The 3" dimension of risk contoursin multiple use of space
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Abstract

Buildings above roads and railways are examples of multiple use of space. Safety is one of the
critical issues for such projects. Risk andlyses can be undertaken to examine the required
safety measures that are needed to redise these projects. When doing this risk andyss, the
results have to be checked for risk acceptance criteria One of these criteria is the individud
rik. Traditiondly, the criterion for acceptability of risks is a two-dimengond criterion and is
depicted as contours on a - two-dimensond - map, but when doing risk anayses for multiple
use of space a 3¢ gpatid dimension is introduced, namely the externa safety and risks from
the infragtructure towards the building aove. Up until now there are no explicit norms or
idess about the individua risk contours in the 3 dimension. This paper will propose an
approach for the 3" dimenson for individua risk contours. According to this, engineers and
desgners can implement this knowledge for decison making when dedgning projects of
multiple use of space.

1 Introduction

Lack of space leads to the design and congtruction of projects which make intensve and
multiple use of the limited space. Buildings above roads and ralways are examples of such
projects. Usudly, a large number of people and severa multiple risk dimensons are involved.
Due to the complexity and interrelationships, a smal acident, like a fire in the building or the
infrastructure, can eadly lead to a big disaster. Therefore, safety is one of the criticd issues in
such projects for the construction phase as well as for the exploitation phase [Suddle, 2002%].

During the design phase of a project, risk analyses can be undertaken to examine the required
safety messures that are needed to redise multiple use of space. When doing this risk
andyss, the reaults have to be checked for risk acceptance criteria. If the results do not
comply with these risk acceptance criteria, to be divided into criteria on an individual and on a
social bads, extra measures can be taken to increase the levd of safety. Besides, the
assessment of management and risk is an activity that has a growing interest [Ale, 2002].

The criterion for acceptability of individud or locadised risk is usualy depicted as contours on
a - two-dmensond - map [Ale et d., 1996]. However, when doing risk andyss for multiple
use of land, the concept of multiple use of space where different functions are layered [Wilde,
2002], a 3" spatial dimension is introduced.



Another ingance where individud risk varies in the third dimengon - i.e in heght - isin case
of flood hazard. Generdly, the individua risk can be given for persons behind a river dike in
which is assumed that the houses are homogenous and consst two stories [Jonkman, 2001]. It
has to be noted however that in some cases, epecidly people living in a high-rise building do
not have the same individua risk. In this regard, it may be concluded that consdering the
limits for risk acceptance in multiple and intensve use of land the 3™ dimension is
indispensable.

As deding with the 3" dimenson safety system when doing risk andysis adds considerably
to the complexity, this is not done in the traditiond models for consequence andyss and
frequency edtimation. Therefor additiond methods are needed for modeling the behaviour of
risk in the 3" dimension. Bayesian Networks can in this case be useful [Suddle, 20025]. This
paper will therefore propose such an approach for the 3¢ dimenson of individud risk
contours for multiple use of space.

2 Thethree-dimensonal approach of individual risk contours
21  Two-dimensional individual risk contours

Societd  risk and individua risk of hazardous ingdlations form boundaries for urban
planning. Subsequently, these risks are adopted in urban planning around line infrastructure
for transport of hazardous materids, which can dso be consdered to be hazardous
inddlaions. Traditiondly, the city is planned far from hazardous indalations and hazardous
ingdlations are planed fa from the dty. Line infrastructure for transport of hazardous
materids is however mogly in use for trangport of people as wel and is therefore often
passing through densdy populated urban areas. Because new buildings were never planned
above hazardous ingdlations or transport infrastructure, a three dimensond approach of risk
contours was not necessary. It is therefore common to display the risk contours in a two-
dimensiond map.
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Figure 1. Two-dimensond individud risk contour for an ingdlation and line infrastructure.



The individua risk is dependent on the geographic podtion and is displayed in the form of
Iso-risk contours on a geographic map. The individua risk is thus not characteristic for any
person, but only for the location for which it is caculated. Thus, the individud risk contour
maps give information on the risk of a location, regardless whether people are present at that
location or not [Bottelberghs, 2000; Ale, 2002]. The risk contours for a hazardous ingalation
and atransport route are shown in figure 1.

