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Lecture 08

Risk Profiles 

for 

Complex Engineering Systems
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Construction of Risk Profiles

Case Study 1

Keeney et al. LNG Terminal

Case Study 2

Raj and Glickman- Transportation of Haz Materials

Studies illustrate:

frequency*conditional probabilities,

evaluation of complex tree,

use of empirical data, and

models of technology and accidents
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Related Learning Objectives

• Students should be able to build mathematical models of risk 

and reliability, and be able to make reasonable choices 

between different mathematical formulations to capture the 

characteristics of the phenomena described.

• Be able to construct fault trees, event trees, and

risk profiles for realistic problems

and compute the resulting probabilities. 

• Students should recognize which probabilities can be obtained 

directly from historical data, which can be obtained by 

extrapolating from historical data, and which should be obtained 

by mechanistic/probabilistic arguments.
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1996 Wisconsin Train Derailment
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Pittsburg Tribune-Review 2 July 1996

Pittsburg 

Tribune-Review 

2 July 1996



6Disaster & Risk Management Lecture 8

March

2001

Great 

Neck, 

England
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North 

Korea

24 April 

2004

Train 

explosion

54 dead

1,250 

injured

CBS News
www.cbsnews.com/stories/2004

/04/23/world/main613525.shtml
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BBC - World  

Worst Train 

Accidents

http://news.bbc.co.uk/2/hi/middle

_east/3498851.stm
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Iran Train Explosion

http://www.nytimes.com/2004/02/19/international/middleeast/19CND-IRAN.htm



10Disaster & Risk Management Lecture 8

February

2004

Iranian 

Train 

Explosion 

Kills 310

including

governor,

mayor,

fire chief
http://news.bbc.co.uk/2/hi/middle_east/3498851.stm
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Train Crash Kills 8 01/07/05
Graniteville, S. Carolina, 2005
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Residents return home after chlorine leak
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Risk for 

man-

made 

hazards 

In US



14Disaster & Risk Management Lecture 8

Assessing the Risk of an LNG Terminal
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Focus of Analysis

Need to evaluate risk of this new technology.

Risk at facilities low safety devices 

with tanks plus dikes and buffer zones

Major concern is LNG spill on water at or near terminal

1000 daytime transient visitors at beach in summer.
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Mapping a 

Hypothetical 

LNG Accident
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LNG Accident Scenarios

Spill occurs? Cloud Movement Ignition? Fatalities Is that bad?
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Event Tree for LNG Accident Scenarios
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Probabilities of various winds & air turbulences
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Probability of fatality accidental LNG spills

So does this risk profile 

make sense?
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Measures Social Risk, Exposure & Individual Risk
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US Bureau of Reclamation - Dam Safety

Criteria for evaluating safety of large high-hazard dams:

probability of failure ≤  10-4 per year

expected lives lost ≤  10-3 per year

1st criterion ensures that dams are relatively safe and that 

failures are unlikely to happen.

2nd criterion recognizes that level of safety should primarily 

take into account number of individuals at risk.
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Final Risk Comparison
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National Research Council - 1994
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National Research Council - 1994
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NRC-Tank Car Safety - Protection
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Raj & Glickman

Risk Profiles on Railroad Routes
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LNG Risk Profile
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Risk Profiles on Railroad Routes

Kinetic accidents: collisions and derailments

Less frequent but more severe than static accidents

Frequency of accidents with d fatalities

= sum of frequencies of all accidents

(different routes & modes) that cause d fatalities

Compute first for each route:

fs = frequency of accidents on route segment s

P(IX |s) = prob. IX cars release X in route s accident
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Getting the Frequency of Accidents

Frequency of accidents with IX cars releasing X on route s:

fs(IX |s) = P(IX |s) fs

Determine possible deaths resulting from IX cars releasing contents.

IX = key intermediate state variable summarizing 

many possible train accidents.

Typical main-line accident rate 

= 0.83 per billion gross ton-miles (BGTM)

For yard accidents, accident rate of 

6.56 per million classifications; average speed 10 mph
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(accidents/ton-mile) (ton-miles/yr)

Compute accidents/year 

using (traffic/year) times (accidents/traffic)

fs = (accidents/year) 

= (accidents/ton-mile) (ton-miles/yr)
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Event Tree for Derivation of P(IX|s)

NX

cars of X

in train

ND

cars 

derailed

JX

cars of X 

derailed

Derailment

occurs 

with frequency



Deaths

if X cars 

derailed

and 

damaged
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Route Segment DATA

Different routes

have different

characteristics 

in terms of speed

and traffic.  Thus

different route 

segments should

be evaluated

separately.
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Construction of Risk Profile for One Route

Route 1

Kill 5

Kill 30

Kill 100

 = 0.01
0.2

0.7

0.1
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Construction of Risk Profile - 2

Freq of Prob. of Number Freq Risk

Event deaths Killed of n(i) Profile

ƒ Pr[N = n (i)] n(i) ?* P[n(i)] Freq[ N?n]

