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Abstract—Accidents caused by the domino effect in chemical plants or the petrochemical industry are generally more
serious than any other accident. But it is difficult to examine the true factor because the domino effect is influenced
by many nonlinear factors. The immediate causes of the domino effect are the peak overpressure, flying objects, and
flame. Nonlinearity is inherent in all three causes. However, it is believed that a systematic and mathematical approach
can minimize the incidence of the domino effect. We considered the case where there were n-explosive facilities in a
given arbitrary rectangular facility site. This paper suggests the positions that can minimize the domino effect using a
nonlinear approach. The method initiated an arbitrary number of facilities in addition to the original position, and can
search for the position to minimize the domino effect. This paper presents a new computer-aided module, MiniFFECT

(MINImization of domino eFFECT).
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INTRODUCTION

An incident that begins in one facility can affect nearby facilities
(e.g., storage tanks containing explosive materials, high tempera-
ture reactors) by flame (thermal effect), peak overpressure (pres-
sure effect) and flying objects (missile effect). This phenomenon is
called the domino effect. All chemical installations are closed sys-
tems. An explosion in such a system can produce second and third
explosions, which may directly cause injuries to people or damage
structures. Furthermore, they may increase the effects of accident
by destroying or disabling the surrounding chemical process equip-
ment and initiating accidents.

Three major factors of domino effect have been examined con-
tinuously. A procedure for analyzing the flight of a missile from
the explosion of cylindrical vessels was reported by Hauptmanns
[2001]. The quantities used to assess the domino effects caused by
overpressure were reported by Cozzani and Salzano [2004], who
used probit analysis. There have also been many studies on flame.

Domino effect analysis software, DOMIFFECT, and the risk as-
sessment tool, TORAP, which consider three factors and assess the
risk boundary were developed by Khan et al. [1998a, 2001].

Although various studies have been reported, most do not give
any advice for building explosive facilities safely. In the case of ar-
ranging those facilities in a restrictive rectangular surface, there may
be a condition for minimizing the domino effect.

This paper presents a computer-programmed-module MiniFFECT
(MINImization of domino eFFECT), which enables one to deter-
mine the optimal position for minimizing the domino effect in ex-
plosive facilities using nonlinear programming methods. We con-
sidered the three major factors of the domino effects: thermal, over-
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pressure and missile effect.
STUDY OF THE DOMINO EFFECT

1. Definition of Domino Effects

The basic guidelines for preventing major accidents in Europe
were stipulated in the Seveso 1996 Directive. Atticle 8 of this Seveso
II Directive uses the term domino effects to denote the existence of
“establishments or groups of establishments where the likelihood
and the possibility or consequences of a major accident may be in-
creased because of the location and the proximity of such estab-
lishments, and their inventories of dangerous substances.” Current
safety research has led to a variety of methodologies to assess the
significance of domino effects from major hazard sites. The factors
relevant to domino escalation and various direct and indirect mech-
anisms for obtaining a domino accident (caused by the domino effect)
have been determined. In order to build a good method, the concept
of domino effects needs to be well defined.

Although there is no generally accepted definition of domino ef-
fects, many authors have provided suggestions. An overview of the
current definitions identified in a review of the relevant documents
is as follows.

Lees [1980] defined the domino effects as “a factor to take ac-
count of the hazard that can occur if leakage of a hazardous ma-
terial can lead to the escalation of the incident, e.g. a small leak which
fires and damages by flame impingement a larger pipe or vessel with
subsequent spillage of a large inventory of hazardous material”’

Bagster and Pitblado [1991] defined the domino effect as “a loss
of containment of a plant item which results from a serious inci-
dent on a nearby plant unit” The third Report of the Advisory Com-
mittee on Major Hazards [Health and Safety Commission, 1984]
reported it as “the effects of major accidents on other plants on the
site or nearby sites?” Delvosalle [1996] suggested that the domino
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Fig. 1. Typical phase of the domino effect.
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effect is “a cascade of events in which the consequences of a pre-
vious accident are increased by following one(s), spatially as well
as temporally, leading to a major accident.”

