysis are summarized in Table 10.6.

10.3.2  Single Unit Containing a Flammable Substance
For analyzing the Natech risk originating from the storage of a flammable substance, 
atmospheric fixed-roof storage tank T-1 containing methanol with an assumed 80% 
fill level was studied. According to the results of the damage analysis for which the 
O’Rourke and So (2000) H/D ≥ 0.7 fragility curve was used, the most likely conse-
quence scenario is pool fire for all damage states except DS1 which is characterized by 
no damage. No part of the cloud formed by evaporation of the released methanol was 
found to be above the lower explosive limit, therefore explosion was excluded as an out-
come of the analysis. The pool fire end-point distances were calculated using the TNO 
single point model (TNO, 1996). An end-point radiation intensity of 5 kW/m2 corre-
sponding to second degree burns if exposed for 40 s was assumed, which is the standard 
according to RMP. At this intensity, emergency actions lasting up to several minutes 

Table 10.6  Summary of Chemical Properties of Hazardous Substances Used for 
the Case Study

Property Methanol
Vinyl 
Acetate

Acetic 
Acid Ammonia Acrylonitrile

CAS No. 67-56-1 108-05-4 64-19-7 7664-41-7 107-13-1
EC No. 200-659-6 203-545-4 200-580-7 231-635-3 203-466-5
Chemical formula CH3OH C4H6O2 C2H4O2 NH3 C3H3N
Molecular weight (g/mol) 32.04 86.09 60.05 17.03 53.06
Density (g/cm3) 0.792 0.934 1.049 0.682 0.806
Boiling point (°C) 64.7 72.5 118.5 −33.3 77.3
Vapor pressure (mmHg) 126.9 115.0 15.9 7524.0 106.3
Vapor density 1.11 2.97 2.07 0.59 1.83
Flash point (°C) 11 −8 39 — −1
Lower explosive limit (%) 6 2.6 4 15 3
Upper explosive limit (%) 36.5 13.4 16 28 17
Heat capacity (J/mol·K) 81.1 165.0 123.1 35.1 110.9
Heat of vaporization (kJ/mol) 39.2 34.4 52.3 23.3 31.8
Heat of combustion (kJ/mol) 723 1931 873 316 1718
ERPG-2 concentration (ppm) 1000 75 35 150 35
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16710.3 Natech Risk Analysis

may be conducted without shielding but with protective clothing (API, 1990). RAPID-
N calculates a minimum end-point distance of 33.5 m with an occurrence probability of 
6.7 × 10−4, and a maximum end-point distance corresponding to the worst-case dam-
age state of 88 m and a probability of 1.9 × 10−4. Table 10.7 summarizes the output of 
the RAPID-N consequence analysis. The associated impact area map with end-point 
distances is shown in Fig. 10.5. The darker areas highlight impact zones with a higher 
probability of damage and loss.

Table 10.7  RAPID-N Output for Earthquake Impact on Tank T-1 Containing 
Methanol

State Consequence Scenario End-Point Distance (m) Natech Probability (%)

DS1 No release — —
DS2 16.9 m3 release; 459 m2 pool 

(within dike)
33.5 0.07

DS3 42.4 m3 release; 459 m2 pool 
(within dike)

33.5 0.19

DS4 423.6 m3 release; 459 m2 pool 
(within dike)

33.5 0.20

DS5 847.2 m3 release; 3161 m2 pool 
(dike overflow)

88.0 0.02

FIGURE 10.5  Natech Impact Zone for Heat Radiation From Tank T-1 Containing 
Methanol (Base Image ©2016 DigitalGlobe)
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168 CHAPTER 10  Case-Study Application I: RAPID-N

For damage states DS2 and DS3, some methanol is predicted to be released 
which forms a pool that ignites but stays confined in the tank’s dike area. In the case 
of DS4, the amount of released substance increases significantly. However, because 
the dike’s storage capacity is big enough to hold the methanol spill, the end-point 
distance does not increase and the thermal effects of the pool fire stay mitigated. 
For the worst-case damage scenario DS5, the whole tank volume is released due to 
the earthquake damage. The dike cannot hold the spilled methanol, causing a dike 
overflow and the spreading of the methanol beyond the dike perimeter. Assuming 
that the spill creates an unbounded pool with a minimum depth of 10 cm outside 
the dike area, the resulting pool area increases more than twofold. Consequently, the 
end-point distance for heat radiation also shows a substantial increase.

Fig. 10.5 indicates that depending on the level of damage to T-1, some other tanks 
on-site are predicted to fall within the heat radiation zones. Since the thermal-radiation 
intensity criteria are defined for humans, escalation effects (e.g., domino accidents) are 
not expected at this level, although some physical damage to other units is probable. Heat 
intensities that can significantly affect storage tanks are in the range of 9.5–38 kW/m2, 
and intensity limits suggested for the quantitative risk analysis of domino effects are 
15 and 45 kW/m2 for atmospheric and pressurized storage tanks, respectively (Cozzani 
et al., 2006). Additional analyses with RAPID-N for these end-point intensities showed 
that among the tanks adjacent to T-1, the pressurized storage tanks containing ammonia 
(S-1 and S-2) are located outside the 45 kW/m2 end-point distance estimated as 11 m 
for DS2–DS4 and 29 m for DS5. However, the atmospheric storage tank containing 
methanol (T-2) is inside the 15 kW/m2 end-point distance calculated as 19 m for DS2–
DS4 and 51 m for DS5. It is also adjacent to the higher 45 kW/m2 end-point distance. 
RAPID-N therefore gives an indication of the other plant units potentially at risk from 
heat impingement if T-1 undergoes damage and the released methanol ignites. While 
not providing a detailed quantitative estimate of this risk, RAPID-N can nonetheless 
highlight areas of concern due to potential domino effects.

10.3.3  Single Unit Containing a Toxic Substance
For analyzing the Natech risk originating from a toxic substance, we used stage tank 
FR-1 which is an atmospheric internal floating roof tank containing acrylonitrile that 
is anchored and 60% full. The O’Rourke and So (2000) H/D < 0.7 fragility curve was 
used in the damage analysis. The analysis indicates that the most likely consequence 
scenario is the dispersion of the toxic substance in the atmosphere for all damage states 
with release. The reference toxic concentration used for calculating the end-point 
distances is the ERPG-2 concentration of 0.076 mg/L (35 ppm). It is the maximum air-
borne concentration below which nearly all individuals could be exposed for up to 1 h 
without experiencing or developing irreversible or other serious health effects or symp-
toms that could impair an individual’s ability to take protective action (AIHA, 1988).

A dense-plume model was used to simulate the atmospheric dispersion of acry-
lonitrile, which is heavier than air. Reference Table 19 (dense gas, 60-min release, 
rural conditions, atmospheric stability D, wind speed 3 m/s) of the RMP guidance 
was utilized to determine the end-point distances. In accordance with the definition 
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16910.3 Natech Risk Analysis

of damage state DS1, no release occurs although there is some seismic loading. For 
damage states DS2–DS5, RAPID-N predicts the release of acrylonitrile and evapo-
rating pool formation, which results in an end-point distance of 2.4 km with occur-
rence probabilities ranging between 1.5 × 10−1 and 2.2 × 10−3. The released amount 
of substance shows a pronounced increase for DS4 and DS5, but the end-point dis-
tance is not affected. Similar to the analysis for tank T-1, the dike’s holding capacity 
is sufficient to keep the substance confined within the dike, this time even for the 
worst-case scenario, and hence evaporation is limited. This demonstrates the impor-
tance of measures to contain the spill. The results of the analysis for tank FR-1 are 
summarized in Table 10.8 while the impact areas are shown in Fig. 10.6.

Table 10.8  RAPID-N Output for Earthquake Impact on Tank FR-1 
Containing Acrylonitrile

State Consequence Scenario End-Point Distance (km) Natech Probability (%)

DS1 No release — —
DS2 60.5 m3 release; 2009 m2 

pool (within dike)
2.4 15.3

DS3 151.3 m3 release; 2009 m2 
pool (within dike)

2.4 4.5

DS4 1512.6 m3 release; 2009 m2 
pool (within dike)

2.4 1.8

DS5 3025.2 m3 release; 2009 m2 
pool (within dike)

2.4 0.2

FIGURE 10.6  Natech Impact Zone for Atmospheric Dispersion of Acrylonitrile From 
Tank FR-1 (Map Data ©2016 Google)
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10.3.4  Multiple Units
It is a characteristic of Natech accidents that multiple hazardous-materials releases 
from different plant units often occur at the same time. RAPID-N takes this char-
acteristic into account and provides a framework that also allows the analysis of this 
aspect of Natech risk. Using the case-study installation, RAPID-N analyzed and 
mapped the potential for simultaneous damage to multiple plant units. For this pur-
pose, all tanks for which data on the stored substances were available were included 
in the analysis (Table 10.2). This concerned four storage tanks with acrylonitrile, 
two with vinyl acetate, two with ammonia, three with methanol, and three contain-
ing acetic acid. The output of the analysis is summarized in Table 10.9 while the 
impact zones are shown in Fig. 10.7.

Table 10.9  Summary of the Natech Risk Assessment Results for All Tanks

Unit ID Event DS2 DS3 DS4 DS5

FR-A Toxic 
dispersion

160 m3, 1.6 km, 
15.3%

400 m3, 1.6 km, 
4.5%

4000 m3, 1.6 km, 
1.8%

8000 m3, 1.6 km, 
0.2%

FR-1 Toxic 
dispersion

60.5 m3, 2.4 km, 
15.3%

151.3 m3, 2.4 km, 
4.5%

1512.6 m3, 2.4 km,  
1.8%

3025.2 m3, 2.4 km,  
0.2%

FR-2 Toxic 
dispersion

60.5 m3, 1.6 km, 
15.3%

151.3 m3, 1.6 km, 
4.6%

1512.6 m3, 1.6 km,  
1.8%

3025.2 m3, 1.6 km,  
0.2%

FR-3 Toxic 
dispersion

40.4 m3, 1.6 km, 
15.3%

100.9 m3, 1.6 km, 
4.6%

1008.8 m3, 1.6 km,  
1.8%

2017.6 m3, 1.6 km,  
0.2%

FR-4 Toxic 
dispersion

60.5 m3, 2.4 km, 
15.2%

151.3 m3, 2.4 km, 
4.4%

1512.6 m3, 2.4 km,  
1.7%

3025.2 m3, 2.4 km,  
0.2%

FR-5 Toxic 
dispersion

50.4 m3, 2.4 km, 
15.2%

126 m3, 2.4 km, 
4.4%

1260 m3, 2.4 km, 
1.8%

2521 m3, 2.4 km, 
0.2%

FR-6 Toxic 
dispersion

40.3 m3, 2.4 km, 
15.3%

100.8 m3, 2.4 km, 
1.8%

1008.4 m3, 2.4 km,  
1.8%

2016.8 m3, 2.4 km,  
0.2%

S-1 Toxic 
dispersion

No release 15.6 m3, 0.6 km, 
3.4%

155.5 m3, 1.9 km, 
0.3%

777.6 m3, 8.7 km, 
0.01%

S-2 Toxic 
dispersion

No release 48.0 m3, 1.0 km, 
3.5%

480.3 m3, 2.9 km, 
0.3%

2401.6 m3, 
13.5 km, 0.01%

T-1 Pool fire 16.9 m3, 33.5 m, 
0.07%

42.4 m3, 33.5 m, 
0.2%

423.6 m3, 33.5 m, 
0.2%

847.2 m3, 88.0 m, 
0.02%

T-2 Pool fire 8.5 m3, 33.5 m, 
0.07%

21.2 m3, 33.5 m, 
0.2%

212.0 m3, 33.5 m, 
0.2%

424.0 m3, 33.5 m, 
0.02%

T-3 Pool fire 8.1 m3, 27.9 m, 
0.07%

20.2 m3, 27.9 m, 
0.2%

201.6 m3, 27.9 m, 
0.2%

403.2 m3, 27.9 m, 
0.02%

T-4 Pool fire 8.7 m3, 23.1 m, 
0.07%

21.7 m3, 23.1 m, 
0.2%

217.4 m3, 23.1 m, 
0.2%

434.8 m3, 23.1 m, 
0.02%

T-5 Pool fire 35.0 m3, 40.4 m, 
0.1%

87.4 m3, 40.4 m, 
0.04%

874.4 m3, 40.4 m, 
0.02%

1748.8 m3, 151.2 
m, 0.002%

T-6 Pool fire 13.0 m3, 26.6 m, 
0.07%

32.4 m3, 26.6 m, 
0.2%

324 m3, 26.6 m, 
0.2%

648.0 m3, 26.6 m, 
0.02%

The table shows tank volume involved in the accidents, end-point distance, and event probability.
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17110.3 Natech Risk Analysis

When subjected to the seismic forces of the Istanbul earthquake scenario, 
RAPID-N predicts releases from all tanks. Consequently, the maximum end-point 
distances increase significantly to a maximum value of 13.5 km with the atmospheric 
dispersion of ammonia for the worst-case scenario of complete release of content 
from tank S-2. Fig. 10.7 shows that in this case also urban areas at the shore of Izmit 
Bay opposite the case-study installation could be at risk of exposure if the wind blows 
in this direction. Fig. 10.8 provides a close-up of the expected Natech end-point 
distances in the vicinity of the installation. The end-point circles are concentrated 
in an area of 2.4 km around the tank farm, making this the most critical region for 
suffering toxic effects.

For tanks with similar dimensions and structural characteristics (e.g., tanks FR-1 
to FR-6) RAPID-N calculates similar earthquake damage probabilities and related 
Natech event probabilities. The end-point distances are also similar and differ only 
due to the substance type (e.g., acrylonitrile vs. vinyl acetate) because in most of 
the cases the containment dikes were large enough to hold the released material 
for all damage states and hence they reduced the pool surface area, which restricted 
evaporation. The effect of H/D ratio on the damage probability can be clearly seen 
in Table 10.4 between floating-roof (H/D < 0.7) and fixed-roof tanks (H/D ≥ 0.7, 
except T-5). Increasing the H/D ratio shifts the higher damage probabilities from 
lower damage states (DS1–DS2) to higher damage states (DS3–DS4), although the 
difference between the estimated probability values is less than one order of magni-
tude. Nevertheless, in this case study the Natech probabilities for fixed-roof tanks 

FIGURE 10.7  Natech Impact Areas for Scenario Earthquake Impact on All Storage Tanks 
(Map Data ©2016 Google)
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172 CHAPTER 10  Case-Study Application I: RAPID-N

were found to be much smaller than those for the other atmospheric tanks. Since 
the fixed-roof tanks contain flammable substances that ignite, the release probability 
needs to be multiplied with the conditional ignition probability, which decreases the 
final consequence probability for these tanks.

For the conditions of the Istanbul earthquake, RAPID-N predicts releases from 
all six fixed-roof tanks containing methanol and acetic acid. As already mentioned in 
Section 10.3.2, the end-point distances for heat radiation from the pool fires originat-
ing from these tanks envelop other tank locations. The potential for domino effects 
is therefore evident and should be considered for a more accurate assessment of the 
Natech risk from these tanks. It should also be noted that although an increased mini-
mum pool depth is utilized to better simulate pool dimensions in case of dike overflows, 
adjoining dikes as in the case of this facility may result in smaller pool dimensions if the 
overflow runs to other dikes. A more detailed analysis is suggested for such scenarios.

10.4  CONCLUSIONS
Using the ground-motion parameters predicted for the Istanbul earthquake sce -
nario as input, a Natech risk analysis of a hazardous installation in Izmit Bay was 
carried out using the RAPID-N framework. The case study showed the capability 

FIGURE 10.8  Close-Up of End-Point Distances in the Vicinity of the Facility (Map Data 
©2016 Google)

Co
py

rig
ht

 E
ls

ev
ie

r 2
01

7 
Th

is
 b

oo
k 

be
lo

ng
s 

to
 C

at
he

rin
e 

O
ch

se
nb

ei
n



173References

of RAPID-N to analyze and map the impact of earthquakes on a single plant unit 
but also on multiple plant units containing different types of substances simultane -
ously. Similarly, the tool is also capable of analyzing multiple installations with 
multiple plant units concurrently, which is useful for regional Natech risk analysis 
and mapping.

While a number of simplifying assumptions were made to compensate for the lack 
of detailed data on the industrial plant and the substance hazard, the results of the 
study indicate that possibly major Natech accidents are to be expected in case of the 
predicted Istanbul earthquake. These results are in agreement with historical data of 
Natech damage in the area due to the 1999 Kocaeli earthquake (Girgin, 2011). Due 
to limited data availability and the assumptions made, the results may not reflect the 
actual Natech risk of the facility. Therefore, they must be regarded as indicative and 
should not be used for decision making without careful validation. In collaboration 
with AFAD, other case studies with RAPID-N will be performed in Turkey that will 
include more detailed data collection and validation. Several test regions are current-
ly under discussion. More detailed risk-state scenarios for different types of plant units 
under earthquake loading will be identified via the analysis of historical accident data 
and implemented in RAPID-N for a more comprehensive Natech risk analysis.
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Case-Study Application 
II: ARIPAR-GIS

G. Antonioni, A. Necci, G. Spadoni, V. Cozzani
Department of Civil, Chemical, Environmental, and Materials Engineering, 
University of Bologna, Bologna, Italy

This chapter demonstrates the detailed quantitative analysis of Natech risk by apply
ing the ARIPAR-GIS software introduced in Chapter 9 to two case studies. Case 
study 1 analyzes earthquake-induced Natech risks at a hazardous facility and case 
study 2 studies the impact of floods. Individual and societal risk were calculated and 
compared to the risk levels obtained without considering Natech scenarios. The 
results confirm the significant influence that Natech risks may have on the overall 
risk at a hazardous installation.

11.1  INTRODUCTION
This chapter discusses the analysis of two Natech case studies to understand the im-
portance of the assessment of industrial risk associated with natural events. The first 
case study is concerned with the analysis of Natech accidents triggered by earth-
quakes, the second one with accidents triggered by floods. The general approach to 
quantitative risk analysis outlined in Chapter 7 and the specific procedure summarized 
in Chapter 9 (Antonioni et al., 2009; Cozzani et al., 2014) were applied to the case 
study calculations. The use of a software tool was a necessary step in the process and 
the Natech module of the ARIPAR-GIS software, introduced in Chapter 9, was ap-
plied (Antonioni et al., 2007). The two case studies were based on layouts and process 
equipment data derived from those of existing chemical, and oil and gas facilities.

11.2  CASE STUDY 1: NATECH SCENARIOS 
TRIGGERED BY EARTHQUAKES
The first simplified case study is dedicated to the assessment of the contribution of 
earthquake-induced Natech scenarios to the overall individual and societal risk. The 
layout used for the case study is presented in Fig. 11.1. As shown in this figure, eight 
atmospheric tanks were considered in the analysis. For the sake of simplicity, all 
the tanks were assumed to have the same volume (3500 m3) and the same content 
(2000 t of ethanol).