0.7 5 0.007 0.010

0.01 0.2 30 0.002 0.003

0.1 100 0.001 0.001

Kill 5

Kill 30

Kill 100

 = 0.01
0.2

0.7

0.1
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Construction of Risk Profile - 2
Freq of Prob. of Number Freq Risk

Event deaths Killed of n(i) Profile

ƒ Pr[N = n (i)] n(i) ?* P[n(i)] Freq[ N?n]

0.7 5 0.007 0.010

0.01 0.2 30 0.002 0.003

0.1 100 0.001 0.001

Risk Profile One Route

0.001

0.010

0.100

1 10 100

Deaths

F
re

q
u

en
cy
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Risk Profile for 4 Train Routes

Frequency of d deaths

=  * Pr (deaths |accident)

 = accident rate

 

 

Freq of 

Event 

f 

 

Prob. of 

deaths 

Pr[N =n(i)] 

Number 

Killed 

Deaths 

n(i) 

Freq of 

n(i) 

Freq 

f * P[n(i)] 

Route 1    

 0.7 5 0.0070 

0.01 0.2 30 0.0020 

 0.1 100 0.0010 

Route 2    

 0.7 2 0.0140 

0.02 0.2 15 0.0040 

 0.1 50 0.0020 

Route 3    

 0.7 1 0.0105 

0.015 0.2 6 0.0030 

 0.1 40 0.0015 

Route 4    

 0.7 3 0.0035 

0.005 0.2 25 0.0010 

 0.1 70 0.0005 
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Computation of Risk Profile for 4 Train Routes

 

 

n(i) 

 

f(i) 

Risk 

Profile 

1 0.0105 0.0500 

2 0.0140 0.0395 

3 0.0035 0.0255 

5 0.0070 0.0220 

6 0.0030 0.0150 

15 0.0040 0.0120 

25 0.0010 0.0080 

30 0.0020 0.0070 

40 0.0015 0.0050 

50 0.0020 0.0035 

70 0.0005 0.0015 

100 0.0010 0.0010 

 

Risk Profile for 4 Routes

0.001

0.010

0.100

1 10 100

Deaths

F
re

q
u

e
n

c
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Expanded Event Tree for Derivation of P(IX |s)

NT

cars 

in train

NX

cars of X

in train

ND

cars 

derailed

JX

cars of X 

derailed

IX
cars 

releasing X

P(NT) = Normal with m =88 and s =4.4

P(NX |NT) =Poisson with u =E[NX] which depends on route s.

P(ND |NX, NT) =P(ND) = Gamma{ m =1.7u0.5; s =1.64u0.5}

for NT > 25 cars
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Derivation of P(JX |ND, NX, NT)

P(JX |ND, NX, NT)  = 0 JX>min [ND, NX]

≈ 2/(NT – NX +1) 1≤JX<min [ND, NX]

≈ {|ND – NX| +1}/(NT – ND +1) JX =min [ND, NX]

= ??? JX =0

Ignored end effects: X cars might not be in middle and have smaller 

probability of being in ND-car derailment near ends. But derailments more 

likely near front of train.
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Model of P(IX |J)

P(IX |JX) = Binomial with n = JX, p =0.013u0.5

u= velocity of train 

But are failures of each car independent, 

or are they all affected by violence of accident,

or faiure of adjacent car?
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Risk Profile from Chlorine Releases

For route s let

fs = frequency of accidents on route segment s

From analysis of the derailment decision tree

P(IX |s) = prob. of IX cars releasing their content on route s

Frequency of jth fatalities dsij (deaths) on route s 

from IX = i car release:  Freq[ dsij ] =P[ dsij |s, IX] P(IX |s) fs

Risk Profile:  Freq[ D≥d ] = Sall dsij≥d Freq[ dsij ]
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Risk Profile from Chlorine Releases - Figure

Risk Profile:  Freq[ D≥d ] = Sall dsij≥d Freq[ dsij ]

Pr[ Ix | s]

deaths

fs
0

1

2

4

…

…

n

0

1

2

4

…

n

deaths

0

1

2

4

…

n

Given an accident,

preceding analysis

generates probability

that different numbers

of cars release their

contents. 

Next compute

distribution of deaths

resulting from each

numbers of cars 

releasing their contents.
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Accident types
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Risk Profile - Accident types

If one allows different accident types k, then the model would 

include the probability of different accident types in a derailment 

P(k |s) or P(k |ND, NX, NT, s) as well as P(IX |k,s) and P[ dsij |k, s, IX ].

NT

cars 

in train

NX

cars of X

in train

ND

cars 

derailed

JX

cars of X 

derailed

IX
cars 

releasing X

Need to

replace with

accident

type model

-------

Leaks 

versus 

Explosions.