The generalized definition provided by Delvosalle [1996] has
the advantage of allowing for the introduction of a mathematical ap-
proach to solving domino accident optimization problems. Accord-
ing to this definition, a domino effect implies a primary accident in
a primary installation (this event might not be a major accident),
inducing one (or more) secondary accident(s), concerning secondary
installation(s). This (these) secondary accident(s) must be a major
one(s) and must extend the damage caused by the primary acci-
dent. Therefore, the domino effects act in a chain, involving a num-
ber of installations. Consequently, each installation represents a direct
(or an indirect) threat to all installations in a chemical industrial area
[Renier et al., 2004].

Fig. 1 shows the characteristics of the domino effects mentioned
above.

2. Three Major Factors of the Domino Effect
2-1. Flame (Thermal Effect)

Thermal effect modeling is widely used in chemical plant design
and Quantitative Risk Assessment (QRA). This modeling considers
two surfaces, 1 and 2, of which the first is radiating with an emissive
power E, (Fig. 2). The radiant intensity falling in a small element
of surface, dA,, on surface 2 is obtained by calculating the amount
of energy from a small element of the surface, dA,, which is trans-
mitted through the solid angle subtended by dA, at dA,:

dA,cos 6,
rz

dq=1,dA cosb,- e)

AN

Fig. 2. Derivation of relationship between the distance, r, and the
radiant flux, q.
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Fig. 3. Situation where each facility faces each other.

The incident radiant flux at dA, can then be defined as

d cosé
= =1, dA . 2 2
dq A, A, c0os b, = @
However, (dA,cos)/ is the solid angle subtended by dA, at dA,.
Accordingly, the following equation can be obtained by integrating

over A,, and setting I =F/

. c0s 6, cos b
q=E-JA cos l(:7os 2dA, 3)

0 T
However, because it is assumed that each facility is in 2-dimen-
sional space, 6=06,=0 (Fig. 3). It can be concluded that the relation-
ship between the distance r and the heat intensity I, is

I,

Q)

Sol—

In addition, it was reported that the radiation energy received is pro-
portional to 1/ [AIChE CCPS, 1999].
2-2. Peak-Overpressure (Blast Effect)
The simple approach for a quantitative assessment of the damage
to equipment caused by overpressure is also based on the distance.
It is proposed that the probability of the failure of secondary equip-
ment is always highest in the center of an explosion, which decreases
with the square of the distance. This behavior has some weak points
but for simplification, the following relation can be assumed [Dou-
gal, 1998]:

Apecl ®)

r
where AP is the peak overpressure, and r is the distance between
two facilities.
2-3. Flying Objects (Missile Effect)

The number of missiles produced by the fragmentation of a pres-
sure vessel is a function not just the size, shape and content of the
pressure vessel but also the manner in which it fails. A probabilis-
tic approach will be helpful for examining the missile effect. An
example of a probabilistic approach for flying objects can be de-
rived from the graphical information reported by Holden and Reeves
[1985]. 1t is possible to derive the following expression for the prob-
ability range relationship.

P=¢" 0.006r (6)

, where P is the probability of a fragment having a range greater
than r meters.

Another equation for end projectiles, which was obtained from
the data from Mexico City, was reported by Pietersen [1988] as fol-
lows:
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P:ef().[)(Mr (7)
and by Birk [1996] for 400 liter propane tanks:
p=e ®)

There are more equations besides the equations shown above. There-
fore, in this article, the arbitrary positive real number k was used,
which gives the following equation:

p=e ©)

3. Software for Domino Effects

Various types of software have been developed for assessing the
domino effects as reported by Renier et al. [2004].

In Italy, an area risk assessment study called ARTPAR was car-
ried out before the regulations stated in the Seveso II Directive. The
original methodology and algorithm of the program was modified
and the latest version was proposed in 2003. ARIPAR version 3.0
implements a probabilistic methodology for assessing the risks of
complex industrial areas, including the transport of dangerous sub-
stances, to obtain a number of different risk measures [Spadoni et
al., 2003].

DOMIFFECT (DOMIno eFFECT) is a software tool developed
by Khan and Abbasi [1998a] for domino effect analysis in chemi-
cal process industries, and is based on the deterministic models used
in conjunction with probabilistic analysis. The tool is based on a sys-
tematic domino method, Domino Effect Analysis (DEA), which
was also developed by Khan and Abbasi [1998b].