11
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178 CHAPTER 11  Case-Study Application II: ARIPAR-GIS

In order to simplify the analysis, a single scenario was associated with each equip-
ment item and was considered as the only possible primary and/or secondary event. 
The scenarios were defined on the basis of credible accidents involving the equip-
ment items considered, also following the suggestions given by the Purple Book (Uijt 
de Haag and Ale, 1999). The case study mainly aimed to analyze events triggered by 
earthquakes, thus only severe scenarios were taken into account. The instantaneous 
release of the entire content of the tank was considered as the reference scenario. A 
frequency of 3.1 × 10−7 events/year was assumed for internal failures (conventional 
failures not induced by earthquakes). With respect to earthquakes, a reference event 
with a PGA of 0.224 g and a return period of 475 years was assumed. The damage 
probability was calculated using the probit models listed in Table 9.2, and it was 
equal to 0.026 for each of the eight tanks in the case study. A total of 255 (28–1) pos-
sible Natech accident combinations were assessed. The final outcome of the scenario 
was pool fire of the entire catch-basin area.

The conventional consequence-analysis models described in the Yellow Book 
(van den Bosch and Weterings, 2005) were used for the assessment. For calculating 
the vulnerability of the surrounding population, the probit models in Table  11.1 
were used. A fictitious value of 5 persons/ha and a homogeneous density were as-
sumed for the population distribution.

Table 11.1  Probit Functions for Human Vulnerability Used in the Case Studies 
(Mannan, 2005; van den Bosch et al., 1992)

Scenario Target Probit Equation Dose, D Dose Units

Radiation Human Y = −14.9 + 2.56 ln(D) I1.33·te I: kW/m2

te: s
Overpressure Human Y = 1.47 + 1.37 ln(D) ps ps: psig
Toxic release: NH3 Human Y = −9.82 + 0.71 ln(D) C2∙te C: ppm

te: min

Y, probit value; I, radiation intensity; ps, peak static overpressure; C, toxic concentration, te, exposure time.

FIGURE 11.1  Layout Considered for Case Study 1

Adapted from Antonioni et al. (2007).
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17911.3 Case study 2: Natech Scenarios Triggered by Floods

The results of the quantitative risk assessment using ARIPAR-GIS are shown in 
Fig. 11.2, both in terms of local specific individual risk (LSIR) (A) and of societal 
risk (B). As is clearly visible from this figure, the earthquake causes a significant 
increase in individual and societal risk levels, in particular for nonanchored tanks 
but also for those that are anchored, albeit at a somewhat lesser level. Two effects are 
evident from Fig. 11.2 in accordance with theoretical considerations:

1.	 An increase in the values of the frequency, F, corresponding to the reference 
scenarios chosen for each unit: this is caused by the increase in the overall 
frequency of the reference scenarios due to the possibility that the equipment 
may fail also due to an earthquake.

2.	 An increase in the maximum value of expected fatalities, N, caused by the 
assumption that seismic events may trigger scenarios simultaneously 
involving more than one unit. This assumption is never introduced 
in conventional QRA unless domino events are considered (Cozzani 
et al., 2005; Reniers and Cozzani, 2013). Clearly, assuming that several 
reference scenarios may take place at the same time results in overall events 
having a higher overall value of expected fatalities than that of the single 
reference scenarios.

This case study showed that the consideration of accident scenarios due to earth-
quakes adds important contributions to the overall values of these risk indices.

11.3  CASE STUDY 2: NATECH SCENARIOS 
TRIGGERED BY FLOODS
11.3.1  Layout and Vessel Features
In order to demonstrate the application of the methodology and to understand the 
importance of considering flood-induced Natech scenarios, a case-study QRA with 
ARIPAR-GIS was carried out. The layout of the industrial facility selected for the 
study is shown in Fig. 11.3. It should be noted that in the layout both atmospheric 
and pressurized tanks are present.

Table 11.2 lists the features of the vessels considered and their inventories of 
hazardous substances. Both horizontal and vertical tanks were included in the anal -
ysis. All the horizontal vessels were assumed to be supported on a concrete base 
(0.25  m above ground level) that may provide protection from floods with low 
water depths.

11.3.2  Workers and Surrounding Population
The industrial facility considered is organized for continuous operation 24 h/day. 
Thus, inside the site, a constant presence of 100 workers was considered. The work-
ers were assumed to be evenly distributed in the plant area. A 50% probability of 
being present outdoors was considered.
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180 CHAPTER 11  Case-Study Application II: ARIPAR-GIS

FIGURE 11.2  Individual and Societal Risk for Case Study 1

(A) LSIR contours (events/year), (B) societal risk with (solid lines) and without (dashed lines) 
the consideration of possible accident scenarios due to earthquake impact. The impact of 
anchoring tanks as a safety measure is also shown.

Adapted from Antonioni et al. (2007).
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18111.3 Case study 2: Natech Scenarios Triggered by Floods

FIGURE 11.3  Layout Considered for Case Study 2

(A) Overview of the industrial area, position of the tank farms, and location of pressurized 
tanks P21–P23; (B) pressurized tank farm and storage tank S1; (C) atmospheric tank farm.
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Table 11.2  Main Features of the Vessels Considered in Case Study 2 With Ambient Temperature 293 K

Vessel Features

Pressurized Vessels Atmospheric Vessels

P1–P9 P10–P16 P17 P18–P20 P21–P23 S1 T1–T4 T5–T8

Nominal capacity (m3) 50 30 115 150 100 3179 6511 6511
Diameter (m) 2.7 2.4 2.75 3.2 2.8 15 24 24
Lengtha/heightb (m) 10 6.5 20.1 19.4 18 18 14.4 14.4
Shell thickness (mm) 23 21 24 27 24 12.5 12.5 12.5
Vessel tare weight (metric ton) 12.3 5.9 29.2 36.1 26.2 110 165 165
Saddle parameter (m) 1.48 1.38 1.58 1.78 1.58 — — —
Filling level 90% 90% 90% 90% 90% 75% 75% 75%
Substance contained Propylene Propane LPGc Ammonia Chlorine Organic solvent Gasoline Benzene
Physical state Liquefied gas Liquefied gas Liquefied gas Liquefied gas Liquefied gas Liquid Liquid Liquid
Pressure (bar) 8 8.5 2 8.5 6.7 1.05 1.05 1.05
Liquid density (kg/m3) 615 450 550 600 1400 650 750 877
Vapor density (kg/m3) 13.8 15.4 4.8 4.9 19.3 0.97d 0.97d 0.97d

Inventory (metric ton) 32 12 59 84 140 1550 3656 4275
aHorizontal vessel.
bVertical vessel.
cAssumed as pure butane.
dAverage density of the purge gas (e.g., nitrogen blanketing), not relevant for model application
Adapted from Antonioni et al. (2015).
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18311.3 Case study 2: Natech Scenarios Triggered by Floods

Census data were used as the basis for societal-risk calculation. Fig. 11.4 shows 
the distribution considered for the resident population. Daily averages for presence 
probability of resident population were considered (Uijt de Haag and Ale, 1999; 
Bonvicini et al., 2012).

11.3.3  Flood Scenarios
The flood scenarios considered in case study 2 are summarized in Table 11.3. Four 
reference scenarios were selected in order to consider different types of flood waves. 
In particular, extremely severe conditions were assumed for the first two reference 
scenarios (Scenario 1 and Scenario 2). In the first scenario, high-depth flooding 
with limited speed was taken into account. In contrast, in the second scenario a 
“flash-flood,” with high speed but low water depth was assumed. Both conditions are 
associated with low frequency values (see Table 11.3). The other reference scenarios 
were associated with lower-severity flood conditions having a lower return time, that 
is, they occur more frequently. The defined reference flood scenarios allow the as-
sessment of the impact of different types of floods, with different damage potential 
and expected frequency.

11.3.4  Individual and Societal Risk Calculated for Conventional 
Scenarios
In order to understand the importance of Natech scenarios triggered by floods, as in 
the previous case study a QRA of “conventional” scenarios, due to internal failures at 
the installation, was performed to obtain reference values for individual and societal 

FIGURE 11.4  Density of the Resident Population in the Surroundings of the Industrial Area

Adapted from Antonioni et al. (2015).
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184 CHAPTER 11  Case-Study Application II: ARIPAR-GIS

risk. The expected frequency of the top events was defined according to the Purple 
Book (Uijt de Haag and Ale, 1999). Table 11.4 shows the end-point frequencies of 
each scenario considered for the risk sources analyzed. The consequences of the end-
point events listed in the table were assessed using literature models (Mannan, 2005; 
CCPS, 2000; van Den Bosch and Weterings, 2005). The physical effects calculated 
were then implemented in the ARIPAR-GIS software.

Fig. 11.5 shows the individual risk calculated for the conventional scenarios in-
cluded in the case study. The risk contour at the threshold value of 10−6 1/year lies 
inside the industrial area, while only lower individual risk levels are present in the 
residential areas. A Potential Life Loss (PLL) of 8.84 fatalities per thousand years 
was calculated. These results are the baseline values for the comparison with the risk 
levels calculated for the accident scenarios triggered by floods.

11.3.5  Individual and Societal Risk Including Flood-Induced 
Scenarios
The methodology for the quantitative assessment of Natech scenarios in QRA stud-
ies discussed in Chapter 9 was applied to the analysis of the four reference flood events 
considered. The equipment vulnerability models in Tables 9.3 and 9.4, derived from 

Table 11.3  Flood Reference Scenarios Defined for Case Study 2

Flood 
Conditions

Return Time 
(Year)

Flood Frequency 
(1/Year)

Flood 
Depth (m)

Flood 
Velocity (m/s)

Scenario 1 500 2.0 × 10−3 2.00 0.5
Scenario 2 500 2.0 × 10−3 0.50 2
Scenario 3 200 5.0 × 10−3 1.15 0.75
Scenario 4 30 3.33 × 10−2 0.75 0.5

Adapted from Antonioni et al. (2015).

Table 11.4  End-Point Scenarios Considered for the QRA of Internal Release 
Events at a Hazardous Facility

Tank ID Loss of Containment Event Final Outcome Frequency (1/Year)

T1–T8 and S1 Instantaneous release into 
the catch basin of the total 
inventory

Pool fire 4.5 × 10−6

P1–P17 Release in 10 min of the total 
inventory

Flash fire of propane, 
propylene, or LPG

4.5 × 10−7

P18–P23 Release in 10 min of the total 
inventory

Toxic cloud of 
ammonia or chlorine

5.0 × 10−7

Adapted from Antonioni et al. (2015).
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18511.3 Case study 2: Natech Scenarios Triggered by Floods

the studies of Landucci et al. (2012, 2014) were applied in the quantitative calcula-
tions of vessel failure probability (cf. Chapter 9). For atmospheric tanks, the approach 
summarized in Table 9.3 was applied, thus determining the critical filling level (CFL) 
as a function of the stored substance, tank geometry, and flood conditions. As shown 
in the table, for all the flood conditions considered, the failure of the atmospheric 
tanks resulted credible. The failure probabilities given the flood ranged from 1%–5% 
to 15%–20%, respectively, for the low- and high-severity flood scenarios.

In the case of pressurized horizontal vessels, completely different results were 
obtained. For these vessels, the fragility model described in Table 9.4 was used. Even 
in the presence of a high flood velocity, the “critical velocity” is not exceeded for any 
of the flood reference scenarios listed in Table 11.3 (Landucci et al., 2014). Hence, 
the tank failure probability was evaluated only according to the estimated CFL, re-
sulting in high values for flood scenario 1 (up to 100% failure probability), while for 
the other flood scenarios low values of failure probability were obtained (down to 0% 
failure probability in flood scenario 4). This was due to the fact that the tanks were 
considered anchored to concrete supports, which limited the lift forces associated 
with the flood.

On the basis of the calculated equipment failure probabilities, the application of 
the detailed procedure for Natech QRA discussed in Chapter 9 allowed the calcula-
tion of the frequencies and probabilities of scenarios involving the simultaneous dam-
age of more than one equipment item. Fig. 11.6 shows the results of the quantitative 
risk analysis with ARIPAR-GIS in the presence of Natech scenarios in terms of LSIR 

FIGURE 11.5  Individual-Risk Contours (1/Year) Calculated for Accident Scenarios 
Deriving From Conventional Hazmat Release Events due to Internal Failures
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186 CHAPTER 11  Case-Study Application II: ARIPAR-GIS

contours. Flood scenario 1, in which a high depth of flood water is assumed, resulted 
in the most critical flood event, leading to the highest number of damaged vessels 
and accident scenarios. On the basis of the failure frequencies estimated from the 
equipment vulnerability models, about 30,000 scenarios (over a total number of 232–1 
possible combinations) resulted in a frequency above the cut-off value of 10−10 1/year, 
but only 11,000 of them contributed significantly to the overall risk.

Flood scenario 2, which can be considered as a flash-flood due to its high water 
speed and limited depth, does not contribute significantly to the risk indices because 
several equipment items (in particular pressurized vessels) are mounted on concrete 
supports having a height comparable to the maximum flood-water depth consid-
ered. Thus, for scenario 2, damage was predicted only for the nine atmospheric 
tanks, and “only” 29–1 = 511 scenarios were considered. Among those, the frequen-
cies of merely 185 were above the cut-off value. Flood scenarios 3 and 4, which 

FIGURE 11.6  Individual-Risk Contours (1/Year) due to Flood-Triggered Accidents

(A) Flood scenario 1, (B) flood scenario 2, (C) flood scenario 3, (D) flood scenario 4.
From Antonioni et al. (2015).
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18711.3 Case study 2: Natech Scenarios Triggered by Floods

concern less severe but more frequent flood events, also resulted in only a low con-
tribution to the overall risk.

Fig. 11.7 compares the F–N curve for societal risk that includes flood Natech 
scenarios with the one that considers only conventional accident scenarios. The 
societal risk was calculated assuming a specific population distribution around the 
industrial area. In the case of flood-induced Natech scenarios, the conservative as-
sumption that the population distribution will not change during a flood was intro-
duced in the calculations.

The F–N curve that considers Natech events is mainly influenced by the increase 
in the frequency of loss of containment from chlorine tanks (P21–P23) due to flood-
ing. Only the toxic cloud dispersion of chlorine from the rupture of pressurized ves-
sels P21, P22, and P23 resulted in physical effects sufficiently high to cause harm in 
the areas where the resident population was present. Since only the reference flood 
event considered for flood scenario 1 was sufficiently severe to affect these vessels, 
this was the only flood event that caused changes in the overall societal risk value. 
The F–N curve that includes Natech scenarios also shows some additional steps at 
high N values (N > 4000) due to the presence of “combined scenarios,” where the 
impact of the simultaneous failure of and toxic releases from some, or all, of the 
chlorine tanks due to the flood event is considered.

The potential life loss (PLL) increases from 8.84 × 10−3 fatalities/year to 14.8 fa-
talities/year when including Natech events due to their higher frequency and sever-
ity if compared to conventional accidents.

FIGURE 11.7  Societal Risk Evaluated for Conventional Scenarios due to Internal Failures 
and for Flood Scenario 1

Adapted from Antonioni et al. (2015).

Co
py

rig
ht

 E
ls

ev
ie

r 2
01

7 
Th

is
 b

oo
k 

be
lo

ng
s 

to
 C

at
he

rin
e 

O
ch

se
nb

ei
n



188 CHAPTER 11  Case-Study Application II: ARIPAR-GIS

11.4  RESULTS OF THE CASE-STUDY ANALYSES
The results of the case studies demonstrate that Natech scenarios can have a high 
impact on the risk profile of industrial facilities storing and processing hazardous ma-
terials. These significant risk levels are mostly attributable to the rather high calcu-
lated values of vessel failure frequencies due to the high frequency of severe natural 
events estimated on the basis of the return time. This issue is also pointed out in 
several studies (Landucci et al., 2012, 2014) in which Natech frequencies were com-
pared with baseline frequency values used for component failure in “conventional” 
QRA. In fact, in areas exposed to natural hazards, the frequencies of such events 
may reach values that are orders of magnitude higher with respect to those related to 
component failures due to internal causes (e.g., mechanical failure, corrosion, ero-
sion, rupture induced by vibrations, and so on).

The analyses also showed that atmospheric tanks are the most vulnerable tank 
category, with possible failures even in the presence of low-severity natural events. 
Therefore, the results of quantitative risk analysis allow the determination of the 
most vulnerable equipment items and the units that may lead to most severe acci-
dent scenarios. The case studies exemplified that a risk-based approach supports the 
identification of the most critical items in the plant with respect to several types of 
natural hazards that may affect a given geographical area. Hence, the results may be 
used to support risk-informed decision making concerning the protection of indus-
trial sites where hazardous substances are present.

Finally, it is also worth noting that the extremely high level of societal risk in 
Fig. 11.7 is also due to the assumption that no change in time of the surrounding 
population’s presence was considered. On the one hand, in the case of earthquakes, 
flash floods, or floods caused by the sudden rupture of river levees, no time is usually 
available for warning and evacuation, and the obtained overall risk may therefore be 
considered realistic. On the other hand, in the case of long rivers for which forecast-
ing models are available, floods due to heavy rains or other adverse weather condi-
tions may be anticipated by several hours or even days. Consequently, for slow-onset 
flood scenarios there may be time for early warning and evacuation of the population 
and workers that may significantly change the number of persons exposed to the ef-
fects of the flood and of flood-induced Natech scenarios. The final consequences of 
flood-induced Natech scenarios may therefore be different if the evacuation of the 
population is considered.
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Case Study Application 
III: RISKCURVES

A. Basco*, I. Raben**, J. Reinders**, E. Salzano†

*AMRA, Analysis and Monitoring of Environmental Risk, Naples, Italy; 
**TNO-The Netherlands Organization for Applied Scientific Research, 
Utrecht, The Netherlands; †Department of Civil, Chemical, Environmental, 
and Materials Engineering, University of Bologna, Bologna, Italy

This chapter discusses the application of TNO’s software packages RISKCURVES 
and EFFECTS in the quantitative Natech risk analysis of a refinery located on the 
Mediterranean coast. In addition to conventional industrial accident scenarios that 
could lead to a release of dangerous substances, the impact of two natural hazards 
(earthquake and tsunami) on the overall risk level was also considered and the prior-
ity risk contributors identified.

12.1  INTRODUCTION
Public perception of the disaster potential derived from the interaction of natu-
ral hazards with industrial installations has strongly increased in the last decades 
(Krausmann et al., 2011; Salzano et al., 2013). For effective Natech risk reduction to 
take place, the risk first needs to be identified and analyzed. Hence, there is a strong 
need for Natech risk-analysis methodologies and tools. In this study, a quantitative 
analysis of Natech risks of a refinery at a Mediterranean coast was carried out us-
ing RISKCURVES and EFFECTS, exploiting the fact that computerized tools have 
been used for decades for the assessment of conventional industrial risks. Due to the 
refinery’s location, the impact of earthquakes and tsunamis was analyzed in addition 
to risks from accident causes other than natural hazards.

The analysis was performed within the framework of the EU project STREST 
(2016) which aimed to develop harmonized stress tests for critical infrastructures 
against natural hazards and which followed the stress tests performed for European 
Union nuclear power plants to review their response to extreme situations.