If one car bursts or explodes, do we

care if other cars just leak?
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Fire
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Boiling Liquid Expanding Vapor Explosion (BLEVE)

http://www.epa.gov/superfund/programs/er/resource/images/d1_22.jpg
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Accident types
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Number of deaths

Authors compute : 

Number of deaths =

(expected lethal area) * (average population density)

This surely underestimates both mean and possible large 

number of deaths in a bad accident.

Where is the region population is located?



50Disaster & Risk Management Lecture 8

Hazard Area

Prob. weighted hazard area 

= Prob. * Hazard Area
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Lessons

Origin of probabilities and frequencies for a realistic risk profile

• Use historical accident data to compute fs and many probabilities.

• Combine with current or projected travel rates (traffic per year).

• Use mechanistic arguments to get P(IX |ND, NX, NT) because 

insufficient historical data.  

Divide problem: Separate analysis of probabilities of different IX from 

transport model to get deaths as function of route s and IX cars that 

release contents.
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Losses from Serious Transportation Incidents

related to movement of hazardous materials

(damages reported in millions of dollars)

 Highway 

Deaths 

Railroad 

Deaths 

Highway 

Injuries 

Railroad 

Injuries 

Highway 

Damages 

Railroad 

Damages 

1991 10 0 107 29 26 6 

1992 16 0 189 78 19 10 

1993 15 0 242 11 13 2 

1994 11 0 188 45 14 12 

1995 7 0 88 20 17 7 

1996 8 2 85 892 24 17 

1997 12 0 68 6 19 7 

1998 13 0 54 9 22 16 

1999 8 0 109 3 24 29 

2000 12 1 39 57 38 24 

Total 112 3 1,169 1,150 216 131 
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Now a little about

Accident Response & Risk Management

An important component of a risk management strategy is

1. to design emergency response strategies and

2. improve the ability of emergency responders to take control 

of an accident, without making things worse.

Remember the Disaster Management Cycle.

Consider laboratories with and transport of hazardous materials.

Accidents Do Happen!
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Department of Transportation

“The Office of Hazardous Materials Safety within the United 
States Department of Transportation’s Research and 

Special programs Administration, is responsible for 

coordinating a national safety program for transportation 

of hazardous material by air, rail, highway and water.

http://hazmat.dot.gov/hazhome.htm



55Disaster & Risk Management Lecture 8

Depart. of Transportation - Risk Issues

http://hazmat.dot.gov/contact/whoweare.htm
http://hazmat.dot.gov/e-hazmat/index.html
http://hazmat.dot.gov/common/question.htm
http://hazmat.dot.gov/regs/rules.htm
http://hazmat.dot.gov/common/whatsnew.htm
http://hazmat.dot.gov/pubs/pubs.htm
http://hazmat.dot.gov/training/training.htm
http://hazmat.dot.gov/exempapp/approvals/exsys.htm
http://hazmat.dot.gov/common/happen.htm
http://hazmat.dot.gov/regs/ntsb/ntsb_safety.htm
http://hazmat.dot.gov/enforce/forms/ohmforms.htm
http://hazmat.dot.gov/enforce/spills/spills.htm
http://hazmat.dot.gov/training/state/hmt_sale.htm
http://hazmat.dot.gov/regs/register/register.htm
http://hazmat.dot.gov/regs/intl/intstandards.htm
http://hazmat.dot.gov/common/othinter.htm
http://hazmat.dot.gov/training/state/hmep/hmep.htm
http://hazmat.dot.gov/pubs/erg2004/gydebook.htm
http://hazmat.dot.gov/enforce/hmenforce.htm
http://hazmat.dot.gov/riskmgmt/risk.htm
http://hazmat.dot.gov/news/hmnews.htm
http://hazmat.dot.gov/riskmgmt/hmt/hmt_security.htm
http://hazmat.dot.gov/common%5Cfoia.htm
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Emergency Response Guidebook

Know what to 

Do with every 

chemical 

and hazard.



57Disaster & Risk Management Lecture 8

DOT Labels
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DOT Labels
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Health/Flammability Chart

3

0

1

J

HEALTH

FLAMMABILITY

REACTIVITY

PERSONAL PROTECTION
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Hazard Classification Chart
HEALTH HAZARD

4 – Deadly

3 – Extreme DANGER

2 – Hazardous

1 – Slightly Hazardous

0 – Normal Material

FIRE HAZARD

Flash points

4 – Below 73F

3 – Below 100F

2 –Above 100F,

Not exceeding 200F

1 –Above 200F

0 – Will not burn

REACTIVITY

4 – May detonate

3 – Shock & heat may detonate

2 – Violent chemical change

1 – Unstable if heated

0 – Stable

SPECIFIC HAZARD

Oxidizer OX

Acid ACID

Alkali ALK

Corrosive COR

Use No Water W

Radioactive
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DOT

Hazard 

Classifications
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Road Trailer Identification Chart
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Train Car Identification Chart
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Accidents Do Happen