DISMA (DISaster MAnagement) is a tool that was designed for
implementing the Seveso II Directive. Uth and Richter [1999] report-
ed the multi-use of the program, which is suitable for Safety Report
scenario building, in-site and off-site emergency planning, domino
effect calculation and land-use planning. The SHELL SHEPHERD
Software is an example of a commercially developed safety toolkit
for users to examine the domino effects.

STARS Domino (Software Toolkit for Advanced Reliability and
Safety analysis Domino) is an integrated software package that is
composed of four modules: 1) Knowledge Base, 2) System Model,
3) Fault Tree and 4) Event Tree. Consequence assessment is car-
ried out by constructing an accidental scenario and simulating the
phenomenological events by using the Event Tree as a reference
module. There are many tools available to create an event tree and
to execute the external calculation models in this module.

DOMINOXL 2.0 [Delvosalle et al., 2002] examines all possible
domino effects that can lead to internal and external domino acci-
dents. Subsequently, the most dangerous equipment zones or pipes
for a given scenario in a group of chemical plants are determined
by adding up the number of primary domino effects per installa-
tion, leading to a Dangerousness Factor (DF). Similarly, the most
vulnerable equipment zones or pipes are also determined by add-
ing up the number of domino effects for an installation, and then
considering a secondary installation for a given protection level.
This calculation leads to a Vulnerability Factor (VF). Both the DF
and VF are calculated by taking into account a weighting coeffi-
cient that is defined by the user. Table 1 presents an overview of
the software mentioned and identified above.

However, the studies mentioned above did not deal with the fa-
cility location itself. To accomplish this, computer-aided tools or mod-

Table 1. An overview of the current main software identified in
a review of the relevant documents

S/W Use
ARIPAR An area risk assessment study
DOMIFFECT Domino effect analysis

in chemical process industries
DISMA Implementing the Seveso I1
SHELL SHEPHERD  Safety toolkit for users to

examine domino effects
STARSDomino A consequence assessment
DOMINOXL 2.0 Enumerating all possible domino effects

ules are essential and important not only for estimating the risk but
also for determining the safe location of an explosive facility.

DECISION PROBLEM

1. Problem Description

Consider the relationship between the distance between each facil-
ity and the domino effects. From Egs. (1)H(5), both the thermal effect
(flame) and blast effect (peak overpressure) are proportional to 12,
and the missile effect (flying objects) is proportional to e™. Prob-
lem 1 is to determine the optimal location of each facility whilst
minimizing the domino effects. Each facility is the same and the
height was not considered (2-dimensional analysis). Overlaps between
facilities and the radius of the facility were not allowed because the
farther the distance between the facilities is, the smaller the domino
effects. There may be more than one or more optimal locations, while
the coordinates of the facilities do not look the same but same when
rotated. Problem 2 is to identify the individuality between the loca-
tion considering the thermal and blast effects, and the location con-
sidering the missile effect. If those look very similar, there may be
only one location that integrates the three major domino effects.
Otherwise, a ranking between the three major effects needs to be
found and a new integrated equation needs to be constituted with
unknown factors.

Suppose that there are the same n-explosive facilities such as stor-
age tanks and high temperature reactors. An arbitrary rectangular
facility site is assumed and n-explosive facilities are placed on that
site. N-explosive facilities have some initial points and each facility
has the same explosion probability. The explosion direction accord-
ing to the pipeline extension or the barrier in between two facilities
was not considered. Once all the initial points are set, the first point
moves to the counter direction of the gradient descent. If the new
point is better than the previous one, the process is carried on from
the previous position. If not, the step size may need to be changed.
When the first updated point does not move, the next point is con-
sidered. It continues from the first point to the last one. If it is made
the end of the first cycle, it tums to the next cycle. These succes-
sive cycles will last until all the points cannot move any more.