12.2  METHODOLOGY
Quantitative risk analysis (QRA) is a complex and time-consuming task, as depicted 
in Fig. 12.1, which shows the steps and relevant aspects of a QRA. Selecting rel-
evant equipment, choosing which accident scenarios are applicable, determining 
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192 CHAPTER 12  Case Study Application III: RISKCURVES

their frequencies, and modeling the physical effects are just a few of the hurdles 
a user finds on his way when performing a QRA. These issues clearly affect the 
overall risk figures as several arbitrary choices and simplifications are necessarily in-
troduced in the process. For the sake of comparability of studies, standard methods 
were developed in the Netherlands, to a large extent by TNO, through reference 
handbooks which are called the Yellow Book, Green Book, Purple Book, and Red Book 
(VROM, 2005a–d). The “colored” books are public and may be considered de facto 
as a standard reference for any risk analysis. The QRA presented in this chapter was 
performed using TNO’s software packages RISKCURVES for quantitative risk as-
sessment and EFFECTS for safety and hazard analysis (TNO, 2015), both of which 
are based on the “colored” books.

For any defined accident scenario, the physical effects and consequences need to 
be assessed. These are influenced by the release rate, weather conditions, and calcu-
lation models/methods, etc. Physical effects evaluated are toxic concentrations, heat 
radiation (pool fire, flash fire, torch fire, fire ball), and overpressure. The Yellow Book 

FIGURE 12.1  Steps for Standard Industrial Quantitative Risk Assessment
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19312.3 Description of the Case Study

contains models for the calculation of physical effects. Vulnerability models relating 
heat radiation, overpressure, and toxic concentrations to lethal consequences are 
provided in the Green Book and were implemented in the same software. The prob-
ability of scenarios, physical effects, and damage is influenced by many parameters. 
It can be assessed by using fault trees, event trees, case histories, or following the Red 
and the Purple Book. Risk is finally determined from two attributes: the adverse effects 
(consequences) of an accident and the frequency with which these consequences 
occur. In the QRA study presented in this chapter, two types of risks are considered 
based on Dutch legislation (Ministry of Infrastructure and Environment,  2010): 
locational risk (LR) and societal risk.

The first is defined as the frequency per year that a hypothetical person will be 
lethally affected by the consequences of possible accidents during an activity in-
volving hazardous materials, for example, a chemical plant or transport activities. 
This risk indicator is a function of the distance between the exposed person and the 
activity, regardless of whether people are actually living in the area, or at the speci-
fied location. LR is presented in contours on maps of the surroundings; the contours 
connect locations of equal LR. The LR is sometimes also referred to as the indi-
vidual risk (Section 7.2). Societal risk is defined as the cumulative frequency that a 
minimum number of people will simultaneously be killed due to possible accidents 
during an activity with hazardous materials. Here, the actual presence of people in 
the surroundings is taken into account. The societal risk for transport activities is 
calculated per single kilometer. Societal risk is also called “group risk.”

According to studies by several authors, the overall methodology proposed in 
Fig. 12.1 can be applied when considering natural hazards as the triggering event 
for the structural failure of industrial equipment, provided that the vulnerability of 
the equipment is evaluated in terms of loss of containment of hazardous materials 
(Fabbrocino et al., 2005; Campedel et al., 2008; Salzano et al., 2009).

12.3  DESCRIPTION OF THE CASE STUDY
A refinery on the Mediterranean coast was selected for this study. In the considered 
installation many storage tanks are present, containing a large variety of hydrocar-
bons, such as LPG, gasoline, gasoil, crude oil, and atmospheric and vacuum residues. 
The capacities of the tanks vary from about 100 m3 (fuel oil, gasoil, gasoline, kero-
sene) to 160,000 m3 (crude oil). All tanks are located in catch basins (bunds) with 
concrete surfaces. Solely the LPG is stored in pressurized spheres, all others in single 
containment tanks.

In order to evaluate the societal risk, the (actual) presence of persons in the sur-
roundings of the refinery needs to be taken into account, since the number of persons 
present influences the societal risk. Fig.  12.2 presents the population distribution 
considered for the test case.

For the present QRA no distinction was made between day and night popu-
lation densities. Rather, it was assumed that the population distribution does not 
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194 CHAPTER 12  Case Study Application III: RISKCURVES

vary between day and night. Two weather classes were considered: (1) D5: neutral 
atmosphere with 5 m/s wind, which occurs during both day- and night-time, and (2) 
F1.5: very stable atmosphere with 1.5 m/s, which occurs only during the night. The 
probability of a specific wind direction is random, that is, the wind rose is circular. 
The standard accident scenarios and related frequencies adopted for the QRA of the 
given test case are reported in Table 12.1.

Normally, two pipe-related scenarios are considered for QRA’s: a full-bore rupture 
and a small leak. Depending on the configuration of the pipe, a full-bore rupture could 
result in a two-sided outflow, that is, outflow determined by the upstream equipment/
conditions and back flow from the downstream equipment. In order to consider pipe 
failure correctly, detailed information on its layout, operating conditions, and im-
plemented safety measures is necessary. Unfortunately, information at this level of 
detail is not available and therefore pipe-related accident scenarios as defined in 
the Purple Book were not taken into account. However, since pipes and pipelines 

FIGURE 12.2  Population Distribution per km2 Used for the Case Study
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19512.3 Description of the Case Study

might be more vulnerable to natural hazards than storage vessels, completely ignor-
ing pipes would result in an underestimation of the impact of natural hazards on the 
overall risk. For this reason, an additional scenario was defined: the full-bore rupture 
of a pipe connected to a storage vessel, resulting in the loss of containment of the 
storage vessel. Backflow from downstream equipment is not considered. The failure 
frequency of the pipe connection is based on the Purple Book and 1-m pipe length 
(see Table 12.2).

Most tanks are located in large catch basins that encompass several tanks while 
each tank is located in a dedicated subbasin. This means that small spills remain 
contained in the subbasin where the leakage occurs without spreading to the other 
tanks, and for larger leakages the liquid can spread to the neighboring subbasin, but 
remains contained within the main basin. For the large-leak scenarios (instanta-
neous and 10-min release), we assumed that the liquid will spread beyond the sub-
basin. These scenarios have been located at the center of the main basin. For the 
instantaneous-release scenario we assumed that due to overtopping of the basin wall 
a surface of 1.5 times the main-basin area is covered by liquid. These assumptions 
are summarized in Table 12.3. Failure of the bund (basin) walls was not considered. 
Domino effects were also not taken into account although large pool sizes may cause 
domino effects upon ignition (e.g., BLEVEs of the LPG spheres).

In case of the impact of a natural event, its hazard and the associated vulnerabil-
ity of the industrial equipment need to be evaluated. For the specific location of the 
refinery, earthquake and tsunami hazards were assessed within the STREST project 

Table 12.1  Standard Scenarios and Associated Frequencies for Industrial Accidents

Scenario

Frequency (Year−1)

Atmospheric Vessels 
(Single Containment)

Pressurized 
Vessels

Instantaneous release of the complete inventory 5 × 10−6 5 × 10−7

Continuous release of the complete inventory in 
10 min at a constant rate of release

5 × 10−6 5 × 10−7

Continuous release from a hole with an effective 
diameter of 10 mm

10−4 10−5

Table 12.2  Standard Scenario and Frequencies for Above-Ground Pipes 
With Diameter D

Scenario

Frequency (Year−1)

D < 75 mm 75 mm < D < 150 mm D > 150 mm

Full-bore rupture 10−6 3 × 10−7 10−7
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196 CHAPTER 12  Case Study Application III: RISKCURVES

(STREST, 2016). The results were expressed in terms of PGA and hw2 occurrence, 
where PGA is the peak ground acceleration registered for the earthquake and hw2 is 
the product of the height and the velocity of the tsunami wave impacting the equip-
ment. Here, the annual mean frequency of PGA exceedance is shown, for the sake 
of brevity (Fig. 12.3).

By combining natural-hazard curves and equipment vulnerabilities, new accident 
scenarios (expressed in terms of loss of containment like for conventional industrial 
accident analysis) were defined. The final results are listed in Table 12.4, where the 
representative scenarios and the corresponding annual frequencies are shown. More 
details on the procedure for Natech QRA can be found in Chapter 7, in the open lit-
erature (Salzano et al., 2003; Fabbrocino et al., 2005; Campedel et al., 2008; Lanzano 
et al., 2013, 2014, 2015; Basco and Salzano, 2016), and in STREST project deliver-
ables (STREST, 2016).

FIGURE 12.3  Hazard Curve in Terms of Mean Annual Frequency of Exceedance of Peak 
Ground Acceleration (PGA)

Table 12.3  Pool Surface Areas

Scenario Pool Surface Area Considered

Instantaneous release tank 1.5 × main basin
10-min release tank Main basin
10-mm leak tank Subbasin
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19712.3 Description of the Case Study

For earthquake-induced Natech accidents, the release frequencies are location-
independent: all atmospheric vessels have the same release frequency, as do the 
pressurized vessels and pipes. Small releases are not considered for pressurized ves-
sels. The frequencies refer to the likelihood of failure of one or more tanks as a result 
of the earthquake or tsunami. It is assumed that one catch basin is large enough to 
hold the volume of the failing tanks and that the catch basin remains intact dur-
ing and after an earthquake or tsunami. Hence, the pool size is not affected by the 

Table 12.4  Accident Scenarios and Frequencies for Stationary Vessels due 
to Natural-Hazard Impacts (Salzano et al., 2003; Fabbrocino et al., 2005; 
Campedel et al., 2008; Lanzano et al., 2013, 2014, 2015)

Scenario Frequency (Year−1)

Earthquake

Atmospheric 
Vessels (Single 
Containment)

Pressurized 
Vessels Pipes

Instantaneous release of the complete 
inventory

3.70 × 10−3 1.16 × 10−9 —

Continuous release of the complete inventory 
in 10 min at a constant rate of release

3.70 × 10−3 1.16 × 10−9 —

Continuous release from a hole with an 
effective diameter of 10 mm

7.33 × 10−2 0 —

Full-bore rupture — — 5.56 × 10−2

Tsunami

Atmospheric 
Vessels (Single 
Containment)

Pressurized 
Vessels Pipes

Instantaneous release of the complete 
inventory

1.85 × 10−5 to 
3.47 × 10−4

0 —

Continuous release of the complete inventory 
in 10 min at a constant rate of release

1.85 × 10−5 to 
3.47 × 10−4

0 —

Continuous release from a hole with an 
effective diameter of 10 mm

0 0 —

Full-bore rupture — — 0

Earthquake + Tsunami

Atmospheric 
Vessels (Single 
Containment)

Pressurized 
Vessels Pipes

Instantaneous release of the complete 
inventory

3.7 × 10−3 to 
4.05 × 10−3

1.16 × 10−9 —

Continuous release of the complete inventory 
in 10 min at a constant rate of release

3.7 × 10−3 to 
4.05 × 10−3

1.16 × 10−9 —

Continuous release from a hole with an 
effective diameter of 10 mm

7.33 × 10−2 0 —

Full-bore rupture — — 5.56 × 10−2
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198 CHAPTER 12  Case Study Application III: RISKCURVES

number of tanks collapsing. Similar to conventional industrial risks, for the earth-
quake-triggered instantaneous-release scenario we assumed that due to overtopping 
of the basin wall a surface of 1.5 times the main-basin area is covered by liquid. The 
consequence analysis was based on the released volume of one tank.

For tsunami-induced releases the location of the vessel determines the release 
frequency. Only vessels within approximately 250 m from the shoreline will suffer 
damage due to the tsunami and release their contents. The release frequency is not 
the same for all vessels. For instance, all pressurized vessels are located further inland 
away from the shore and will not be affected by the tsunami. No pipe ruptures or small 
leakages are caused by the tsunami, no matter where the vessels or pipes are located.

Not all hazardous substances present on site were considered individually, and 
representative substances were used instead. Table 12.5 shows which representative 
substance was used for each product. Atmospheric residue, heavy vacuum gas oil, 
and vacuum residue were not considered in the QRA.

12.4  RESULTS AND DISCUSSION
The risk of each separate event was first compared, that is, industrial risk from con-
ventional release sources not related to natural hazards, earthquake- and tsunami-
induced risks. Fig. 12.4 presents the LR contours for each of these risks. The black 
crosses indicate the location of the scenarios.

Conventional industrial risks result in large contours, especially for the lower risk 
levels (10−7 and 10−8 year−1). These contours are dominated by the risks related to 
the LPG storage vessels.

When considering only earthquake-induced risks, the 10−7 and 10−8 year−1 risk 
contours are smaller. This is due to the lower release frequency for the LPG tanks 
compared to conventional accident causes. The higher risk levels (> 10−6 year−1) 

Table 12.5  Representative Substances

Product Representative Substance

Atmospheric residue NA
Crude oil Pentane
Fuel oil Nonane
Gasoil Nonane
Gasoline Pentane
HVGO NA
Jet fuel/kerosine Nonane
LPG Propane
Naphtha Pentane
Others Pentane
VAC residue NA
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19912.4 Results and Discussion

FIGURE 12.4  Locational Risk—Single Causes Only
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200 CHAPTER 12  Case Study Application III: RISKCURVES

are dominated by the atmospheric tanks which for earthquakes have a higher release 
frequency compared to that of conventional industrial risks, resulting in larger 10−5 
and 10−4 year−1 contours. The industrial risks on the right side of the site are mainly 
caused by the atmospheric tanks. When comparing pure industrial risks with earth-
quake-induced risks, one can observe that in case of an earthquake the risks on the 
right side of the site have increased by a factor of approximately 1000 and that the 
10−4 year−1 contour is located at almost the same location as the 10−7 year−1 contour 
for conventional industrial risks. This is due to the failure frequency of atmospheric 
tanks being a factor 1000 higher for earthquakes than for failure due to conventional 
accident causes.

The risks associated with tsunami-induced releases are the smallest of the three 
release causes. Only atmospheric vessels close to the shore were predicted to result in 
hazardous-materials releases. Vessels located further away do not pose risks.

Fig. 12.5 shows the LR when considering (1) industrial + earthquake-induced 
risks; (2) industrial + tsunami-induced risks; and (3) industrial + earthquake- and 
tsunami-induced risks. The most dominant risks are the industrial and earthquake-
induced risks. The figure indicates that for this pilot case, low risks (< 10−6 year−1) 
are dominated by the industrial risks as they are caused by failure of the LPG vessels 
from causes not related to natural hazards. Earthquake and tsunami do not damage 
these vessels.

Natural hazards cause an increase in the total risk levels. As the tsunami only 
damages a limited number of vessels along the shore line, the risk increase is, how-
ever, limited. Similar results for earthquakes only and involving a simplified analysis 
of the earthquake hazard, can be found in Salzano et al. (2003, 2009), Campedel 
et al. (2008), or Fabbrocino et al. (2005).

Fig. 12.6 shows the societal risk per accident cause. Up to approximately 200 
fatalities, Natech accidents from earthquake and tsunami provide a more important 
contribution due to the higher failure frequency of the atmospheric tanks under 
these conditions. Larger numbers of fatalities are only caused by industrial risks or 
earthquakes. This is due to consequences from the failure of the LPG vessels which 
are not affected by the tsunami due to their location further away from the shore.

12.5  CONCLUSIONS
Natural hazards can play an important role in the total risk of installations with 
hazardous substances. In this study, the effect of an increased frequency (caused by 
earthquakes or tsunamis) of a number of hazmat release scenarios on locational and 
societal risk was assessed.

The impact of natural hazards depends on many (location-specific) factors. For 
the site analyzed in this study, the tsunami damaged only a limited number of atmo-
spheric storage vessels along the shore line. Hence, the increase of the total risk due 
to tsunami is limited. Nonetheless, the potential overloading of emergency response 
should be considered, at least for the tanks along the coastline.
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20112.5 Conclusions

FIGURE 12.5  Locational Risk—Cumulated Risks
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202 CHAPTER 12  Case Study Application III: RISKCURVES

Of more importance is the effect of an earthquake, which significantly increases 
the failure frequency of atmospheric storage tanks. However, neither an earthquake 
nor a tsunami considerably increases the failure frequency of and hence the risk posed 
by pressurized vessels (like LPG spheres). Since for the considered site the risk is 
largely dominated by the LPG tanks (which fail due to accident causes not related to 
natural hazards), the impact of these natural events is limited.

This pilot case was performed to show the impact of natural hazards on the out-
come of a quantitative risk analysis of an industrial site where hazardous substances 
are present. The aim was not to perform a detailed QRA of the pilot site (for such an 
exercise much more detailed information would have been required) but merely to 
show how (the most common) accident scenarios are affected by an increased release 
frequency caused by earthquakes and tsunamis.

Other scenarios that can be relevant in case of earthquakes or tsunamis were 
not evaluated. For instance, failure of multiple tanks was not taken into account. 
However, multiple and simultaneous releases may result in release volumes that can 
exceed the catch basins’ capacity, and hence lead to larger pool sizes, especially if the 
catch basins fail. Domino effects were also not considered although cascading events 
can be more frequent during Natech accidents (cf. Chapter 3 and Section 7.3.2.2). 
For instance, if a pool of flammable material extends to an area with LPG spheres, 
BLEVEs may occur. The impact of debris (or large objects like ships) swept onshore 
with a tsunami is also a source of danger to hazardous industry that was not taken 
into account in this study. Such phenomena will result in larger impact areas, and 
hence may increase the number of casualties.

FIGURE 12.6  Societal Risk—Industrial, Earthquake- or Tsunami-Induced
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It is interesting to note that with earthquakes and tsunamis having large impact 
areas, many of the fatalities calculated in the QRA might have occurred also had 
such an installation not been present, for example, due to building collapse. In other 
words, the additional number of casualties caused by the damaged industrial instal-
lations may very well be much smaller under these conditions. Nevertheless, natural 
hazards can be an important contributor to the overall risk level of a hazardous in-
stallation and should therefore be considered in a facility’s risk assessment to ensure 
appropriate prevention and preparedness.
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Reducing Natech Risk: 
Structural Measures
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Commission, Joint Research Centre, Ispra, Italy; †Department of Naval Architecture 
and Ocean Engineering, Osaka University, Osaka, Japan

Structural prevention and mitigation measures can help prevent damage and haz-
ardous-materials releases at industrial facilities, and contribute to reducing their 
consequences if releases do occur. This chapter introduces a selection of available 
structural protection measures for different types of natural hazards.

13.1  INTRODUCTION
Releases of hazardous materials from damaged process or storage equipment pose a 
substantial threat to human health and the environment. Often, industrial facilities 
that handle hazardous materials are located in urbanized areas subject to natural-
hazard events. In these cases, a Natech event can endanger not only plant personnel, 
but also residents of the neighboring community. The danger of releases in highly 
urbanized areas has been explicitly recognized by many developed and developing 
countries (OECD, 2012).