2.2 Three-dimensional individual risk contours

Nowadays, due to lack of space in combination with awareness of spatid qudity, one is
forced to look for new concepts of urban planning in which the space is used more intensve.
The possbilities to use the land more than once by building over line infrastructure are
studied and applied. Accordingly, an approach and a cregtion for the third dimenson are
raher inevitable. When conddering the three-dimendgond individud risk contours for
indalations, one may assume that the form of such contours, in openar, may be a hdf an
dlipsoid, as presented in figure 2. These risk contours are related to the intendty of
combugtion caused by a flame [Drysdde, 1999]. A dmilar but trangposed figure for line
infragtructure is aso drawn.
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Figure 2: Three-dimensond individud risk contours for an ingtdlation and line
infrastructure.

Although the contours are depicted as closed in dl dimensons, it should be noted that it is
possible that the contours do not close in the verticd, resulting in vertica cylinders rather than
dlipsoids. Such may be the case if a building is redised above the hazardous ingtdlaion and
if the risk is posed by the scenario's involving the potentid collgpse of sructures in which
people are present.

The genera eguation of an dlipsoid whose centre is the origin and whose axes correspond the
X,y and zaxisis
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In the same way, one may outline the three-dimensond risk contour approach for line
infrastructure, which is ahdf a cylinder. The generd equation of acylinder is:

y: .,z _
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The height of the risk contour depends on the (quantity of) hazardous materiads produced in
the ingdlation or transported at the infrastructure for both examples. In most cases the height
(2 of the individud risk contour is bigger than its width (x,y). However as indicated the
integrity of the structure may have a large effect on the shape of these contours. A tool to
cdculate the effect of a scenario is CFD (Computational Huid Dynamics). CDF caculations
are dten usad to cdculate the effects of fires and explosons in and around complex structures
such as ailrigs and tunnds. In essence, the cdculaions involve the numerical solution of the
coupled differentid equation describing the laws of conservation of mass, impulse and
energy. The output of the CFD cdculations is three-dimensond descriptions of effects, which
can be trandated into probability of desth or other damage where necessary.

3 Buildings above infrastructure
3.1  Basic conditions

The redlisaion of buildings above infrasiructure can influence the shape and the surface of the
cross section of the individua risk contour. In order to andyse the height of risk contour in
multiple use of space, the individud risk can be anaysed in a risk andyds by usng Bayesan
Networks. The individud risk has to be andysed per story of the building above infrastructure
(ho, h, ..., hy) aspresented in figure 3.
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Figure 3: Building above infragtructure,



The consequences of accidents with infrastructure dominate the safety of people in the
building. These accidents, however, dl have a diffeeent impact. The accidents on
infragtructure can be grouped into four dominant classes; traffic accidents (mechanica load
on the dructure of the building), fires, lesks of toxic substances, and explosons [Taylor,
1994]. These accidents can dso be darting points of others. A fire for instance can cause an
exploson and vice versa. The rdlease of toxic gasses hardly initiates other hazards. It is,
therefore, important to explore the effect of release of toxic gasses separate from explosive
materids on infrastructure. Moreover, to determine the effect of fire on the individud risk on
each dory, the fire on infrastructure scenario is explored separate from the previous scenarios.
In order to set up a risk andyses, the most important factor is weather the building collapses
due to an accident or not.

3.2  Programming in Bayesian Networks

A quantitative risk anadysis is done for the main scenarios (see 3.1). Fault and event trees are
often used for risk andyds in land use enginering [Berrogi, 1999]. A more effective,
compact and well-ordered tool for doing a risk andyss is the use of Bayesan Networks
[Suddle, 2002%]. This technique is used for the quantitative risk analysis as presented in figure
4 and 5. These networks represent the relations between the events on the infrastructure and
the building. These rdations can be quantified in (conditiond) probabilities The (change of)
individud risk per increesng dory of the building is congdered in these networks. An
accident on the infrastructure may cause an exploson, which on its turn can cause a fire
followed by the collgpse of the building. This results in a variation of the individud risk per
story. The node explogon is divided into the classes a light exploson, a BLEVE and a
detonation. An accident on the infrastructure may aso cause release of toxic gasses, which
influences the individua risk in the building aswell.

Figure 4: Bayesan networks; explosons on infrastructure (left), release of toxic gasses (right)
on infrastructure.