2. Nonlinear Formulation

The general problem of allocating n-explosive facilities can be
modeled as a nonlinear program. The following will show that the
model is a proper representation of the problem under study, i.e.,
find if and how a given number of facilities with the same radii can

Korean J. Chem. Eng.(Vol. 22, No. 5)
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Fig. 4. Cartesian coordinate system.

fit into a given rectangular site. The capital letters I and J represent
the set of all facilities, and i and j represent an element of 1, J, re-
spectively. The coordinates of the i” facility are (x;, y;). The Carte-
sian system is shown in Fig, 4. The following can be expressed by
considering the set of different facilities

1={1,2, ...,n},iel
J={i+1,i+2, ...,n},jel

The problem is now modeled as follows:

Minimize P=S" 3P, (10)

i=1j=i+1

~ ! a1

a—af
(flame, peak overpressure)

—Ka,-a)

p,=e b, (12)
(flying objects)

Subject to
lai—af’>(ri+r)" (for ij) (13)
0<x;,, x,<M (14)
0<y, y;<N (15)
a4=(X; y:') (16)
3=(X, y) (17)

In these expressions, r; is a known real positive number, (x,, y;) are
unknown coordinates, i€l. P, is the probability in which the dom-
ino effects can originate when the distance is 1. For example, 3 P,
states that domino effects are three times more probable than P,.
Therefore, P; should be reduced as much as possible. However, for
the function, P; is discontinuous in case two or more points are piled
up, we should be careful not to diverge.

MATHEMATICAL DESCRIPTION FOR MINIMIZATION
ALGORITHM OF DOMINO EFFECTS

1. Gradient Descent Method
Newton’s method uses an iterative scheme to determine a point

September, 2005

where the gradient vector of the function whose minimum is sought
vanishes. A related use of the gradient vector involves finding the
directions along which a functional decrease occurs. The direction
derivative of a differentiable function, £, is defined as follows:

0 0
D’ y) =y VH(x") = nmw
=0

(18

Consider that all the vectors (directions) y eR" such that, for a given
pointx’e R”,

y'VRX")<0 19)
It follows from Eq. (18) that, for sufficiently small positive t,
fix"+y)<f(x’) (20)

This means that if the aim is to determine the minimum of f on R”
and the gradient of f does not vanish at some point, x’eR”, then a
sufficiently small move in the y direction that satisfies Eq. (19) will
result in a function decrease. The directional derivative, Dx’; y) ac-
tually measures the instantaneous increase (if Dx’; y)>0) or decrease
(if Dfix"; y)<0) in the value of f at x along the direction y. There-
fore, all directions y having the some bounded length, say |ly||<1,
can be determined in the particular direction that yields the steepest
descent in the value of fat a given point x° for which Vi{x")0. The
nonlinear programming problem can then be defined.

n 0
miny' Vi(x)= > 2Dy )
=ox
subject to
12
Iyl= {2(&-)2} <1 22
=
The optimal solution of this problem is as follows
. —VIi(x")
= )
Ivee)

Therefore, the steepest descent in the function value is in the di-
rection of the negative gradient. The method of the steepest descent,
which was first derived by Cauchy, can be described as follows:
Given a point x"eR, compute, for k=0, 1, ..., the sequence of points

x=x - G V(X" 24
where 6,>0 satisfies

' V) =min ('~ A,V T(x)) @)

In Cauchy’s steepest descent method, the global minimum of f is
found along the negative gradient direction [Mordecai, 1976].
2. Algorithmic Description of the Nonlinear Programming
In order to implement the MiniFFECT algorithm on a PC, a pro-
gram was written, which can be used to verify the proposed method.
The general algorithm can be represented broadly, and Fig. 5 shows
a summary of this algorithm. In the following discussion, the pat-
tern (X;, y;) is denoted by a vector X, for brevity, X is a set of X

X= {Xh X27 ce X"} (26)

(1) Initially set n facilities points, (x;, y), ... (X,» ¥,), hence an
initial point X.
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Set New Plot the Status
Initial Guess On 2D Site
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(a) LetP,,=10° P, 7=1;
(b) Let 77=1;
@) If n<10°%, go to (5);
(3) Calculate P(X));
(4) IFP(X,)<107%, stop; otherwise calculate AP,
(@) IFP(X)<P,y, P, —P(X)), X< X-7(VP), go to (2);
(b) If P(Xi)ZPnlzb PnldHP(Xi)ﬂ ’7(;0-9779 X—X- 77(VP)9 £0
to (2);
(5) Change the component (x,, y;) in X into next component and
then go to (1)-(b).
(6) If searching the optimal point is carried to all points, iterate
procedures until all the points in set X do not change.

Fig. 5. General algorithm.

Note that, in the program, the most important loop is (6). A sec-
ond cycle should be started if some point itself cannot be placed in
the optimal status when the first cycle is finished. Such a status is
called a local optimum of i” point.