Limiting industrial development in areas prone to natural hazards is the most 
efficient way to minimize the danger associated with the potential natural-hazard 
impact. However, land-use-planning restrictions for existing installations are often 
very costly and difficult to implement. In this case, supplementary measures are re-
quired to protect hazardous facilities. There are various ways in which the risk of 
Natech accidents can be reduced, including through structural risk-reduction mea-
sures, that is, using engineering solutions, as well as through organizational measures. 
Furthermore, these can be divided into:

•	 prevention measures—actions or measures that are put in place to reduce the 
likelihood of damage and occurrence of a hazardous-materials release and

•	 mitigation measures—actions or measures that are put in place to reduce the 
impact of hazardous-materials releases if they do occur.

In the following sections we discuss passive and dynamic structural accident 
prevention and mitigation measures for different types of industrial equipment and 
building structures, and for different types of natural-hazard events.
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206 CHAPTER 13  Reducing Natech Risk: Structural Measures

13.2  PREVENTION MEASURES
13.2.1  Earthquakes
In areas of high seismic risk, large earthquakes (Mw 7.0 or greater) pose one of 
the greatest threats to industrial plants and other infrastructures housing hazard-
ous materials. The examples described in previous chapters highlight that concrete 
buildings, steel storage tanks, open steel structures, and other equipment present at 
industrial facilities are vulnerable to earthquake loads. Steel storage tanks are gener-
ally classified as anchored or unanchored depending on the restraint provided to the 
ground. Unanchored storage tanks may be subjected to uplifting and/or sliding mo-
tion with the subsequent tearing of connected pipes in case of strong ground motions 
(Salzano et al., 2003). Welds in steel tanks are sensitive to corrosion and can lead to 
wide cracks during earthquake events, particularly in the shell/roof and shell/base-
plate joint zones. Liquid sloshing in full (or nearly full) steel storage tanks can result 
in large axial compressive stresses of the tank shell, causing elephant-foot buckling 
due to the seismic overturning forces. Sloshing of the liquid near the free surface can 
damage the roof and upper shell of the tanks (Ballantyne and Crouse, 1997; Salzano 
et al., 2003; Hosseinzadeh and Valaee, 2006).

Damage or collapse of buildings at adjacent structures at process plants can also 
cause hazardous-materials releases, major process upsets, or even human casualties 
(Fig.  13.1). Moreover, industrial installations are a combination of buildings and 
warehouses, industrial equipment, and lifeline systems, such as plumbing, electrical, 
heating, ventilation, and air-conditioning systems. An earthquake can damage one 
or a combination of these infrastructures, thereby causing failures in other parts of 
the facility through these interconnected systems (Cruz, 2014). In fact, often chemi-
cal accidents occur not necessarily because of the earthquake itself but due to the 
secondary effects of the earthquake, such as power outages, loss of water supply (e.g., 
collapse of water cooling towers, damage to water pipes), lack of process air, damage 
of critical equipment (e.g., inoperability of boilers), or failure of standard prevention 
and mitigation measures.

With earthquakes remaining unpredictable despite advances in the natural and 
engineering sciences, the adoption of appropriate seismic building codes for new 
plant structures and the retrofitting of older facilities to comply with the latest design 
codes can help minimize loss of life and property. Building structures related to the 
operation and administration of a plant or as part of the plant infrastructure (e.g., 
control rooms, communications, pumping stations, water treatment), or for materi-
als and equipment storage may require special design to ensure that they remain 
operational following a major disaster.

The impacts of large earthquakes on industrial installations may be severe 
as the examples of the Kocaeli (cf. Section  2.2) and Wenchuan earthquakes 
(Krausmann et  al.,  2010) demonstrated. Lessons from past earthquakes suggest 
that industrial facilities that adopted earthquake design codes or implemented 
retrofitting generally performed better (even in earthquakes exceeding design 
loads) than facilities that had not embraced seismic design. The example of the 
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20713.2 Prevention Measures

Great East Japan earthquake in Japan in 2011 (cf. Section 2.3), demonstrated the 
effectiveness of earthquake prevention measures in Japan through performance-
based earthquake design as relatively little damage of major severity occurred due 
to the earthquake.

Different countries use different seismic building codes. For example, the United 
States leaves the decision of which building code to adopt to each State, although 
seismic requirements for new and existing federal buildings exist. The State of Cali-
fornia adopted the 2016 California Building Standards Code, which is based on the 
International Building Code (IBC, 2015). As was mentioned in Chapter 4, chemi-
cal accident prevention is regulated in California by the CalARP program. CalARP 
updated its Guidance for Seismic Assessment in Dec. 2013 (CalARP, 2013), which 
specifically requires the assessment of:

1.	 Regulated processes as defined by CalARP Program regulations.
2.	 Adjacent facilities whose structural failure or excessive displacement could 

result in the significant release of regulated substances.
3.	 Onsite utility systems and emergency systems which would be required to 

operate following an earthquake for emergency reaction or to maintain the 

FIGURE 13.1  Pipes Collapsed Onto a Building at a Fertilizer Plant During the 2008 
Wenchuan Earthquake in China

Photo credit: E. Krausmann.
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208 CHAPTER 13  Reducing Natech Risk: Structural Measures

facility in a safe condition (e.g., emergency power, leak detectors, pressure relief 
valves, etc.).

Most importantly, the seismic assessment guidelines provide several performance 
criteria that apply to individual equipment items, structures, and systems (e.g., pow-
er, water, etc.). These criteria may include one or more of the following:

•	 maintain structural integrity,
•	 maintain position,
•	 maintain containment of material, and
•	 function immediately following an earthquake.

Japan follows the Building Standard (BS) Law revised in 1981 and the Act for 
Promoting Earthquake Proof Retrofitting of Buildings enacted in 1995 following the 
Kobe earthquake (Cruz and Okada, 2008). It is generally agreed that engineered 
buildings in Japan are designed for greater strength and stiffness than similar build-
ings in the United States and tend to be more resilient (Whittaker et al., 1998). One 
important aspect of the revised BS law is that it uses performance-based standards 
where the building is required to satisfy performance criteria with respect to materi-
als, equipment, and structural methods (Japan External Trade Organization, 2005). 
As explained in Chapter 4, the seismic code was modified to account for lessons 
learned from the Great East Japan Earthquake in 2011. Furthermore, in Mar. 2016 
the Institute for Disaster Mitigation of Industrial Complexes at Waseda University 
in Tokyo published Guidelines for Earthquake Risk Management at Industrial Parks 
(IDMIC, 2016). The Guidelines are similar to the CalARP seismic guidance docu-
ment emphasizing various performance levels, addressing soil problems and struc-
tural design issues, as well as prevention and mitigation measures. It differs from 
the CalARP in that the Japanese guidelines are meant for area-wide assessment at 
industrial agglomerated areas.

13.2.1.1  Storage Tanks
Storage tanks may be directly damaged by both short- and long-period earthquake 
ground motions. Typical failure modes of storage tanks during past earthquakes in-
clude shell buckling, roof damage, anchorage failure, tank-support system failure, 
foundation failure, hydrodynamic pressure failure, connected pipe failure, and man-
hole failure (ALA, 2001; Salzano et al., 2003). Storage tanks may suffer damage due 
to earthquake-induced liquid sloshing and soil liquefaction. Liquid sloshing and the 
resulting dynamic loading on the tank wall need to be taken into account in the de-
sign of storage tanks in earthquake-prone areas. During the Great East Japan earth-
quake most storage tanks performed well except along the northwest Japan Sea coast 
and the Tokyo Bay area, which experienced long-period strong ground motions. This 
caused liquid sloshing of oil in storage tanks with resultant sinking of floating roofs 
and other damage, such as failure of pontoons (Zama et al., 2012).

The earthquake prevention measures adopted should consider the tank’s intend-
ed use, size, structure type, materials, design lifetime, location, and environment 
in order to assure life safety and to maintain their essential functions following an 
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20913.2 Prevention Measures

earthquake. The Architectural Institute of Japan, which published the 10th edition 
of “Design Recommendation for Storage Tanks and Their Supports With Emphasis 
on Seismic Design” (AIJ, 2010), noted that the trend in recent years has been for 
larger storage tanks, and as such the seismic design for these larger tanks has become 
more important to guarantee public safety and environmental protection. In ad-
dition to the seismic design of the tank structure and foundation, the appropriate 
Japanese codes (e.g., Fire Safety Code) and standards (e.g., API Standard 650 for 
welded steel oil storage tanks) should be followed.

Anchoring of above-ground storage tanks can prevent horizontal sliding, tank 
uplifting, and tank overturning. Anchor and anchor-chair design must be considered 
carefully to avoid damage between anchor chair and tank shell due to excessive rigid-
ity of anchors (Sakai et al., 1990). Furthermore, some industry guidelines, such as the 
Process Industry Practice (PIP, 2005) Guidelines for Tank Foundation Designs, do not 
recommend the use of anchors on large cylindrical storage tanks. Bakhshi and Has-
sanikhah (2008) studied the performance of anchored and unanchored storage tanks 
during the Kobe earthquake in 1995 and found that the main differences are related to 
uplifting phenomena. The authors found that tall and medium storage tanks are more 
sensitive to anchorage conditions than larger, broader storage tanks.

Damage to tank flanges and connected pipes can be reduced by the use of flexible 
pipe coupling and flexible pipes as shown in Fig. 13.2.

Damage of support legs of spherical storage tanks during the Great East Japan 
earthquake demonstrated the need for improved design and strengthening of leg 
braces. Furthermore, the need to consider situations where the equipment may be 
under higher stresses than those experienced during normal operation, e.g., during 
equipment maintenance and checks, need to be reviewed, and factored into the 
design of these storage tanks if needed.

13.2.1.2  Pipework and Pipelines
With respect to overland transport pipelines, the cheapest and most effective way 
to protect the pipeline and its network components (pump/metering stations, valve 
sites, terminal/tank farms) is adequate siting to keep the vulnerable equipment away 
from earthquake-prone areas. As this may not always be possible, the risk of ac-
cidents in such situations can be significantly reduced by the careful selection of 
pipeline routes, the line pipe’s orientation with respect to fault lines, and hazard-
aware choices for the siting of critical components of the pipeline network (Yokel 
and Mathey, 1992).

In addition to sensible siting, design safety is the most important pipeline protection 
mechanism. It relies on the availability and implementation of modern design stan-
dards, and it includes the use of resistant pipe materials and novel techniques for the 
strengthening of joints to better resist seismic loading. In areas of permanent ground de-
formation induced by liquefaction or at fault crossings, additional measures are required 
to effectively protect a pipeline. Adjusting the orientation of the line pipe with respect 
to the fault direction or using low-density backfill material at the trench are common 
practices in such situations (Girgin and Krausmann, 2015; STREST, 2014).
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210 CHAPTER 13  Reducing Natech Risk: Structural Measures

The Trans-Alaska oil pipeline is an excellent example of how engineering solu-
tions can successfully protect pipelines from even severe seismic activity. The Trans-
Alaska pipeline dates back to the 1970s when it was built according to stringent 
earthquake design specifications to accommodate the possibility of a M = 8 earth-
quake from the Denali Fault which the pipeline crosses. The implemented earth-
quake design was put to the test in Nov. 2002 when the fault ruptured during a 
M =  7.9 earthquake. The strong shaking forces damaged a number of the pipeline’s 

FIGURE 13.2 

Flexible Pipe Coupling (A) and Flexible Steel Pipe (B) on Large Oil Tanks (20 × 40 m)
Photo credit: A.M. Cruz.
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21113.2 Prevention Measures

supports near the fault area, but the pipeline easily accommodated the 4.3-m hori-
zontal and 0.8-m vertical shift at the fault crossing without breaking (USGS, 2003). 
Having been aware of the possibility of strong earthquakes in the area, pipeline 
designers had given the line pipe Teflon shoes with which it could slide on long 
horizontal beams, thereby allowing the pipe to move and giving it flexibility un-
der seismic stress (Fig. 13.3). The overall cost of implementing this measure [about 
3 million US$ (in 1970 US$)] was considered significantly below the potential eco-
nomic losses due to lost revenue and repair costs, as well as environmental cleanup, 
had the pipeline ruptured.

In case an earthquake occurs, quick operator action might be necessary, such as 
reducing the flow in the pipeline or shutting it down completely to reduce the stresses 
on the pipeline wall. In this context, Griesser et al. (2004) discuss the installation of 
strong-motion detectors on pipelines in seismic areas. Based on the information pro-
vided by these detectors, control signals can be issued to support quick shutdown or 
other types of preventive action.

13.2.2  Tsunami and Coastal Storm Surge
Buildings, storage tanks, and pipelines located in coastal areas subject to tsunami 
hazards may be vulnerable to wave impact and flooding. Site conditions in the run-
up zone will determine the depth of tsunami inundation, water flow velocities, the 

FIGURE 13.3  Engineered Seismic Protection Measures Implemented for the Trans-Alaska 
Pipeline at the Denali Fault Crossing

Adapted from USGS (2003), Courtesy of the US Geological Survey.
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212 CHAPTER 13  Reducing Natech Risk: Structural Measures

presence of breaking wave or bore conditions, debris load, and warning time, and 
can vary greatly from site to site (NTHMP, 2001). The vulnerability of buildings to 
tsunami loads will depend on several factors including number of floors, the pres-
ence of open ground floors with movable objects, building materials, age and design, 
and building surroundings, such as the presence of barriers (Dominey-Howes and 
Papathoma, 2007).

The National Tsunami Hazard Mitigation Program (NTHMP, 2001, 2013) in the 
United States recommends four basic techniques that can be applied to buildings 
and other infrastructure to reduce tsunami risk, including:

•	 Avoiding development in inundation areas: This is the most effective 
prevention strategy but not always possible particularly for existing buildings.

•	 Slowing techniques: These include the use of specially designed forests, ditches, 
slopes, and berms which can slow and drain debris from waves.

•	 Steering techniques: These are used to guide tsunamis away from vulnerable 
structures and people by placing structures, walls, and ditches and using paved 
surfaces that create a low-friction path for water to follow.

•	 Blocking water forces: This technique consists in building hardened structures, 
such as break walls and other rigid construction that can block the force of the 
waves.

Until recently, there were no tsunami-specific building codes. Structural design to 
protect buildings in tsunami-prone regions is generally based on loading due to river-
ine floods and storm waves, providing little guidance for loads specifically induced by 
tsunami effects on coastal structures (Yeh et al., 2005). Recently, a new chapter on 
“Tsunami Loads and Effects” for the 2016 edition of the American Society of Civil 
Engineer’s ASCE 7-16 Standard “Minimum design loads and associated criteria for 
buildings and other structures” was introduced in the United States. According to 
Chock (2015), the ASCE 7-16 Tsunami Loads and Effects chapter will become the 
first of its kind in the United States for use in the states of Alaska, Washington, Ore-
gon, California, and Hawaii. Chock (2015) explains that the new ASCE 7 provisions 
implement a unified set of analysis and design methodologies that are consistent with 
probabilistic hazard analysis, tsunami physics, and structural target reliability analysis. 
The approach developed results in the first unification of tsunami hazard mapping for 
design and reflects a modern approach of performance-based engineering.

In Europe there has been an effort at the European Community level, through 
the Tsunami Risk and Strategies for the European Region (TRANSFER) project, 
cofunded under the European Union 6th Framework Programme, to improve the 
knowledge of tsunami processes and risks in tsunami-prone regions particularly in 
areas, such as Southern Italy, Southern Spain, and Greece. Efforts have centered 
on modeling hazards, hazard mapping, and vulnerability assessment of critical and 
essential infrastructure systems [see, e.g., Cruz et al. (2009) for a study on tsunami 
impact at a refinery in the south of Italy]. One of the key goals of the project was 
the development of strategies and policies to manage, mitigate, and deal with risks 
stemming from future tsunami hazards.
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13.2.2.1  Storage Tanks
Storage tanks are vulnerable to tsunami loads. Ibata et al. (2013) report that dam-
age to many cylindrical oil storage tanks during the Great East Japan earthquake 
and tsunami occurred due to sliding, floating, overturning, steel wall buckling, and 
collapse due to the forces of the tsunami. Fig. 13.4 gives an overview of the various 
failure modes of tanks under tsunami loading, while Fig. 13.5 presents photos of two 
tanks damaged by the Great East Japan tsunami. Of the 167 tanks reported damaged, 
120 tanks had capacities of less than 500 kL. There was no damage to tanks with 
capacities larger than 10,000 kL, but the pipework for 27 of these tanks was affected. 
Slowing, steering, and blocking water techniques may be used for storage-tank pro-
tection. Their structural design and heights should be carefully evaluated based on 
a tsunami-hazard assessment. During the Great East Japan tsunami, earthen dikes 
around storage tanks at a refinery in Sendai were overtopped. Although the tanks 
did not float off their foundation, debris impacts caused damage to connected pipes 
resulting in oil releases. Since the earthquake and tsunami, the earthen dikes have 
been reconstructed and their height increased. Fig. 13.6 shows the reconstruction of 
a damaged earthen dike at the refinery in Sendai, Japan.

Submersion and subsequent buoyancy are of particular concern for storage tanks 
that may float off their foundations, thereby tearing pipe connections and resulting 
in the release of possibly flammable and/or toxic materials. According to Ibata et al. 
(2013) damage to storage tanks in the Great East Japan tsunami increased with in-
undation depth higher than 3 m. The authors reported that for inundation depths 
between 3 and 5 m damage to attached piping and tank body were documented. At 
inundation depths of over 5 m, most of the storage tanks were damaged.

Research is ongoing to improve the protection of storage tanks during tsuna-
mi. Examples include the development of a method to reduce damage by tsunami 
through design and the application of flexible pipes to reduce tsunami flow loads 
(Okubayashi et al., 2016; Tar et al., 2016), and tsunami impact minimization based 
on storage tank distribution.

FIGURE 13.4  Failure Modes Observed During the Great East Japan Tsunami in 2011

Adapted from Ibata et al. (2013).
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214 CHAPTER 13  Reducing Natech Risk: Structural Measures

13.2.2.2  Pipework and Pipelines
Pipework and pipelines are vulnerable to direct tsunami impact and debris loads, 
as well as hydrostatic and buoyancy loads which may result in pipes floating off and 
breaking. Overland pipelines were especially vulnerable to tsunami debris impact 
during the Great East Japan tsunami resulting in several oil spills (Ibata et al., 2013). 
Commonly used guidelines suggest that a pipe should not suffer any displacement 
from wave action with a 5-year return period but can experience minor displace-
ment from wave action with a 50-year return period. Major displacement is possible 
for wave loading with a 100-year return period, but nevertheless the pipe should 

FIGURE 13.5  Examples of Damage to Oil Storage Tanks in Miyagi Prefecture During the 
Great East Japan Tsunami in 2011

Photo credit: C. Scawthorn.
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21513.2 Prevention Measures

never collapse. Submerged pipes or pipes near the coastline in tsunami-prone areas 
should be anchored or braced, and have ballast weights to avoid flotation. Support 
structures should take into account tsunami wave scouring and soil erosion, or soil 
liquefaction. Furthermore, lessons from the Great East Japan tsunami showed the 
need to protect pipelines from debris impact.