Figure 5 presents the scenario fire on the infrastructure. Fire on the infrasructure varies
between 20 MW (passenger cars), 100 MW (busses/trains) and 300 MW (rucks/trains). The
higher the intendty of the fire the higher the probability that it will spread to higher dories.
Besdes, high fire intengity can lead to a collgpse of the building.



Figure 5: Bayesian networks. and fire on infrastructure.

3.3 Resultsrisk analysis

The reaults of the risk andlyss are presented in table 1. The table congss of the individud
risk per sory and the ratio of individua risk per sory (Rh;) in comparison with the individua
risk at the infragtructure (IRh.1). The raio IRh/IRh.; presents the increase or decrease of the
individua risk on the concerned sory (IRh;) compared to individua risk a the infrastructure
(IR.1).

Explosion Release of toxic -trrafflg agCI'(Ij;ms
LEVEL p gasses owaras ouilding
structure
IRh, IRh/IRh.. |  IRh IRh/IRh..| IRh IRh/IRh..| IRh IRh/IRh.¢
Infrastructure|  10° - 10° - 10° - 120° -
ho 10° 1 107° 0,01 7207 07 71407 0,71
h; 10° 1 1070 0,01 7407 07 6,740 067
h, 10° 1 107° 0,01 740" 07 6,240 0,62
hs 10° 1 10"° 0,01 7407 07 5,740 0,57
X X X X X X X X X
X X X X X X X X X
X X X X X X X X X
hn 140° 1 107° 0,01 7207 07 107 01

Table 1. Reaults of therisk andlyss.

When conddering the scenarios exploson possibly combined with fire, the individud risk in
the top story (hn) is dmogt as high (in some cases higher) as ingde the infrastructure. This
"relative decreasg’ is because of the risk of collapse of the building, which has a dominant
influence. If the building collgpses, one may assume a great number of fatdities will occur in
the building (eg. 99%). Explosons, traffic accidents towards building dructure and fires can
initiate the collgpse of the building. It can be noted that functiond and structura messures to
prevent acollapse by traffic accidents or fires can be taken, but measures to stop a detonation
are much more difficult to take and in terms of economics non-proportiona expensve. The
results of table 1 are presented in figure 6 and 7. In these figures, the increase or decrease of
relative risk contours are concerned.

In case of a release of toxic gasses on infradructure, the individua risk contour decreases
rgpidly. This is because of the effect of toxic gasses are for the grester part restricted to the
infrastructure when it is covered (see figure 6). The toxic gasses can only reach the openar
and the building a the both ends of the tunnd.



It is important to note that the three-dimensiona cross section gpproach must be linked to the
two-dimensond gpproach ground level approach in order to be redlly three-dimensond.

When consdering the fire scenario on infrastructure, the individua risk contour decreases a
factor ten within five/lax dories. Traffic accidents (eg. deraling trans or traffic accidents)
can cause a mechanica load on the structure that can lead to the collapse of the building. So,
for the individud risk contour, this scenario ranges between the exploson on infrastructure
scenario and the fire on infrastructure scenario (seefigure 7).

Figure 6: The influence of the individua risk contour: fire and explosions (left) and release of
toxic gasses (right).

Figure 7: The influence of the individud risk contour: traffic accidents towards the Structure
of the building (Ieft) and fire on the infrastructure (right).

3.4  Evaluation height of individual risk contour

Congdering the previous, it may be concluded, when redisng buildings above infrastructure,
the haght of the individud risk contour indeed can be influenced. But it has to be noted that
the (internd) risk a the infrastructure will increase. The form of the individua risk contour
depends on a number of aspects.



o Theamount of explosve and toxic materids trangported on the infrastructure:
If the transport of explosve and toxic materids is prohibited the individua risk contour
will be enclosed to the infrastructure.

o The measures to protect the building from the main four scenarios (explosion, release of
toxic gasses, traffic accidents towards building structure and fires):
These measures can be divided into functiond [Wiersma & Molag, 2001] and Sructurd
mesasures.

4 Influencing building parameters

Given the fact that trangport of hazardous materids is alowed, the building and infrastiructure
parameters can be influenced by ther configuration. This will result in the variation of the
form of the risk contour for the building above the infrastructure and for the surroundings.
The man influencing building and infrasructure parameters are the width and height of the
tunnd, possbly combined with the length of covering infrasructure, and the height level of
the infrastructure. These influencing parameters are suggested in this part of the paper.