The two core points in the algorithm are as follows. First, when a
new position is arrived at by a small step using the gradient method,
if it is not better than the previous one, one should return to the pre-
vious position according to the algorithm. However, only the step
size is reduced without returning. Secondly, the criterion for the prob-
ability function value used here 7<10"° is rather than |VP< &,

Sometimes the algorithm can be faced with an impossible solu-
tion, because the probability function P is discontinuous. If some
point moved is the same as another point, an impossible status can
occur by chance. Therefore, some small number is inserted into the
denominator for the sake of convenience.

3. Mathematical Description of Nonlinear Programming
From Egs. (10)-(25), in the problem of allocating n-explosive
facilities, we can approach the problem mathematically using non-
linear programming.
P is a known function of the system pattern with 2n independent
variables:

P:P(Xh X5 ooy Xy Y15 Y25« - 05 yn) (27)

P has the following properties:

(1) it is defined on the entire 2n-dimensional Euclidean space
(0, o0)", as smooth, continuous/discontinuous, and differentiable at
general points;

(2) it is nonnegative, namely P>0 in (0, )™

(3) In practice, P does not have 2n variables because at some in-
stant 2n—2 variables except for X,=(x;, y,) are temporarily constant.

Therefore, the allocating problem is converted into a problem of
optimization the total probability P=P(x,, X, - .-, X,, V1> V2 - - -» ¥,)-
The aim is to determine a minimum with an optimal solution:

X=X, X, cees Xy Y1 Y3 oo es ¥ (29)

There is an algorithm for the unconstrained optimization of smooth
functions, for example, the well-known method of a gradient descent.
It should be noted that the evolution of (X, X5, + .+, X,s Y15 Yas ++ s ¥n)
in the gradient method is consistent with the successive updating
of the patterns of the facilities on the rectangular site. The mathe-
matical description of the gradient algorithm is as follows:

(1) Randomly define a number of initial points (x}, ¥}), (X3, ¥3),
v ey (X2, y9) within a rectangular MxN dimensional site. Choose a
positive number 7,=1 as the initial step size. The step size changes
0.9 times smaller than the previous step in the case where the move-
ment is successful. Choose a very small positive number &, as the
criteria for gradP=VP being approximately zero.

(2) Set the initial probability P*=P(x}, X3, ..., Xo, V1 35 ---» Yo). If
no points decrease the current probability, a solution is found, and
the computation terminates.

(3) Calculator vector OP/OX* at (x}, ..

Yo

5_92(5_95_P op 0P ¢op P OP
axt Nox¥oxy U oxy

0 0
oo Xpo vons Xyg Yio cvoes Yio oves

JoP
i) s s LR LR B 29
ox, oyl oyt v ay?) @)
Except the point (x,, y,), an extra n—1 points are constant, which
currently have been updated. A new pattern is calculated from the
following gradient method:

xextog oP
1=X kaxl’
oy n oP
n n kaxn,
yl(_yl(—l n oP
1=XY1 — kS >
dy,
- OoP
Yo=Y = e, (30)
oy,
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Table 2. Iteration results of MiniFFECT according to the various number of facilities

No. of facilities 2 3 4 5 6 7 8 9 10 13 15 17 20
Iterations (Flame & Ow. press.) 6 15 22 25 70 57 71 67 63 93 94 59 63
Iterations (Missile effect.) 7 21 34 46 48 88 98 80 124 121 100 152 182
Dimension 10x5

where the partial derivatives 0P/0x,, OP/dy,, i=1, 2, ..., n are de-
fined at (x{, x4, ..., X}, yf, ¥4, ..., y}) in 2n-dimensional space.

If the previous calculated probability is larger than the later one,
return to the previous K" point. Always, the probability function P
will proceed in a decreasing direction.

NUMERICAL EXPERIMENT

1. Results

A total of 38 examples were used in this study for the purpose
of evaluating the algorithm. The number of facilities ranged from 2
to 20 on a 10x5 rectangular site.

Because the probability function P is divided two classes, (1) flame
and peak-overpressure and (2) flying objects, the algorithm should
determine if the results are the same in each class.

If the results of the two classes are not the same, the two classes
should be integrated by using the integration factor. However, the
results show that the same position can be allocated for minimiz-
ing the probability by considering two classes. It can be seen that
some of the results are different from what was expected.