13.2.2.3  Other
In addition to implementing equipment-specific structural protection measures, the 
tsunami risk to hazardous installations in coastal areas can be reduced by lowering the 
impact forces of tsunami waves. This can be achieved by putting into place offshore 
breakwalls or other types of barriers onshore (Ergin and Balas, 2006; Jayappa, 2008; Ma-
heshwari et  al.,  2005). These physical barriers could also keep tsunami-driven debris 
from washing into the plant. In locations where a facility is not protected by external 
tsunami barriers, it is advisable to take measures to avoid wave-load damage and water 
intrusion for all structures containing hazardous substances and all systems that are criti-
cal for the safety of the installation (Cruz et al., 2011).

13.2.3  Floods
Flood loads are similar to tsunami loads and include hydrostatic, buoyant, hydrody-
namic, and breaking-wave forces, as well as impact loading which results from floating 
debris (Yeh et al., 2005). Buildings located in river basins and near large water bodies 
may be subject to flood loads. Similar to tsunamis, flood protection measures include 

FIGURE 13.6  Reconstruction of an Earthen Dike at a Refinery in Japan After the 2011 
Tohoku Earthquake

Photo credit: A.M. Cruz.
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216 CHAPTER 13  Reducing Natech Risk: Structural Measures

avoiding building in flood-prone areas, particularly within the 100-year flood plain, 
water proofing of buildings, and slowing, steering, and blocking techniques. Elevation 
of buildings or important building components above the 100-year flood contour level 
can protect building functionality and contents. The United States Army Corps of 
Engineers (USACE) has done extensive work in flood mitigation and control. The re-
port “Flood proofing techniques, programs, and references,” prepared by the USACE, 
presents a comprehensive review of flood-proofing techniques (USACE, 1997).

Most wealthier nations (e.g., the United States, Germany, Italy, Spain, France) 
as well as many developing countries (e.g., Mexico, Colombia) limit or prohibit 
development in the 100-year flood plain. However, the law generally applies to new 
construction. Thus, existing buildings located within the 100-year flood plains may 
not be sufficiently protected. Furthermore, political pressure and corruption some-
times result in concession of building permits or illegal development in flood-prone 
areas (Sierra, 2005; Santander, 2010).

In Japan, the Ministry of Land, Infrastructure and Transport established the com-
prehensive Flood Control Measures, which consolidate the combined use of facilities 
to maintain the water-retaining and retarding functions of river basins, the creation 
of incentives to use land safely and to build flood-resistant buildings, and the estab-
lishment of warning and evacuation systems for both tsunami and riverine flooding. 
Development in high flood-risk areas (within the 100-year flood plain) is regulated 
through land-use planning controls and flood plain zoning. In addition, the Building 
Standard law provides provisions for flood proofing of engineered structures, includ-
ing construction of seawalls and other barriers to protect port terminal facilities from 
flooding, storm surge, and tsunami waves (Cruz and Okada, 2008).

13.2.3.1  Storage Tanks
Postaccident analyses showed that storage tanks are particularly vulnerable to flood 
impact. The main damage and failure mechanisms are buoyancy, water drag, and 
debris impact (cf. Section  3.5). Adequate anchoring with bolts or other types of 
restraining systems should effectively prevent tanks and other equipment from float-
ing off their foundations under most flood or storm-surge conditions. Another risk-
reduction measure is the filling of empty tanks with water in preparation for a flood 
situation to avoid tank floating and subsequent displacement. This measure is, how-
ever, controversial as product residues might still be in the tank, and safety proce-
dures are required to avoid contamination or reaction of the water with the product. 
Consequently, the implementation of these procedures requires some lead time and, 
therefore, reliable early warning. Instead of water, a specified amount of product 
could be left in the tanks at all times, thereby increasing its weight and decreasing 
the risk of buoyancy. However, should the tank fail, the consequences could be more 
severe (Krausmann et al., 2011).

Storage tanks are commonly surrounded by containment dikes or concrete walls 
which retain accidental releases from the tanks. While these catch basins are not 
designed to keep the floodwaters out, they can provide some protection provided 
that they are not overtopped or that erosion from the flooding has not compromised 
the structural integrity of the dikes.

Co
py

rig
ht

 E
ls

ev
ie

r 2
01

7 
Th

is
 b

oo
k 

be
lo

ng
s 

to
 C

at
he

rin
e 

O
ch

se
nb

ei
n
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The risk of debris impacts on vulnerable equipment and the associated hazard-
ous-materials releases can be controlled by creating barriers that steer the floodwa-
ters away from an industrial plant. External barriers, such as earthen berms, sheet 
pile, or concrete walls, can contribute to keep flood-driven debris from washing into 
a facility (Cruz and Krausmann, 2013).

13.2.3.2  Pipework and Pipelines
There are various standards or codes to ensure that pipelines are able to withstand an-
ticipated external pressures and loads that will be imposed on the pipelines after instal-
lation. Furthermore, most codes will provide guidance on the number of shutoff valves 
to be installed at intervals ranging from somewhere between 5 and 30 km, depending 
on the population density or presence of sensitive areas along the route of the pipeline. 
Pipelines should be protected from floods and flash floods that may result in pipe dis-
placement or cause the pipe to sustain abnormal loads. Pipelines installed in a navigable 
river, stream, or harbor should be buried and have a minimum cover of soil or consoli-
dated rock (NTSB, 1996). Most importantly, a detailed flood risk assessment should ac-
company any pipeline design to ensure that the maximum flood-hazard risks have been 
considered in the design, installation, management, and monitoring of the pipeline.

13.2.3.3  Other
Water intrusion in hazardous or auxiliary equipment can cause short circuits or pow-
er loss which could trigger or exacerbate a major accident. Similar to tsunamis, also 
in the case of floods or storm surge, safety-critical systems in a hazardous installation 
need to be protected from wave-load damage and water intrusion to guarantee their 
continued functioning. This can be achieved by waterproofing of vulnerable equip-
ment and systems. The implementation of safe equipment design that makes use of, 
for example, interlocks, fail-open or fail-closed valves contributes toward ensuring 
safe emergency shutdown in situations in which onsite power is lost due to flooding 
(Krausmann et al., 2011).

It has been observed during past Natech accidents that waste oil in a plant’s 
drainage system can be lifted by the floodwaters and be dispersed after stratifica-
tion on the water surface. Upon contact with an ignition source, which can be a 
hot plant unit or a lightning strike, major fires and/or explosions can be sparked 
(Cruz et al., 2001). In areas prone to flooding, including those where a rise in ground-
water level is common during periods of long, sustained rainfall, the drainage sys-
tems for waste flammable substances and surface run-off water should be segregated.

13.2.4  High Winds
Buildings, storage tanks, and other structures may be subject to wind damage, par-
ticularly storm-induced winds, hurricane winds, and tornadoes. Engineering design 
codes are used to insure that buildings and structures are constructed to withstand 
particular wind speeds depending on the characteristics of each region. In the 
United States, the American Society of Civil Engineers (ASCE) provides guide-
lines for the design and calculation of wind loads in the design standard ASCE 7-05 
“Minimum Design Loads for Buildings and Other Structures” (ASCE, 2006). ASCE 
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7 requires design for the 50-year wind speed with an importance factor for critical 
infrastructures and industrial facilities containing hazardous materials. This results 
in the equivalent of a 500-year wind speed for these structures (Steinberg, 2004).

It is important to note that very often wind damage to buildings is due to failure of 
roofing materials, doors, and windows. These failures, which are often less expensive 
to prevent or mitigate, lead to weather penetration and damage (Heaney et al., 2000).

In Japan, wind loads are addressed using a performance-based approach. The re-
quirements for building structures in areas subject to high winds in Japan are given by 
the Wind Load Provisions of the Building Standard law and Building Control System 
(Cruz and Okada, 2008). These requirements are classified into three categories: life 
safety, damage prevention, and continuous normal operation. Each of these catego-
ries assumes a specific level of load/forces (Hiraishi et al., 1998). Critical facilities 
and essential building structures will require that they remain operational after being 
exposed to high wind loads.

13.2.4.1  Storage Tanks
Wind loads on storage tanks include wind pressure on vertical projected areas of cylin-
drical surfaces and uplift pressures on horizontal projected areas of conical or curved 
surfaces and roofs. The recently updated design standard ASCE 7-16, “Minimum 
Design Loads and Associated Criteria for Buildings and Other Structures” provides 
guidelines for the design and calculation of wind loads on storage tanks (ASCE, 
2016).

13.2.5  Lightning
Lightning is a common accident trigger in processing and storage activities (Kraus-
mann and Baranzini, 2012; Rasmussen, 1995). With climate change and the pre-
dicted increase in the frequency of severe hydrometeorological hazards, lightning 
hazards are expected to become more pronounced in the future (IPCC, 2007).

The main purpose of lightning protection is to keep lightning away from flamma-
ble and explosive substances, and avoid sparking and flashovers, as well as overheat-
ing in conductors. Bouquegneau (2007) emphasizes that in the oil and gas industry, 
lightning protection systems of class I or even I+ should be adopted in sensitive areas 
to ensure high safety levels. A number of common protection measures and systems, 
such as grounding of equipment, lightning rods, or circuit breakers, are available. It 
has, however, been found that these measures may not prevent equipment damage 
or failure and the ignition of flammable substances effectively (Renni et al., 2010; 
Goethals et  al.,  2008; EPA,  1997). Moreover, lightning protection measures and 
systems require regular inspections and maintenance as they tend to deteriorate due 
to chemical corrosion, weather-related effects, and mechanical damage. Protection 
measures in poor conditions are not effective in preventing an accident.

13.2.5.1  Storage Tanks
Lightning is a frequent source of fires in storage tanks containing flammable sub-
stances (Renni et  al.,  2010; Chang and Lin,  2006). The rim seal of atmospheric 
floating-roof tanks has been identified as the most likely point of ignition during a 
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lightning strike. Regular checks of the rim seal and maintaining it in good condition 
will limit the escaping of flammable vapors and hence the risk of ignition during a 
lightning storm.

The International Standard on protection against lightning (IEC, 2006) indi-
cates that tanks are essentially self-protecting provided they are continuous me-
tallic containers with a minimum shell thickness that depends on the metal the 
tank is made of (e.g., 4 mm for steel tanks). Additional protection measures might 
be required for instrumentation and electric systems associated with the operation 
of these tanks. Bouquegneau (2007) notes that measures for lightning protection 
should be taken in accordance with the type of tank. Isolated tanks and containers 
should be earthed at least every 20 m.

The situation is somewhat different for floating-roof tanks containing flammable 
substances. For more effective lightning protection, the roof should be bonded to the 
tank shell, and tank seals and shunts that safely conduct stray currents to the ground 
should be designed with the objective to minimize the risk of ignition. This includes 
the determination of the optimum number of tank shunts and their location. For 
floating roof tanks, multiple shunt connections at 1.5-m intervals around the roof 
perimeter are recommended (Bouquegneau, 2007). Interestingly, in some cases tank 
shunts have been found to actually increase the risk of fires during lightning storms, 
as they are a source of sparking when hit by lightning (LEC, 2006).

Currently, no consolidated methodology is available for analyzing the risk of 
lightning impacts at hazardous installations. However, first attempts in this direc-
tion have been made by developing a quantitative methodology for determining 
the lightning capture frequency of hazardous equipment and the associated damage 
potential (Necci et  al.,  2014,  2013). These studies also discussed the benefits of 
selected types of lightning protection systems and how their positioning onsite can 
influence risk-reduction efforts.

13.2.5.2  Pipework and Pipelines
The International Standard on protection against lightning also defines protection 
measures for overland transport pipelines. For instance, it recommends that above-
ground metal pipelines should be earthed every 30 m (IEC, 2006). For pipeline sta-
tions, surge-protection devices should be implemented to prevent disturbances in 
control systems. Cathodic protection systems, implemented to reduce the risk of 
pipe corrosion by establishing a pipe-ground voltage differential, are generally safe-
guarded against surges and lightning currents. Several incidents suggest, however, 
that lightning can overcome this system which causes concern as to the effectiveness 
of corrosion protection.

13.2.5.3  Other
Lightning can cause onsite power blackouts and power dips which can upset pro-
cesses, affect electrically operated safety systems, and as a consequence lead to loss 
of containment. It is crucial to identify the dangerous conditions which can result 
from a power loss to be able to prioritize the processes that should receive emer-
gency power from internal backup systems. It should also be considered to shut down 
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highly hazardous processes under these conditions, blow-down pressurized equip-
ment, and put process units into safe mode. During the starting-up of the installa-
tion in the wake of a lightning storm, processes need to be monitored carefully to 
detect possible malfunctions that could threaten plant safety, as early as possible 
(Krausmann et al., 2011).

13.3  MITIGATION MEASURES
The design and implementation of mitigation measures to reduce the impact of 
hazardous-materials releases concurrent with natural disasters requires a careful risk 
assessment to make certain that these remain functional or operational following 
a natural disaster. Typical mitigation measures include containment walls/dikes 
around storage tanks to contain any liquid release and to limit the spill surface area 
for vaporization in case of volatile substance, the installation of oil-spill detectors 
and automated emergency shutoff valves to decrease spill quantities, water cannons 
and foaming systems with in situ and easily accessible (e.g., next to each tank) foam 
stocks to insulate the spill surface and prevent vaporization, water curtains to wash 
out toxic gas releases, water sprinkler systems around and over the storage tanks 
for fighting fires and to cool off tanks in the case of fire in nearby area (Fig. 13.7), 

FIGURE 13.7  Retrofitting of a Storage Tank Affected by the 1999 Kocaeli Earthquake in 
Turkey With a Sophisticated Sprinkler System

Photo credit: S. Girgin.
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fire walls to protect control rooms or other sensitive areas (e.g., residential areas), 
a sufficient number of fire hydrants, above-ground water pipelines with pumps and 
inlets for external water feed to reduce the risk of pipe breaks due to ground displace-
ment, and high-capacity backup power generators in the case of power outages, etc. 
(Girgin, 2011; Steinberg and Cruz, 2004). The effectiveness of the existing protec-
tion measures should be tested periodically to ensure that they function properly 
during natural-hazard conditions. Wherever possible, multiple mitigation measures 
should be implemented to prevent the escalation of the accident.

Unfortunately, natural hazards are still commonly overlooked in the design of 
engineered protection measures and systems at hazardous facilities. Damage to safety 
and mitigation measures can render them inoperable and hence unable to perform 
their functions (Fig.  13.8). Past earthquakes have shown that containment dikes 
may fail during strong ground motion (Steinberg and Cruz, 2004; Ibata et al., 2013). 
The use of liners inside containment dikes or walls to prevent leakage in case of tank 
rupture and dike/wall break will provide added protection. Nevertheless, during the 
Great East Japan earthquake, soil liquefaction and large ground displacement caused 
damage to dike walls as well as dike liners (Ibata et al., 2013). Thus, seismic design 
should also be applied to containment dikes/walls. Moreover, all critical active and 
passive safety barriers (e.g., water curtains/deluges, containment dikes, retention 
walls) in a hazardous installation need to be designed to withstand the forces of rel-
evant natural-hazard loads (e.g., from earthquakes, tsunamis, floods, etc.). The use of 

FIGURE 13.8  Damaged Retention Wall During the 2008 Wenchuan Earthquake

Photo credit: A.M. Cruz.
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automatic shutdown systems activated by sensors in the wake of natural-hazard load-
ing may prevent releases if plant units have been damaged during a natural event.

Damage to utilities is a generally occurring and major problem during natural 
hazards. Although emergency- and backup systems for electricity and water supply are 
usually available at large plants, they might be inadequate to meet the high demand 
in case of simultaneous multiple Natech accidents. Backup power generators designed 
not only to maintain lighting, but sufficiently powerful for the operation of critical 
equipment and/or other plant operations should be considered and planned for.
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Dealing with Natech risk effectively involves a wide range of prevention and mitiga-
tion measures that can be physical or administrative in nature. A mix of both types 
of measures is commonly required for optimum protection. This chapter introduces 
selected organizational measures for Natech risk reduction.

14.1  ORGANIZATIONAL RISK-REDUCTION 
MEASURES
Natech risk reduction involves structural but also organizational measures. In con-
trast to structural measures, which use engineered physical solutions, such as safety 
valves or containment dikes, to achieve protection goals, organizational measures are 
administrative programs and controls implemented to reduce risks. Organizational 
protection measures, often also called nonstructural measures, include educational 
and awareness campaigns, staff training, the establishment of safety practices and 
procedures including the monitoring of safety performance, and policies and laws. 
Considering that hazards can never be entirely eliminated from a hazardous instal-
lation using only technical protection measures, organizational control is needed to 
support accident prevention and mitigation (Saari, 2016). In fact, a lack of or bad or-
ganizational risk-reduction measures and practices, such as the absence of oversight 
mechanisms or bad management of change have caused or contributed to chemical 
accidents (Arocena et al., 2008).

14.2  NATECH RISK GOVERNANCE
Risks in general, and those stemming from existing or new technologies in particular, 
need to be properly governed to allow the society to benefit from these technologies 
while at the same time minimizing the potentially associated negative consequences. 
More specifically, risk governance involves all processes of interaction and decision 
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228 CHAPTER 14  Reducing Natech Risk: Organizational Measures

making among all actors that have a stake in a given risk, with the aim to identify, 
assess, manage, and communicate the risk. Clearly, good practice should be applied 
to risk governance for all types of risks.

From a Natech point of view, risk governance is becoming exceedingly important 
in modern times considering the increasing interconnectedness of society and indus-
trialization, and the pace of new technological developments coupled with emerging 
hazards, such as climate change. There is concern among all stakeholders, such as 
government authorities, industry and civil society that risk-governance mechanisms 
might lag behind the processes that drive change in today’s world, and that it might 
not be possible to effectively deal with new risks (Renn and Walker, 2008).

Since natural hazards may impact large areas simultaneously, addressing Natech 
risk requires an integrated risk governance approach to tackle both the safety of 
individual installations but also the potential interactions with other installations, 
lifelines, and nearby communities before, during, and after a natural-hazard event. 
The interdependencies of these systems may result in cascading events that can have 
short-, medium-, and long-term health, environmental, economic, and social im-
pacts beyond the disaster areas. The Great East Japan earthquake and the Thai floods 
in 2011 highlighted the need to better understand infrastructure failure interdepen-
dencies and their risk governance. This means that the management of Natech risks 
requires incorporating parameters of the physical environment, such as lifelines, in-
dustrial facilities, and building stock, as well as organizational, social, and systemic 
factors into the analysis of natural-hazard risks (Cruz, 2012; Cruz et al., 2015).

Thus, the need to address Natech risk reduction as a territorial risk-governance 
issue is of the utmost importance. Natech risk reduction cannot be tackled as a prob-
lem of an individual facility, but only through a comprehensive and integrated risk-
governance approach that involves all stakeholders.