4.1  The effect of the width and height of the tunnel

The haght of the tunnel depends on the height of the lowest story of the building (hy). The
width of the tunne depends on the span (I) of the building. These two parameters form the
basis for the possible scenarios at the infrastructure. Suppose h, is designed a a minimum of 4
meters. This can initiate problems by truck drivers a roads, which can result in an accident.
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Figure 8. The haght of the lowest story of the building and the width of the building: standard
vaiant (left) and the variant with a higher lowest story and a bigger width (right).

According to Baker [Baker, 1983], an exploson condsts of four components. a blast wave,
amospheric and ground effects, fragmentation and missle effects and thermd radiaion
effects. Implementing a big diameter (a high leve for the lowest story h, and a bigger span 1)
in the dedgn of the building leads to smdler probabilities for the exploson, BLEVE and
detonation scenario. If one likes, one can design a building from the shape of a risk contour as
wdl. This is illugrated in figure 9. This is of course no generd design solution and mogtly the
result of architectural consderations.



Figure 9: The Haagse Poort in The Hague (The Netherlands).

4.2  The effect of the length of covering infrastructure

Multiple use of gpace begins to be interesting if the infrastructure is covered for long
disances. This is, however, not aways possble because of safety condderations. The
probability of an accident on the infrastructure is corrdated with the covering length of the

infrastructure, while the consequences of an exploson increase rapidly with the length of the
tunnd [Berg et d., 2001].
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Figure 10: A smdl (left) and along (right) covering length of infrastructure,

The effect of the covering length of infrastructure for the main scenarios is presented in table
2. One can read tha a smdl covering length of infrastructure is podtive regarding the
explosion scenario. The advantages on toxic gasses are however not achieved.

COVERING Explosive Release of toxic Traffic accidents
LENGTH materials gasses ‘towardsthe
" =7  building structure
Long - - + - +
Smdl 0 0 0 0

Table 2: The effect of the covering length of infrastructure on the building above and the
surroundings.



In case of prohibiting the trangport of explosve materias, one can cover infrastructure for
longer distances. When the infragiructure is covered for long distances with a building, some
hazards can be enclosed into the infrastructure. In this regard, the (individud) risk for the
surroundings can decrease in comparison to the building built above infragtructure. The
individua risk increases for the surrounding area a both ends of the building.

This increase and decrease must be compared in order to determine whether the risk increases
by building over infrastructure. An example of the shidd that is formed by a covering of the
infrastructure for toxic gassesis shown in figure 11. Thisisnot valid for smal coverings.
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Figure 11: Locd decrease and increase of individud risk by enclosing infrastructure for toxic
gasses.

4.3  Theeffect of the height level of the infrastructure
There are four different leves of height for infragtructure that can be distinguished;

underground, subsurface, ground level and eéevated. In figure 12, these different pogtions in
height are drawn for raillway infrastructure.
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Figure 12: Different pogtionsin height of raillway infrastiructure.



The effect of the height of infrastructure for the main scenarios is shown in table 3. The
higher the levd of the infrastructure, the higher the risks for the building. If the infrastructure
is located in the underground, the effect of the hazards on the building and surroundings is
much smdler than when the infragtructure is devated. If one can utilize independent
foundations for the infrastructure, one can reach safety advantages.

LEVEL OF Explosive Release of toxic Traffic accidents
INFRASTRUCTURE materials gasses towardsthe
- buildingstructure_____
Underground
Subsurface
Ground level
Elevated

Table 3: The effect of the covering length of infrastructure on the building above and the
surroundings.

5 Conclusions and discussion

Lack of spaces forces desgners to explore the posshilities of building over infrastructure.
Rules and regulaions for the third dimenson in risk andyss have however not been
developed yet. Generdly accepted computer models for cdculation of the risk dso lack a
three-dimensond approach. The third dimenson of the risk contour of infrastructure can be
st up as a hdf cylinder. When this infrastructure is covered, the risk contour changes. The
changes of the risk have been indicated for four representative calamities fire, mechanica
loads, toxic gas release and explosons. A possible collgpse of the building is dominant in the
risk andyss. If a collgpse can be prevented, a covering of infrastructure can be safer for
individud risk for surroundings and the building. Further development of the methods will
enable a systematic an more appropriate evauation of these risks than the flat plane approach
which is employed dominantly to date.
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