The computer used in the experiment was a Pentium 2.4 GHz.
The GAMS nonlinear programming tool was used. Table 2 shows
the output iteration results of the representative examples. Accord-
ing to the number of facilities, Figs. 6 and 7 show the geometry of
the facilities, each being a result of a successful computation with
the proposed algorithm.

1-1. Results of Flame and Peak Overpressure Effects

There were four examples for n=8, 10, 15, 20. Fig. 6 shows how
the n-explosive facilities were allocated to minimize the domino ef-
fects by considering the flame and peak-overpressure effects.

1-2. Results of Flying Object Effects

There were four examples for n=8, 10, 15, 20. Fig. 7 shows how
n-explosive facilities can be allocated in order to minimize the dom-
ino effects by considering the flying object effects.

2. Examples for Probability Gain

The example cases consist of 15 and 20-facilities on the 10x5
dimensional space which is performed above. Fig. 8 shows the gen-
eral and common arrangements of 15 and 20-facilities.

Compared with the arrangement of Figs. 6 and 7, the probability
gains of the domino effect are shown in Table 3. Probability gain is
defined as Eq. (31).

General Case Probability
MiniFFECT Probability

According to the brief results of Table 3, the allocation using Min-
iFFECT can reduce the probability of the domino effect distinctively.
These two examples are simple but display the most distinguishing
characteristics in this research.

3. Discussion
Figs. 6 and 7 show the results of the three major domino effects.

Probability Gain=

G

September, 2005

Although some figure couples show slight differences and some show
the figures upside down, almost all figure couples are matched. It
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Fig. 6. Allocation position of the optimal solution by considering
the Flame and Peak overpressure effect (shown example
for (a) n=8, (b) n=10, (c) n=15, (d) n=20 in regular order).
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Fig. 7. Allocation position of the optimal solution by considering
the missile effect (shown example for (a) n=8, (b) n=10, (c)
n=15, (d) n=20 in regular order).

can be seen that these matched results are the optimum solution for
the minimization location with the allocating facilities. Table 2 shows
only up to 20-facilities, but the proposed module can solve the prob-
lems where there are more facilities. Lastly, Table 3 shows that the
MiniFFECT module can reduce the incidence of the domino effect.

CONCLUSIONS

For preventing domino accidents, a fundamental assessment needs

50 @ @ @ @ @ @ @

0.0 ® L L -——@ L L ®

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

(2)
PP —O—S— 6 —6—6—0—9¢

4.0

3.0

2.0

(b)

Fig. 8. General allocation position for (a) 15 and (b) 20 facilities.

Table 3. Probability gains for two cases

The m.lr.n‘.ber MiniFFECT  General case Proba‘.blhty
of facilities gain
15 7.55P, 10.10P, 1.34
20 9.10P, 15.61P, 1.72

to be carried out. It is very difficult to assess such events owing to
the complex nature of the domino effects. In the last decade, a va-
riety of computer-automated tools have been developed for deter-
mining the possibility of domino effects and to provide a risk assess-
ment after accidents. However, these tools do not offer transparent
answers for prioritization measures to prevent the domino effect in
a complex of chemical facilities. Further research is needed to de-
termine what is the root cause and how the domino effects can be
prevented. Judging from this point of view, the computer-aided mod-
ule MiniFFECT developed in the study is significant. In the case
of allocating n-explosive facilities (e.g. storage tank), the MiniFFECT
shows the position of each facility with Cartesian coordinates. When
explosive facilities are placed in the initial step, n-explosive facilities
can be allocated in such a way as to minimize the domino effects by
considering the arbitrary size of the building site. This can easily be
extended to a large number of facilities and various shapes of site.

This paper proposed a computer-aided nonlinear approach for
determining of position of chemical facilities, MiniFFECT. Such a
module will be used as part of a decision support system to prevent
domino accidents. It is believed that these results will contribute
greatly to the safety of the chemical industry.
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NOMENCLATURE
A :areaofthe surface
q : radiant flux
I, :heat Intensity
r : distance
AP : peak-overpressure
P : probability
1 :setof i
J : set of j
P,  :probability between i” and j” facilities
P,  :probability that the distance is 1
a, :i"facility vector (a=(x;, y;)
M k" step size factor
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