The work of the International Risk Governance Council (IRGC) aims to support 
the better understanding and management of emerging global risks by developing 
concepts for risk governance, anticipating major risk issues, and providing recom-
mendations on risk governance to key decision makers (www.irgc.org). In this con-
text, the IRGC proposed an innovative risk-governance framework in an attempt to 
provide guidance on how to investigate, communicate, and manage particular risks 
(IRGC, 2012). This framework supports a comprehensive and integrated view of risk 
governance and comprises the following five elements:

•	 Risk preassessment: early warning and “framing” of the risk to provide 
a structured definition of the problem, of how it is framed by different 
stakeholders, and of how it may best be handled.

•	 Risk appraisal: combining a scientific risk assessment (of the hazard and its 
probability) with a systematic concern assessment (of public concerns and 
perceptions) to provide the knowledge base for subsequent decisions.

•	 Characterization and evaluation: using the scientific data and a thorough 
understanding of the societal values affected by the risk to determine if the risk 
is acceptable, tolerable (requiring mitigation), or intolerable (unacceptable).
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22914.3 Prevention and Mitigation

•	 Risk management: actions and remedies needed to avoid, reduce, transfer, or 
retain the risk.

•	 Risk communication: how stakeholders and civil society understand the risk 
and participate in the risk-governance process.

The second and third element are very similar to the process for (Natech) risk 
assessment introduced in Chapter 7. The IRGC framework, however, does not only 
consider scientific evidence in the assessment but also includes risk perceptions, so-
cial concerns, and societal values. The IRGC also analyzed contributing factors that 
provide fertile ground for the emergence of new or the aggravation of existing risks, 
such as scientific unknowns, technological advances, perverse incentives, or a loss 
of safety margins (IRGC, 2010). The associated guidelines for emerging risk gover-
nance have been published recently (IRGC, 2015).

A comprehensive treatment of risk governance under conditions of increasing 
complexity is provided by Fra Paleo (2015) in which light is shed on the underlying 
structural factors, processes, players, and interactions which influence decision mak-
ing, thereby either increasing or reducing disaster risks, including those of Natech 
accidents.

14.3  PREVENTION AND MITIGATION
A comprehensive risk assessment or lessons learned from past accidents and near 
misses can identify technical and organizational failures that may occur and drive the 
development and implementation of appropriate prevention and mitigation mea-
sures. With respect to learning from past events, Argyris and Schön (1974, 1978) 
contend that individuals and organizations involved in safety management should 
employ double-loop learning that allows them to detect and correct an error while at 
the same time critically examining and changing the values, assumptions, and objec-
tives that might have led to actions with unwanted consequences in the first place.

Past experience showed that structural prevention and mitigation measures need 
to be supplemented by organizational measures at all actor levels to ensure the effec-
tive reduction of the risks associated with natural-event impacts at hazardous instal-
lations. Most importantly, industry operators should establish and promote a corpo-
rate safety culture that is reflected in a corporate safety policy or safety management 
system (OECD, 2003). This must include the periodic monitoring and/or reviewing 
of the safety performance of a hazardous installation, including the consideration of 
information related to natural-hazard risks (OECD, 2015).

Generally, during the design and construction stages of an industrial installation 
it is ascertained that the risks from the hazardous substances and processes present 
on-site are minimized. This includes the application of state-of-the-art design stan-
dards and codes of practice, which has to consider the risks from natural-hazard im-
pacts where applicable. For earthquakes, for instance, seismic building codes based 
on a realistic assessment of the expected earthquake severity and the resultant load-
ing on structures need to be implemented. Seismic design should be extended to also 
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cover industrial equipment where not mandatory because the continued functional-
ity of equipment containing hazmats and of safety-relevant auxiliary infrastructures 
is key to preventing a Natech accident (Krausmann et al., 2011a). It is essential that 
compliance with these codes is monitored. Since natural-hazard risks can vary over 
time and some industrial installations or infrastructures have a long operational life, 
natural hazards should not only be considered during the design stage but also during 
plant operation.

The best approach to preventing Natech accidents is naturally to keep hazard-
ous installations away from natural-hazard prone areas via appropriate land-use-
planning (LUP) arrangements and controls. LUP should consider the risks posed 
by natural events when considering the siting for hazardous industry, including the 
potential changes to the natural-hazard risk due to climate change. Authorities can, 
for instance, determine that certain areas, such as flood zones, may not be suitable for 
the siting of activities involving hazmats. Alternatively, they can call for additional 
protection measures or impose more stringent design, construction, and operational 
requirements in natural-hazard zones (OECD, 2015).

Once a decision on the siting of a new installation has been taken, the choice 
of the site layout with respect to the location of hazardous substances and processes 
can contribute significantly to reducing the likelihood of a Natech accident. For 
instance, if the siting of a new hazardous facility in a flood area cannot be avoided, 
it should be attempted to place equipment containing hazmats and other safety-
critical plant components outside the projected inundation zone. Shut-off valves, 
for example, should be located above the predicted inundation levels as otherwise 
they might not be reachable during flood conditions. These risk zones may, however, 
not be static in time and a reassessment of these zones should be undertaken periodi-
cally to take account of newly available information or possibly changed boundary 
conditions related to natural-hazard frequency and severity. If these reviews show 
that the risks of Natech accidents have significantly increased over time at existing 
installations, the safety report should be updated, and retrofitting to comply with 
safety goals is advisable.

In natural-hazard prone areas, Natech-specific protection measures and systems 
should already be considered during the design stage of a hazardous facility. These 
measures might be mostly structural in nature. However, they need to be accompa-
nied by procedures to make sure that plant personnel takes the correct actions in 
case of early warning, or during and after abnormal operating conditions, such as 
those caused by heavy rain, storms, earthquakes, etc. Examples of such procedures 
are the emergency shutdown of highly hazardous processes in case of power loss, for 
example, due to a lightning storm, or the careful monitoring of all processes during 
a plant’s start-up to detect possible safety issues after a storm as early as possible. An-
other procedure is the deinventorying of tanks or pipeline systems exposed to natural 
hazards to reduce the hazardous materials at risk of being released in case of an ac-
cident. During Hurricanes Katrina and Rita in 2005, a significant number of pipeline 
breaks occurred in the Gulf of Mexico, which is testimony to the vulnerability of this 
type of infrastructure to natural-hazard impact. The much lower number of releases 
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from these pipelines was attributed to the deinventorying of the pipelines in prepara-
tion for the storms (Cruz and Krausmann, 2009).

In areas subject to multihazard natural risks, for example, earthquakes followed 
by a tsunami, the consecutive impact of both natural events needs to be considered 
in the safety management of the hazardous plant. An earthquake preceding a tsu-
nami could weaken or damage the facility, which would then be more vulnerable to 
the impacting tsunami wave. This is applicable to both shore protection systems and 
industrial facilities.

Considering that Natech risks are often underestimated or little understood, 
training and education of all actors involved in the reduction of Natech risks 
should be expedited. This holds in particular for plant personnel to ascertain that 
they are competent to carry out their tasks under normal, abnormal, and emer-
gency conditions, but also for authorities to help them better evaluate the Natech 
risk and to support informed decision making. In addition, a dialog between all 
stakeholders should be facilitated to avoid the fragmentation of knowledge across 
different actors.

14.4  EMERGENCY-RESPONSE PLANNING
Emergency-response planning is at the interface between accident prevention and 
consequence mitigation and ensures adequate preparedness in case of an emergency. 
The control of Natech accidents requires special planning in terms of emergency 
management because major natural events, such as strong earthquakes or severe 
floods, may impact large areas affecting people, the building stock, as well as industry 
and other infrastructures. Natural hazards will most likely also impact safety mea-
sures, as well as directly affect emergency-response capacity, particularly if natural 
events have not been adequately factored into an installation’s design and safety-
management plan. Moreover, a natural disaster can contribute to the escalation of a 
chemical accident due to cascading events and interdependencies, often resulting in 
more severe consequences and complicating emergency response.

It is therefore obvious that emergency plans for accidents involving hazardous 
materials should take natural-hazard risks into account. However, emergency-re-
sponse plans in the industry are typically developed for single accidents that are 
expected to occur during normal day-to-day plant operation, and seldom include the 
possibility of multiple releases that are common during Natech events. In addition, 
onsite emergency-response plans usually rely on the availability of external lifelines 
for accident mitigation which are often destroyed by the natural event. It is recom-
mended that plant-internal emergency plans for mitigating hazmat releases during 
natural disasters should assume that off-site response resources are unavailable. In-
stead, they should provide for backup lifelines or specific emergency procedures to 
cope with the consequences of a Natech accident. In this context and to be conser-
vative, safety barriers should be considered as absent or nonfunctional. Onsite emer-
gency plans should also foresee means for the adequate control of ignition sources in 
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the wake of hazmat releases to allow the safe use of emergency-response equipment, 
such as power generators, foam sprays, and pumps.

Off-site emergency-response plans for hazardous industry in natural-hazard prone 
areas need to consider the eventuality of hazmat releases from natural-hazard impact, 
and the effect of these releases, including fires and explosions, on the population and 
on rescue operations. These external response plans should incorporate the emer-
gency evacuation of residents in the vicinity of the hazardous facility which might 
be challenging if access roads are blocked by debris, flooded, or destroyed. Although 
usually not considered, attention should be given to possibly violent reactions of re-
leased chemicals with floodwaters and the formation of secondary toxic or flammable 
vapors from possibly innocuous precursor chemicals (Cozzani et al., 2010).

Natural events can also damage response capabilities by affecting power and 
water supplies, access routes, and communication systems, rendering emergency re-
sponse a big challenge. Several past Natech events (cf. Sections 2.2 and 2.3) showed 
that the hazmat releases may hamper emergency response to the natural-disaster 
victims by forcing first responders to abandon the area to not endanger their lives. 
An assessment of the vulnerability of the emergency-response resources is also called 
for in the context of Natech risk reduction.

In case of off-site consequences, local hospitals and clinics might have to treat 
people for toxic effects or burns. During natural disasters, it is, however, likely that 
hospitals might be overwhelmed by the onrush of natural-disaster victims, and there-
fore have only limited human and medical resources to deal with hazmat-exposure 
symptoms. In order to prepare for the eventuality of a Natech accident, local medical 
services should be informed about the risks at industrial facilities and make certain 
they have sufficient and suitable medication in stock for treating hazmat-release vic-
tims. Similar to medical personnel, local security forces play an important role dur-
ing emergencies involving hazardous materials by informing and assisting the public 
during the evacuation, and by securing evacuation zones. This means that they are 
also at risk of exposure to toxic releases, fires, or explosions. It is essential that these 
units receive adequate training to better protect the population but also themselves 
(Girgin, 2011).

Generally, emergency-response plans drawn up at plant and community level 
should be periodically reviewed and tested to ensure that they address the potential 
consequences of natural-hazard impacts. This should be done proactively to avoid 
surprises during an emergency. The planning should also consider possible changes 
to the frequency and severity of some natural hazards due to climate change. Postac-
cident reviews serve to critically assess the performance of emergency response and 
offer an opportunity to improve response systems. Following the major Natech acci-
dents during the Kocaeli earthquake in 1999, plant-internal accident investigations 
found that response resources were wanting during the emergency, and response ca-
pacities were subsequently increased. This included the installation of more and 
higher-capacity fire-fighting equipment, the improvement of the interoperability be-
tween plant-internal and off-site fire-fighting resources, and the inclusion of Natech 
scenarios in the updated emergency-response plan (Girgin, 2011).
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It should be noted that careful consideration of conflicting emergency-manage-
ment objectives such as the need to carry out search and rescue activities, while at the 
same time being forced to evacuate the same area because of a hazardous-materials 
release threat, is called for. This is aggravated by the fact that shelter-in-place to pro-
tect residents from the releases may not be feasible due to a loss of structural integrity 
of buildings by damage from earthquakes or other natural hazards. Steinberg and Cruz 
(2004) also found that panic flight behavior may be expected at facilities that house 
hazardous materials which suffered heavy damage. This finding indicates that mecha-
nisms to deal with the lack of personnel at industrial facilities to handle emergencies 
involving hazardous materials following a large earthquake need to be identified.

The OECD (2015) suggests to integrate emergency planning for hazardous in-
stallations with emergency planning for natural disasters and civil defence, consider-
ing that these activities involve many of the same requirements. This would result 
in better coordinated and consistent emergency plans, as well as a coordinated com-
mand structure in case of an emergency.

14.5  EARLY WARNING
Early-warning systems play a pivotal role in the reduction of risks related to natural 
hazards, however, early warning is usually not available or practicable for mitigating 
Natech risks. Warning times for some natural hazards are often very short and might 
prove to be insufficient for taking preventive action at hazardous installations. Sal-
zano et al. (2009) studied the conditions necessary for early warning for Natech risks 
and report that the effectiveness of such early-warning systems is characterized by 
the ratio of the available warning time, and the time necessary for implementing the 
required preventive action. The latter strongly depends on the type of equipment at 
risk, its operating conditions, the hazardous substances it contains, and the associ-
ated processes and actions of people and systems.

For early warning to be successful, the facility operator has to receive timely 
warning from a reliable source, e.g., from authorities, quickly evaluate this informa-
tion, and act upon it. Table 14.1 gives an overview of the effectiveness of Natech 
early warning using the ratio of warning and action time as a basis.

Table 14.1  Effectiveness of Natech-Specific Early-Warning Systems Based 
on the Warning Time twarn and Action Time tact

twarn/tact Characteristics Effectiveness

<<1 Short warning time or slow preventive 
action

Low: Little time to implement preventive 
action

≈1 Warning time similar to time needed 
for preventive action

Medium: Some preventive action possible 
prior to natural-event impact

>>1 Long warning time or fast preventive 
action

High: Sufficient time for preventive action 
even if time-consuming
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Early warning to prevent earthquake-triggered Natech accidents is the most unfa-
vorable situation as warning times range from only a few seconds to a few minutes, 
depending on the distance of the hazardous installation from the earthquake’s epi-
center. The subsequent actuation of protection measures and systems would have to 
be extremely quick and rely on automatic processes, as human intervention would 
likely be too slow. Signals from seismic sensor networks installed onsite could ac-
tivate safety interlock systems and valve closure on hazardous equipment or trig-
ger emergency shutdown of dangerous processes (Salzano et al., 2009; Krausmann 
et al., 2011b). Valve closure is, however, not an instantaneous process, and van den 
Bosch and Weterings (1997) indicate that safety valve isolation for equipment at 
atmospheric pressure (e.g., hydrocarbon storage tanks) will take about 10 min while 
pressurized equipment can be isolated in 3 min. Early warning for earthquakes might 
therefore not prove to be very effective in preventing hazardous-materials releases 
and earthquake-resistant design should be prioritized.

River floods have warning times that can typically range from hours to days, there-
by providing ample opportunity to mitigate the associated Natech risk. Possible risk-
reduction measures under these conditions can include complete plant shutdown, 
depressurization of equipment, deinventorying of critical units, and the transfer of 
hazardous substances from inundation zones onsite to safer locations. Since these 
measures can be rather costly, reliable early warning and the minimization of false 
alarms are a prerequisite for the acceptability of these systems for controlling the 
Natech risk (Krausmann et al., 2011b).

The warning lead time for tsunamis depends on whether they are generated in the 
near or far field. If there is sufficient time, prevention actions like for floods can be 
taken for securing the installation. However, tsunamis can trigger Natech accidents 
not only by impacting process and storage units, but also by causing damage at con-
nected port terminals and their loading and unloading infrastructure. In case of a tsu-
nami warning, tankers moored at a refinery’s oil terminal would require a warning lead 
time of a few hours to stop the product transfer, safely disconnect the loading arms, 
and move into deep waters to reduce the risk of a major oil spill (Eskijian, 2006).

Bouquegneau (2007) indicates that early warning is also possible for lightning-
related hazards. Access to information from meteorological lightning-location sys-
tems can provide advance warning to operators, allowing them to take appropriate 
measures to disconnect sensitive equipment, stop hazardous processes, and protect 
open-air workers onsite.
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Many hazardous industrial activities provide society with indispensable goods and 
services. Some of these activities are considered particularly critical, such as refining, 
oil and gas transport and distribution, or the production of rare specialty chemicals, 
due to their criticality for ensuring human wellbeing and the smooth functioning of 
society.

Past Natech accidents highlighted the vulnerability of these industrial activi-
ties to natural-hazard impacts with consequences ranging from health impacts and 
environmental degradation to significant economic losses at local or regional level 
from asset damage and the associated business downtime. For major accidents, ripple 
effects on the economy can reach global proportions, resulting in a shortage of raw 
materials or intermediate products in the manufacturing industry, and causing global 
price hikes. Some of these accidents have also drawn attention to the increased risk 
of cascading effects during natural disasters and the challenges faced by emergency 
responders in combating accident consequences when lifelines have been downed 
by the natural event.

Unfortunately, Natech risk is bound to increase in the future. On the one 
hand, climate change is already affecting the severity and frequency of hydro-
meteorological hazards, such as floods, heavy precipitation, or storms, while world-
wide industrialization increases the number of technological hazards. On the other 
hand, human exposure and vulnerability is also growing with a trend toward in-
creasing urbanization, and industry and community encroachment on areas that are 
natural-hazard prone.

Awareness of Natech risks is increasing and first attempts at systematically as-
sessing and controlling this kind of risk are being made. However, the move toward 
a safer and more resilient society relies on the closing of a number of remaining re-
search and policy gaps related to Natech risk reduction which require the attention 
of regulatory bodies, industry, and the research community.

Further awareness-raising efforts are needed to help stakeholders recognize the 
vulnerability of hazardous installations with respect to natural-hazard impact. This 
includes the recognition that vulnerabilities may also be tied to the nonavailability 
of protection measures, and of internal or external lifelines, which are also prone to 
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238 CHAPTER 15  Recommendations and Outlook

damage or failure during natural hazards. In this context it is important to note that 
interdependences between lifelines are not routinely assessed.

Considering the distribution of knowledge and competences across different ac-
tors, for example, industry, ministries in charge of civil protection, environment, 
or labor, it should be ensured that communication pertaining to Natech risks flows 
freely and effectively between these actors. Otherwise there is the danger of under-
estimating Natech risks with repercussions on safety legislation, technical standards 
and codes, and risk mitigation. Risk communication should therefore be improved in 
industry, and at all levels of government, be it national, regional, or local.

In some countries and for some industrial activities, current legislative frame-
works explicitly address the risk of natural-hazard impacts on hazardous installations 
and can—in principle—provide a significant contribution to industrial safety. It is, 
however, crucial that competent authorities ensure the enforcement of these regula-
tions for them to be effective in reducing Natech risks. Guidance on how to achieve 
the goals set out in the legislative framework should be developed to help industry 
comply with the legal requirements and to support authorities in evaluating if indus-
try has met the associated safety objectives. Where missing, specific legislation for 
Natech risk reduction should be developed and implemented. Experience shows that 
in most situations risk mitigation worked best if required by law.

Risk assessment helps the operator to identify safety gaps in a hazardous instal-
lation and the associated risk-reduction priorities. For Natech risk assessment, no 
consolidated methodologies exist. Research should therefore focus with a priority on 
the development of methodologies and tools for Natech risk assessment and related 
guidance for industry. The accident scenarios identified in the risk assessment also 
support land-use- and emergency-planning decisions. In addition, an inventory of 
best practices for Natech risk reduction for different types of natural hazards should 
be developed and disseminated widely to combat the fragmentation of information 
potentially useful to all stakeholders.

In the assessment of Natech risks the impacts of climate change on natural-haz-
ard severities and frequencies should be considered and appropriate action taken 
where additional vulnerabilities are identified. The adequacy of the design basis 
of hazardous installations and equipment against natural-hazard loading should be 
scrutinized in particular in light of climate change. This also includes an assessment 
of the adequacy of the protection measures in place. Natural-hazard maps that are 
kept updated and which include climate-change predictions can be helpful in ad-
dressing this problem.

Data availability is the bottleneck in Natech risk reduction. Only little data are 
available to researchers for learning lessons on the dynamics of Natech accidents and 
the effectiveness of prevention and mitigation measures. On the one hand, there is 
a tendency among the operators of hazardous installations to not voluntarily dis-
close information about near misses or accidents for fear of negative repercussions 
on their activity. Frequently, even company-internal documentation of accidents is 
missing. On the other hand, where reporting requirements exist, they usually apply 
only to those accidents whose consequences exceed a predefined severity threshold. 
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These two factors have caused a lot of precious data to be lost which translates 
into a missed opportunity to learn lessons from which the whole industrial-safety 
community could have benefitted. Consequently, the sharing of company data on 
Natech accidents and near misses should be promoted and facilitated by authorities. 
For effective information sharing to take place, industry might need assurances that 
the data will be used for future accident prevention and mitigation rather than to 
assign blame. Where required, accident data can be anonymized. It would also be an 
important step forward to separate the reporting criteria from consequence severity 
to ensure that also low-impact accidents or near misses are captured. These events 
have often proven to be equally important from a lesson-learning perspective.

With Natech risk reduction cutting across several disciplines, different stake-
holder groups need to be trained to ascertain that they have the adequate knowledge 
and skills to carry out their tasks in situations that deviate from the normal operating 
conditions they have been trained for, e.g., in case of natural-hazard impacts, and 
to properly handle the possible complications that frequently arise during Natech 
accidents. These groups comprise not only personnel employed at hazardous instal-
lations, but also authorities in charge of chemical-accident prevention and civil 
protection.

Closure of the aforementioned gaps will require close collaboration between 
scientists, engineers, operators, and policy makers in an interdisciplinary effort to 
address Natech risk reduction in a comprehensive way that is as cost-effective as 
possible. Public–private partnerships could play an important role in linking science, 
practice, and policy and should be explored in this context.

The many Natech accidents in the wake of the Tohoku earthquake and tsunami 
in 2011 took the world by surprise, in particular because they happened in a country 
with high levels of preparedness and advanced emergency-response capacities. The 
situation is even more challenging in the developing world where basic industrial-
safety knowledge is often lacking and which is therefore ill-equipped to address Nat-
ech risks effectively. The outlook is, however, promising as awareness of Natech risks 
has grown worldwide post-Tohoku, and scientists have started to join forces with 
industry and government in an effort to tackle the issue. As devastating as it was, by 
drawing the world’s attention to important gaps in accident risk management, the 
Japan disaster has created an opportunity to make the world a safer place.Co
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Glossary 
Accident  Unintended and unforeseen event or series of events and circumstances that results 

in one or more undesirable consequences.
Accident scenario  Sequence of events leading to adverse consequences.
Atmospheric tank  Vessel with a fixed or a floating roof in which hazardous substances are 

contained at atmospheric pressure. Atmospheric tanks are commonly used for the storage 
of large quantities of liquid hydrocarbons.

BLEVE  Boiling liquid expanding vapor explosion. This is an explosion that is caused by 
the rupture of a vessel that contains a pressurized toxic or flammable liquid that is heated 
above its boiling point. If the liquid is flammable, a BLEVE is associated with a fireball in 
case of immediate ignition, or with a flash fire or a VCE if ignition is delayed.

Cascading event  Chain of events in which a primary event triggers a secondary event, which 
in turn can cause a tertiary event, etc. During Natech accidents the risk of cascading 
events is generally higher than during conventional technological accidents.

Consequence  Outcome of an event which can be positive or negative. An event can have 
more than one outcome.

Damage state  Category of equipment damage as a function of natural-hazard severity.
Disaster  Natural or man-made event resulting in widespread human, environmental, eco-

nomic, or material losses. The adverse consequences of a disaster can exceed the ability of 
the affected community or society to cope using its own resources.

Domino event  See Cascading event.
EC  European Commission. The EC is the executive body of the European Union. As such, it 

is in charge of proposing legislation, implementing decisions, upholding the EU treaties, 
and managing the day-to-day business of the EU.

EU  European Union. The EU is a supranational political and economic union which in-
cludes 28 independent and democratic Member States in the European continent.

Event tree  Inductive analytical diagram in which Boolean logic is used to analyze the pro-
gression and final outcomes of an event. Event Tree Analysis is a process that traces for-
ward in time or through a chain of causes (see also Fault Tree Analysis).

Explosion  Sudden and violent release of energy accompanied by pressure and/or heat.
Fault Tree Analysis  Deductive process using Boolean logic that aims to understand the causes 

or combinations of causes that lead to an undesired top event, usually loss of containment 
(see LOC). Fault Tree Analysis traces backward in time or through a causal chain.

Fireball  Fire event originating from the immediate ignition of a flammable vapor or gas cloud 
caused by a prior catastrophic loss of containment (see BLEVE).

Flash Fire  Sudden combustion of a mixture of flammable substance and air. Flash fires are 
characterized by high temperature, short duration, and a rapidly moving flame front. Flash 
fires do not cause blast waves (see BLEVE).

F–N curve  Plot of the cumulative frequency (F) of different accident scenarios against the 
number of potential casualties (N) associated with these scenarios.

Fragility curve  Probability of failure or damage as a function of the degree of natural-event 
loading experienced.

Frequency (relative)  Likelihood of an event over a specific time interval, usually expressed 
as year−1.
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242 Glossary

Hazard  Source of danger. A hazard does not necessarily lead to harm but represents only a 
potential to result in harm.

Hazardous substance/material  Biological, chemical, radiological, or nuclear agent which 
poses a threat to health, animals, or the environment.

Hazmat  Hazardous material.
HAZOP  Hazard and Operability Study. HAZOP is a structured and systematic process to 

analyze potential hazards to personnel or equipment by reviewing the design of a planned 
or existing process or operation to identify potential issues of concern. The advantage of 
HAZOP is that in addition to hazards it also addresses operability problems.

Individual risk  Probability for an individual to suffer ill effects at a specific point around a 
hazardous installation per given time period.

Isorisk curve  Level of equal individual risk around a hazardous installation.
Jet fire  Fire resulting from the release of pressurized flammable materials from an aperture 

with significant momentum.
Lesson learned  Knowledge gained from investigation, study, or other activities in regard to 

the technical, behavioral, cultural, management, or other factors, which led, could have 
led, or contributed to the occurrence of an accident or a natural disaster.

LNG  Liquefied Natural Gas. LNG is a natural gas that for ease of transport and storage has 
been converted to liquid form, thereby significantly reducing its volume.

LOC  Loss of containment. Event in which hazardous materials are released from the equip-
ment they were contained in.

LPG  Liquefied Petroleum Gas. LPG is a flammable hydrocarbon mixture and is also referred 
to as propane or butane.

LUP  Land use planning. LUP helps ensure that hazardous installations are separated by ap-
propriate distances from other installations and developments, thereby preventing nega-
tive consequences.

Major accident  Major toxic release, fire, or explosion whose impacts on human health and 
the natural environment exceed specific severity thresholds.

Missile  Projection of a fragment in the wake of equipment rupture. Missiles can cause damage 
to other equipment on- or off-site, thereby increasing the risk of cascading events.

Mitigation  Actions or measures taken to reduce the impact of hazardous-materials releases if 
they occur. Risk mitigation, on the other hand, aims to lower the risk of an accident (see 
also Risk reduction).

MMI  Modified Mercalli Intensity scale. This scale is used to measure the intensity of an 
earthquake. It is based on observed effects and ranges from a scale of I (not felt) to XII 
(total destruction).

Natech  Technological accident involving the release of hazardous materials caused by a natu-
ral hazard. The releases can be chemical, biological, or radiological in nature.

NOAA  National Oceanic and Atmospheric Administration (NOAA) of the US Depart-
ment of Commerce. NOAA’s mission is to understand and predict changes in climate, 
weather, oceans, and coasts, and conserve and manage coastal and marine ecosystems and 
resources.

OECD  Organisation for Economic Co-operation and Development. The OECD promotes 
policies that will improve the economic and social well-being of people around the world.

Organizational measure  Any measure not involving physical construction that uses knowl-
edge, practice, or agreement to reduce risks and impacts, in particular through policies and 
laws, awareness raising, training, and education (see also Structural measure).

PDF  Probability Density Function. A PDF of a continuous random variable is a function that 
describes the relative likelihood for this random variable to take on a given value.
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243Glossary

PGA  Peak ground acceleration. PGA is the maximum acceleration of the ground during 
earthquake shaking at a specific location. It is commonly expressed in percentage of the 
acceleration of free fall, g, or in m/s2 (where 1 g = 9.81 m/s2).

PGV  Peak ground velocity. PGV is the maximum velocity of the ground subjected to an 
earthquake. It is measured in m/s.

Pool fire  Burning pool of liquid, more specifically a fire burning above a pool of evaporating 
liquid.

Preparedness  Measures taken before an adverse event in order to be prepared to adequately 
respond when the event occurs.

Pressurized tank  Vessel in which hazardous substances are stored or processed at pressures 
higher than atmospheric pressure.

Prevention  Actions or measures taken to reduce the likelihood of damage and occurrence of 
a hazardous-materials release.

Probability  Measure for the likelihood of a random event expressed as a number between 0 
and 1.

Probit method  Probability unit method. It relates the magnitude of an effect (dose) to the 
extent of damage caused (response). The probit variable can be easily converted into a 
probability or percentage.

PSHA  Probabilistic Seismic Hazard Analysis. PSHA aims to quantify the exceedance 
rate of different ground-motion levels at a specific location considering all possible 
earthquakes.

PTHA  Probabilistic Tsunami Hazard Analysis.
QRA  Quantitative Risk Analysis or Assessment. Process to estimate the risk of an event 

quantitatively. The outcome of a QRA is usually expressed in terms of fatalities or eco-
nomic losses.

Return period  Recurrence interval of a natural event, that is, an estimate of the likelihood 
for a flood, earthquake, etc. to occur.

Risk  Combination of the frequency, or probability, of occurrence and the consequence of 
a hazardous event. Risk therefore includes the likelihood of conversion of a hazard into 
actual delivery of injury, damage, or harm. Risk is always subject to uncertainty related to 
the occurrence of the event.

Risk analysis  Process that identifies hazard sources and estimates the associated risk.
Risk assessment  Risk analysis and risk evaluation.
Risk evaluation  Process in which the estimated risk is compared to given risk acceptability 

criteria.
Risk management  Process that includes risk assessment, risk treatment, risk acceptance, and 

risk communication.
Risk reduction  Actions that aim at lowering the probability of an adverse event, limiting 

its consequences, or both. The associated measures can be structural and organizational.
Risk state  Category for the intensity of loss of containment.
Risk treatment  Selection and implementation of measures to modify the estimated risk.
Societal risk  Risk to the community from identified risk sources. Societal risk is usually ex-

pressed as F–N curves.
Structural measure  Any physical construction to reduce or avoid possible impacts of hazards, 

or application of engineering techniques to achieve hazard-resistance and resilience in 
structures or systems (see also Organizational measure).

VCE  Vapor cloud explosion. A VCE results from the ignition of a large cloud of flammable 
vapor, gas, or mist in which significant overpressure is produced.

WGCA  Working Group on Chemical Accidents of the OECD.
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Index
A
Accident scenario, 112
Acrylic fiber plant 

emergency power generators, 11
emergency response plans, 11
foam spraying system, 11
hazardous-materials releases 

accident sequence and emergency  
response, 9–10

acrylonitrile. See Acrylonitrile (AN), release 
consequences, 10
lessons learned, 10–11

Acrylonitrile (AN), 161
release, 9

emergency response, 9
environmental effects, 10
groundwater contamination, 10
poisoning symptoms, 10
soil contamination problems, 10
toxic release, 10
vaporization prevention, 10

Action times, 233
Alaska 

Drift River valley 
view west of oil terminal, 49

Redoubt Volcano eruption 
crude-oil terminal flooding, 48
lahar flows, 48

American Petroleum Institute standard  
API 650, 96

Anchored steel storage tank 
fragility curve for, 124

Annual exceedance probability, 81
APELL program. See Awareness and Preparedness 

for Emergencies at Local Level (APELL) 
program 

ARIPAR-GIS, 149
End-point scenarios 

consequences of, 183
QRA of internal release events, 184

Natech scenarios by 
earthquakes, 177, 180
floods, 179

outputs societal risk, 149
quantitative risk analysis, 185
results of, 188
software, 150
vulnerability models, 147

As low as reasonably practicable (ALARP), 115

ASME Boiler and Pressure Vessel Code, 97
Automatic shutdown systems, 221
Awareness and Preparedness for Emergencies at 

Local Level (APELL) program, 63

B
Boiling liquid expanding vapor explosion  

(BLEVE), 113
Boiling pool, 101

C
Cabinet Office of Japan, 1
CalARP Program. See California Accidental 

Release Prevention (CalARP) program 
California Accidental Release Prevention 

(CalARP) program, 54
CalARP Program regulations, 207

Cascading effects, 114–115, 237
CDU. See Crude distillation unit (CDU) 
Chemical-accident prevention, 1
Chemical industry 

Natech risk management, 2
Chemical process industry 

quantitative risk analysis for, 106
China 

Wenchuan earthquake 
fertilizer factory, dryer and pipe severing, 

collapse, 37
flange failure, 38

Civil-protection measures, 4
Classification, labeling, and packaging (CLP), 92
Colombia 

National System for Disaster Risk Management 
(SNGRD), 56

National Unit for Risk Management of Disasters 
(UNGRD), 56

United Nations Development Program 
(UNDP), alliance with, 56

Policy for Disaster Risk Reduction, 56
Compressed gas, 95
Consequence-analysis models, 113

dispersion models, 113
loss-of-containment, 113
source term, 113

Continuous pipelines (CP), 98
Conventional scenarios 

individual and societal risk, 183
societal risk, internal failures, 187
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246 Index

Critical filling level (CFL), 148, 150, 184
vulnerability model and input parameters for 

horizontal cylindrical tanks, 151
Critical velocity, 185
Crude distillation unit (CDU), 26
Crude-oil processing plant, 6
Cryogenic liquids, 95, 99

D
Damage state (DS), 100
Data availability, 238
Dedicated assessment methodologies and tools, 4
Detailed analysis techniques (QRA), 96
Digital elevation model (DEM), 77
Disaster potential, 191
Disaster risk reduction, 1
Discrete damage states, 111
Domino effect, 144, 172

E
Early-warning systems, 233

Natech-specific, effectiveness of, 233
Earthquakes, 71, 158, 206

characteristics, 71
effective and reliable predictors for, 71
engineering, 71
future impacts, 86
limitations, 86
occurrence probability of, intensity, 71
prevention measures for, 206

pipelines, 209
pipework, 209
storage tanks, 208

probabilistic seismic hazard analysis, 72–75
definition of, input seismic action, 74
European seismic hazard map, 75
ground motion intensity, 72
seismic hazard, 74
seismic zones, definition, 75

structural analysis of equipment, 71
uncertainties, 86

EFFECTS software, 153
Emergency-response planning, 231

accident prevention, 231
consequence mitigation, 231

Emergency Response Planning Guideline 2 
(ERPG-2), 123

Empirical equipment damage models, 109
Equipment vulnerability models, 96, 149

atmospheric equipment, 96
hazard classification, based on structural 

features, 99–101

pipeline systems, 97–99
pressurized equipment, 97

EU Offshore Directive, 54
European Centre for Medium-Range Weather 

Forecasts (ECMWF), 86
European Macroseismic Intensity Scale, 162
European-Mediterranean Seismological Centre 

(EMSC), 121
European Seismic Hazard Map (ESHM), 75
EU Water Framework Directive, 54

integrated river basin management, 54
Evacuation, 4

F
FCCU. See Fluidized catalytic cracking unit 

(FCCU) 
FEMA Flood Map Service Center (MSC), 80
Fire-fighting teams, 6
Flammability, liquid substances, 100
Floating-roof systems, 8
Flood(ing), 78, 215

categories of water impact, 78
conceptual framework for, 83
definition, 78
estimation of, maximum water depth and 

velocity, 79
flood hazard classification, 78
flood maps, 81
Flood Risk Management Plans, 86
flood-triggered accidents 

individual-risk contours, 186
forecasting and EU floods directive, 84

amount of rainfall, 85
historical data, 84
intensity and height, 84

frequency of, 80–81
future impacts, 86
hazard classification based on 

number of floods observed, 79
water depth and velocity, 79

hazard map for, hypothetical 10-20-year, 81
identification of flood-prone areas, 78
intensity of, 78
limitations, 86
maps. See Flood maps 
Natech risk analysis, 78
preliminary Flood Risk Assessment, 86
prevention measures for, 206

pipelines, 217
pipework, 217
storage tanks, 216

probability, 80–81
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247Index

scenarios, 183
uncertainties, 86

FloodList project reports, 85
Flood maps, 81

types based on hypothetical case, 84
Fluidized catalytic cracking unit (FCCU), 26, 27
Fragility curves, 163

cumulative, 165
discrete, 165

Fragility functions, 154
Fukushima Daiichi nuclear power plant 

nuclear accident, 18
Fukushima Natech accident, 66

G
Geographical Information System (GIS), 145
Global Flood Monitoring System (GFMS), 85
Global Precipitation Measurement (GPM)  

mission, 85
Global Seismic Hazard Assessment Project 

(GSHAP), 72
homogeneous seismic hazard map, 72
seismic hazard maps, 72

Great East Japan earthquake 2011, 208
Group risk, 193
Guidance for Offsite Consequence Analysis 

methodology, 123

H
Hazard and operability study (HAZOP), 29
Hazard curve 

peak ground acceleration (PGA) 
mean annual frequency of exceedance, 196

Hazardous-materials (hazmat), 3
releases, 5

cause, liquid sloshing, 5
Hazardous plants 

operator obligation, 53
Hazardous substances 

representative substance, 198
Hazard ranking, 92
Hazmat. See Hazardous-materials (hazmat) 
Hazmat release likelihood (HRL), 126
HAZUS damage state, 163
Heat radiation, 7, 192
High winds, 217

prevention measures for, 206
storage tanks, 218

Hurricane 
Katrina, 1
Rita, 1
Sandy, 1

Hydrocarbon spills, 1
Hydro-meteorological hazards, 237

I
IBC. See International Building Code (IBC) 
Immediately dangerous to life and health (IDLH) 

toxic concentrations, 123
Impact zones, 170
Individual-risk contours, 106, 185
Individual-risk maps, 149
Industrial-accident databases, 33

Accident Database of UK Institution of 
Chemical Engineers, 33

eNATECH database, 34
European Commission’s Major Accident 

Reporting System (MARS), 33
French ARIA database, 33
US Coast Guard National Response Center 

(NRC) database, 33
Industrial accidents 

standard scenarios and associated  
frequencies, 195

Industrial establishment’s safety report, 54
Industrial facilities 

accidental hazardous-materials release, 54
process-safety analysis, 54
process-safety information, 54
standard operating procedures, 54
training and maintenance programs, 54

Industrial plants and units module, 121
Industrial risk assessment, 106

individual risk, 106
qualitative, 106

risk analysis, 106
quantitative, 106

risk analysis, 106
steps in, 106

International Building Code (IBC), 207
Isorisk curves, 106

example of, 106
Istanbul earthquake scenario, 162
Italy 

Italian Hazard Map, 75
seismic zonation in, 76

J
Japan 

Fire Service Law, 55
Great East Japan earthquake, 55

seismic code, 55
High Pressure Gas Safety Law, 55
Land Resilience Basic Law, 55

Co
py

rig
ht

 E
ls

ev
ie

r 2
01

7 
Th

is
 b

oo
k 

be
lo

ng
s 

to
 C

at
he

rin
e 

O
ch

se
nb

ei
n



248 Index

Law on the Prevention of Disasters in Petroleum 
Industrial Complexes, 55

Petroleum Complex Disaster Prevention Law, 55
Tohoku earthquake and tsunami, 11–19

chemical releases, 12
Fukushima 

nuclear emergency, 12
hazmat releases, 12
mining waste, 12
Sendai port area, fires at refinery, 16–19

accident sequence and emergency response, 
16–18

consequences, 19
lessons learned, 19

Tokyo Bay, fires and explosions at LPG storage 
tank farm, 12–16

accident sequence and emergency  
response, 12–14

consequences, 15–16
lessons learned, 16

toxic waste, 12
tsunami 

heavy oil tank destruction, 39
Japanese Fire and Disaster Management Agency, 11
Japanese Nuclear and Industrial Safety Agency, 11
Japanese nuclear power plant, 1
Japan twin disasters, 1

K
Kocaeli earthquake, 4–11, 159. See also Earthquakes

chemical facility, damage caused, 159

L
Land-use-planning (LUP), 230
Lightning, 218

prevention measures for, 206
pipelines, 219
pipework, 219
storage tanks, 218

Lightning-related hazards, 234
Liquefied natural gas (LNG), 95
Liquefied petroleum gas (LPG), 95
Liquid evaporation, 95
Liquid sloshing, 206
Liquid substances, 100
LOC. See Loss of containment (LOC) 
Local Emergency Planning Committee (LEPC), 140
Local specific individual risk (LSIR), 179
Locational risk (LR), 192
Loss intensities (LIs), 100

classes, 101

Loss of containment (LOC), 3, 105
consequences of, 109
expected severity of, 111
magnitude of, 112
target equipment, 111

LPG. See Liquefied petroleum gas (LPG) 
LR. See Locational risk (LR) 
LUP. See Land-use-planning (LUP) 

M
Major Accidents Ordinance, 137
Manning’s empirical formula, 79
Maximum allowable working pressure (MAWP), 96
Meteorological lightning location systems, 234
Minor loss, defined, 100
MMI. See Modified mercalli intensity (MMI) 
Modified mercalli intensity (MMI), 4

N
NAF. See North Anatolian Fault (NAF) 
Natech, 1. See also specific headings starting 

with Natech
risk, 1–2

assessment and management, 2
social, environmental, and economic impacts, 1

Natech accidents, 170, 205
mitigation measures, 220

automated emergency shutoff valves, 220
design, 220
foaming systems, 220
implementation, 220
oil-spill detectors, 220
walls/dikes around storage tanks, 220
water cannons, 220

prevention measures for, 206
coastal storm surge, 211
earthquakes, 206
floods, 215
high winds, 217
lightning, 218
tsunami, 211

Natech events 
characteristics, 3–4
data sources and quality, 33–34
earthquake-triggered, 36–37

diamond buckling, 36
direct shaking impact, 36
elephant-foot buckling, 36
ground deformation, 36

by soil liquefaction, 36
hazmat release mechanism, 36

direct shaking impact, 36

Japan (cont.)
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249Index

liquefaction-induced ground deformation, 36
liquid sloshing, 36

hazmat releases, 36
intermediate bulk containers (IBCs) 

toppling, 37
overturning of storage racks, 37

flood-triggered, 40–43
buoyancy, 40
cascading event risk, 42
drag forces, 40
exposed petroleum pipeline, 41
hazmat leaks, 40
hazmat release mode 

flood-induced erosion, 40
impact of floating debris, 40
river bed scouring, 40
water pressure, 40
water speed, 40

hydrocarbon release, 42
post-accident analyses, 43
soil contamination, 42
substances involved, 35
toxic or flammable substance dispersion, 42
water contamination, 42
water drag, 40
water intrusion, 40

general lessons learned, 34–35
Natech risk-reduction measures 

implementation, 35
Natech-specific additional safety  

measures, 35
natural-hazard specific design, 35
risk mitigation, 35

hot weather-triggered, 47
decomposition of substance, 47
direct exposure to solar radiation, 47
polymerization of substance, 47
thermal stresses, 47

lightning-triggered, 45–47
direct structural damage, 45
equipment damage and failure mechanisms, 45

cathodic corrosion, 45
thermal heating, 45

fire in gasoline storage tank, 46
hazmat releases, 45
indirect structural damage, 45
protection measures, 45

low temperatures-triggered, 47
mechanisms 

freezing water expansion, 47
frost heave, 47
pipe cracking, 47

safety-relevant function, 47

other, 47–48
extreme temperatures-triggered, 47
volcanic eruptions-triggered, 48

storms-triggered, 43–44
affect on chemical-process industry, 43
chemical releases, 43, 44
hazmat storage areas, 43
hurricane Katrina 

wind-induced roof destruction, 43, 45
on-shore damage, 43

via flooding from storm surge, 43
wave loading, 43

wind-related damage, 43
tsunami-triggered, 38–40

debris impact, 39
hazmat release mechanism, 39
ignition probability, 40
Japanese industry, 39
soil contamination, 40
tank overturning and collapse, 39
toxic releases, 40

volcanic eruptions-triggered 
ash loading, 48
lahar flows, 48
mitigation actions, 48
seismic activity, 48
volcanic ash fallout, 48

Natech hazards, 91
Natech probabilities, 171
Natech risk, 237

international activities, 61–66
Awareness and preparedness for emergencies 

at local level (APELL) program 
by United Nations Environment 

Programme (UNEP), 63–65
chemical accident prevention, preparedness 

and response 
OECD guiding principles, 61–63
OECD guiding principles, natech 

addendum, 61–63
OECD guiding principles, OECD natech 

project, 61
Sendai framework 

for disaster risk reduction 2015-30, 65–66
Natech risk analysis, 99, 162

damage analysis, 162
methodologies and tools, 191
multiple units, 170
with RAPID-N, 162
results for tanks, 170
risk curves and effects, 191
single unit containing a flammable substance, 166
single unit containing a toxic substance, 168
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250 Index

Natech risk-analysis module, 123
analysis process, 123
criteria for, damage classification, 123
fragility curves, 123
level of damage, 123

Natech risk assessment, 91, 92, 108
empirical equipment damage  

models, 109
hazard identification and consequence  

analysis, 110
characterization of natural hazard, 110
discrete damage states, 111
probit functions, 112

input information, 109
quantitative risk analysis, 108
risk integration and evaluation, 115–117
seismic risk analysis, 109

Natech risk index (NRIi), 126
as diagnostic tool, 127
graphic representation for, 127

Natech risk reduction, 227, 238
early warning, 233
emergency-response planning, 231
governance, 227

characterization, 228
evaluation, 228
risk appraisal, 228
risk communication, 229
risk management, 229
risk preassessment, 228

implementation of, 56–60
European Union, 56–58

risk-reduction strategies, 57
Germany, 58–60

Commission for process safety, 60
German Environment Agency, 59
German Federal Immission Control Act 

(BImSchG), 58
German Major Accident Ordinance, 58
Intergovernmental Panel for Climate 

Change, 60
obligations of operators, 58
Technical Rules on Installation Safety 

(TRAS), 60
mitigation, 229
organizational measures, 227
prevention, 229

Natech risks management 
regulatory frameworks, 53–56

Colombia, 56
European Union (EU), 53–54
Japan, 55
United States of America, 54

Natech scenarios, 95, 101
by earthquakes, 177

conventional consequence-analysis  
models, 178

definition, 178
layout for, 177
local specific individual risk (LSIR), 179
probit functions for human vulnerability,  

177, 178
quantitative risk assessment, 179
societal risk levels, 179

by floods, 179, 181, 184
density of, resident population, 183
expected frequency of, 183
flood scenarios, 183
individual risk, 183
layout and vessel features, 179, 182
societal risk, 183

National Earthquake Hazards Reduction Program 
(NEHRP), 158

National Flood Insurance Program (NFIP), 80
National Tsunami Hazard Mitigation Program, 212
Natural disasters, 1, 237
Natural-gas transmission system, 97
Natural hazards, 191, 231

maps, 238
module, 121
in safety management 

criteria for selected sources, 131
flowchart for, 130

scenario, 162
severity parameters, 109
technological secondary effects, 1
zones, 230

NEHRP. See National Earthquake Hazards 
Reduction Program (NEHRP) 

North Anatolian Fault (NAF), 157
strike-slip fault system, 157

Nuclear contamination, 1

O
Observational fragility curves, 148
OECD guiding principles 

chemical-accident prevention, 61
emergency plans, 62
Natech risk management, 61
natural-hazard maps, 63
risk assessment, 62
safety reports, 62
supplementation, 61
working group on chemical accidents  

(WGCA), 61
second Natech project, 63
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Offshore platforms and pipelines release 
Hurricanes Katrina vs. Rita, 22

Oxyacetylene welding (OAW), 98

P
PANR. See Preliminary assessment of Natech  

risk (PANR) 
Peak ground acceleration (PGA), 71, 158
Peak ground velocity (PGV), 71, 158
Performance-based seismic design (PBSD), 74
PGA. See Peak ground acceleration (PGA) 
PGV. See Peak ground velocity (PGV) 
Pipelines, structural features of, 98
Plant unit information, example of, 122
PLL. See Potential life loss (PLL) 
Policy gaps, 237
Pool surface areas, 196
Potential life loss (PLL), 187
Preliminary assessment of Natech risk (PANR), 126

data collection, 126
hazard identification, 126
inventory development, 126
Natech risk index (NRIi), 126
qualitative methodology for, 126
risk, definition, 126
vulnerability analysis, 126

Pressurized equipment, 97
Probabilistic Seismic Hazard Analysis (PSHA), 70

schematic of five basic steps in, 73
Probabilistic tsunami hazard analysis (PTHA), 77
Probability density functions (PDFs), 72
Probit functions, 112
Process Safety Management (PSM) regulation, 54
PSHA. See Probabilistic seismic hazard analysis 

(PSHA) 
PSM regulation. See Process Safety Management 

(PSM) regulation 
PTHA. See Probabilistic tsunami hazard analysis 

(PTHA) 

Q
QRA. See Quantitative risk analysis (QRA); 

See also Quantitative risk assessment (QRA)
Quantitative area risk analysis techniques, 145
Quantitative risk analysis (QRA), 106

methodology, 191–193
steps and relevant aspects, 192

Quantitative risk assessment (QRA), 143
ARIPAR-GIS software, 143, 145

Natech package, 145
equipment vulnerability models, 148
flowchart of procedures, 144

identification of credible combinations  
of events, 146

input data/calculation procedure, 147–148
output, 149–150
RISKCURVES, 152–154

iso-risk contours, 153
simplified hazard-ranking criteria, 145

R
RAPID-N, 119

case study, 125, 157
design, 120
industrial plants and units module, 121
Natech risk-analysis module, 123
natural-hazards module, 121
outlook, 126
scientific module, 120
structure of, 120

RAPID-N earthquake Natech case study 
example output of, 125

Reference handbooks, 191
Green Book, 191
Purple Book, 191
Red Book, 191
Yellow Book, 191

Refinery’s naphtha tank farm, 6, 7
Regional earthquake hazard, 157

in-depth assessment, 157
Risk acceptance 

Carrot diagram representing framework for, 116
Risk assessment, 238

framework, 143
Risk communication, 238
RISKCURVES 

case study, description of, 193–198
iso-risk contours for QRA, 153

Risk evaluation, 115–117
Risk integration, 115–117
Risk management plan (RMP) rule, 54
Risk management program (RMP), 165
Risk matrix, 106

example of, 107
Risk state (RS), 111, 154
River floods, 234
RMP. See Risk management program (RMP) 
RMP rule. See Risk management plan (RMP) rule 

S
Scenario earthquake. See Earthquakes 
Segmented pipelines (SP), 98
Seismic building codes, 229
Seismic design, 221, 229
Seismic intensity parameter, 154
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252 Index

Seismic Natech risk analysis 
characterization of natural hazard, 110
flowchart of procedure, 110

Seismic risk, 157
assessment, 140

Sendai framework 
aim, 65
all-hazards approach, 66
disaster risk management, 66

Sendai port area 
fires at refinery 

asphalt release, 18
burned tanks, 17
economic losses, 19
emergency responders, role of, 18
gasoline release, 16
heavy oil release, 17
multiple pipeline breaks with hydrocarbon 

release, 17, 18
Natech preparedness level, 19
toxic gas cloud formation, 19

Seveso Directive 
amendment, 54
domino effects, 53
major-accident prevention policy (MAPP), 53
safety report, 53

Seveso regulatory bodies 
survey, 57

ShakeMap, 162
Simultaneous emergency-response efforts, 4
Societal risk, 145, 192

curves, 106
example of, 108

Soil liquefaction, 221
Stationary vessels 

natural-hazard impacts 
accident scenarios and frequencies, 197

release frequency, 197
Submerged arc welding (SAW), 98
Substance hazard, 92, 94

categories, 93
released substance, physical state of, 94

compressed gas, 95
cryogenic liquids, 95
liquefied gases under pressure, 94
liquids, 95

Surface faulting, 6

T
Technical rules for installation safety (TRAS), 128
Technological hazard, 91

Natech risk, 92
substance hazard, 92

Technology hazard matrix, 99
Thai floods, 1
Tokyo Bay 

fires and explosions at LPG storage tank farm 
damage, 15
economic losses, 16
environmental impact, 15
evacuation, 15
fireball, 14
injuries, 15
methyl ethyl ketone (MEK) release, 14
polypropylene release, 14
refinery’s tank 364, 13

boiling liquid expanding vapor explosion 
(BLEVE), 13

Toxic-effects models, 114
Toxicity, liquid substances, 100
Toxic substances, 101
Trans-Alaska oil pipeline, 210

engineered seismic protection measures, 211
TRANSFER project. See Tsunami Risk and 

Strategies for the European Region 
(TRANSFER) project 

Transport activities 
societal risk, 193

Transportation network, 97
TRAS 310, 128

precautions and measures, 128
accident scenarios, determination of, 136
climate change, consideration of, 134–137
detailed hazard source analysis, 131–134
effects of major accidents, 137
inflows of water, at site, 133
methodological approach of, 129
planning for emergencies, 137
possible causes of, major accidents, 135
potential water runoff routes, 133
protection concepts for scenarios, 136
requirements for adaptation, climate  

change, 138
safety precautions and measures  

(flooding), 136
safety-relevant parts of establishments and 

installations, 134
scenarios and protection aims, specification 

of, 135
scope of application, 128
simplified hazard source analysis, 129–131

test site, 139
TRAS 320, 128

application of, 139
climate change factor, 139
precautions and measures, 138
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253Index

Tsunami, 1, 76
annual rate of, 77
equipment, effect on, 195
historical observations, 76
mechanisms of damage, 76
occurrence, effect, 76
probabilistic tsunami hazard, 77
types of waves, 76

Tsunami and coastal storm surge, 211
prevention measures for, 206

pipelines, 214
pipework, 214
storage tanks, 213

Tsunami Risk and Strategies for the European 
Region (TRANSFER) project, 212

Tsunami-triggered Natech risk, 154
Turkey 

Kocaeli earthquake, 4–11
acrylic fiber plant 

hazardous-materials releases, 9–11
Izmit Bay refinery fires, 6–9

accident sequence and emergency  
response, 6–7

consequences, 7–8
lessons learned, 8–9

U
Unconfined vapor cloud explosion (UVCE), 113
UNEP. See United Nations Environment 

Programme (UNEP) 
UNEP APELL Program 

harmful effects of technological hazards 
and environmental emergencies, 
minimization of, 64

objectives, 64
phases, 64
ten elements, 64

United Kingdom 
Milford haven thunderstorm, 21–29

accident sequence and emergency  
response, 26

consequences, 27–28
crude distillation unit (CDU), 26
damage by explosion, 28
explosion, causes and contributing  

factor, 29
failed elbow bend, 27
flare relief system, 26
fluidized catalytic cracking unit (FCCU), 26
hydrocarbon release, 26
lessons learned, 29
monetary losses, 28
vacuum gas oil (VGO), 26

United Nations Environment Programme  
(UNEP), 63

United Nations Office for Disaster Risk Reduction 
(UNISDR), 91

United States 
Department of Transport 

research and special programs administration 
(RSPA), 21

emergency-response planning, 54
hazardous-materials risk management, 54
Hurricanes 

Katrina and Rita, 21–25
accident sequence and emergency  

response, 22–24
communication and electrical power system 

damage, 24
consequences, 24
crude oil and other oil releases, 22
environmental impact, 24
hazardous-materials releases, 21
lessons learned, 25
offshore infrastructure, impact on, 21
offshore platforms and pipelines  

release, 22
oil rig, 23
oil spills, 21
onshore installations, impact on, 21
pipeline deinventory practice  

effectiveness, 25
National Transportation Safety Board, 19
Process Safety Management (PSM)  

regulation, 54
Risk Management Plan (RMP) rule, 54
San Jacinto river flood, 19–21

accident sequence and emergency response, 
19–20

consequences, 20
evacuation, 20
fatigue cracks, 20
hydrocarbon release, 19
injuries, 20
lessons learned, 21
petroleum fires, 20
pipeline damage and spills, 19
spill response costs, 20
stream meandering, 21

US Coast Guard offices 
incident command post (ICP), 24

United States Army Corps of Engineers  
(USACE), 215

United States Geological Survey (USGS), 121
USACE. See United States Army Corps of 

Engineers (USACE) 
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US Federal Emergency Management Agency 
(FEMA), 78

US National Oceanic and Atmospheric 
Administration (NOAA), 85

US National Weather Service, 23

V
Vacuum gas oil (VGO), 26
Valve closure, 234

W
Warning times, 233
Weather-forecasting techniques, 84
Welding, high-quality, 98
WGCA. See Working group on chemical accidents 

(WGCA) 
Working group on chemical accidents  

(WGCA), 61
Worst-case risk-analysis approach, 109
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