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Abstract. In Germany, building codes relating to fire safety are mainly prescriptive
nature. Therefore, fire safety engineering is based on a combination of expert judg-
ment and reverse engineering of prescriptive rules. This necessitates to connect the
given objectives with the detailed prescriptive rules—if not already described within
the law or bylaw. This paper proposes a table relating the fire safety objectives of
European building regulations and their German counterpart with the prescriptive
model building code in Germany. In addition, a risk curve for prenormative work is
also given. This represents the prescriptive regulations concerning in terms of fatali-
ties of a level acceptable to society and emphasizes the lower degree of acceptance of
multiple fatalities occurring in a single incident. This residual risk limit represents the
opinion of German firefighting associations. Data taken from the London area sup-
ports the suggested slope rate, as the level of safety in Britain is similar to that in
Germany. The table of prescriptive building regulations and their corresponding
objectives aids everyday planning decisions in the context of determining adequate
compensation without missing out any essential aspects, such as firefighting and fire-
fighter safety. The proposed table forms the basis of the current discussion of a Euro-
pean model performance-based model building code (PBC) within the European
Committee for Standardization CEN. Moreover, the risk curve is the first to be dis-
cussed in Germany that takes into consideration the societal aspect. It forms an
appropriate basis for performing fire safety risk calculations based on fault tree anal-
ysis or Bayes nets. The CEN working group for fire safety engineering discusses both
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aspects of the current development of a European, performance-based fire safety
code. It is presented here for the first time.

Keywords: Fire safety objective, Fire safety regulations, Building regulation, Performance-based code,
Prescriptive building regulations, F-N curve, Acceptable risk

Prescriptive fire safety regulations given in building codes regularly describe com-
mon building types and incorporate a typical fire safety design (cf. [1] for standard
buildings in Germany and [2] for assembly halls). The prescriptive code in these
regulations does not stipulate accepted risk levels, and the residual risk level is
generally either unknown or not published by the regulators. Relating regulations
contained in laws and subordinate regulations with the relevant safety objectives
of the regulations is a matter of trial and error and rather expensive [3]. Such dis-
cussions are regularly supplemented with the views and opinions of several stake-
holders, including fire departments, building authorities, fire safety engineers and
experts, sellers of technical equipment (fire sprinklers, etc.), facility managers,
architects, and naturally the building owner. Building regulations incorporate a
high degree of experience gained from (regional) incidents.

The situation regarding building regulations in the European Union is even
more complex. Laws relating to fire safety levels can only be enacted by the EU
member states. And in Germany, fire safety engineers are confronted with 16 laws
of the different federal states. In most German states, special buildings like hospi-
tals, retirement homes, and small hotels (with less than 30 beds) are not subject to
detailed legal regulation over and above the standard design rule by law and a
general cause for “‘special requirements” or ‘“‘facilitations’ regarding the design of
unregulated special buildings (cf. Sect. 51" in [1]).

The absence of clearly defined safety levels and the lack of a clear link between
prescriptive rules and their objectives must be compensated for by the expertise of
the engineer [4-6]. It is implicitly assumed in the case of partly prescriptive/partly
performance-based fire safety regulations that if all the rules contained in a regu-
lation are applied, the fire safety level will be acceptable [7, 8]. Building regula-
tions clearly cannot foresee every future architectural design concept. In the event
of any deviations that exceed the provisions of the building code, regulators inclu-
ded a way to prove that a building is safe enough in terms of the given deemed-
to-satisfy solutions (cf. the so-called “deviation” Sect. 67% in [1]). Every deviation

! “Special requirements may be imposed on special buildings in individual cases to meet the general
requirements in accordance with Sect. 3 (1). Facilitations may be permitted insofar as compliance with
regulations is not necessary due to the special type or use of buildings or rooms or due to special
requirements.[...]”

2 “The building control authority may permit deviations from the requirements of this Act and regu-
lations issued based on this Act if they are compatible with public interests, in particular the requirements
of Sect. 3 Clause 1, taking into account the purpose of the respective requirement and taking into account
the neighboring interests protected under public law. [...]; there is also no need to admit a deviation if
safety designs are certified by a design review engineer”
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must be designated and described, its objective stated, and the solution given
explained.

Risk methods exist in a more or less prescriptive environment that can be used
in cases for which no performance-based codes apply [9-11]. However, the links
between functional requirements and safety objectives and between prescriptive
rules and the protection levels for people’s lives resulting from the given solutions
remain unclear. Therefore, comparing the regulations with a pure performance-
based design (PBD) for fire safety is both complicated and expensive. Hopkin
et al. state “For uncommon buildings, adequate safety cannot be based on prece-
dent and an explicit evaluation of the adequacy of proposed safety features may
be required” [12].

To aid the understanding of this paper, we provide an overview of the German
fire safety regulations system for buildings.

After the founding of the Federal Republic of Germany in 1949, legislation was
divided between the federal government (“Bund”) and the Federal States by the
Constitution. In 1954, the Federal Constitutional Court (“‘Bundesverfassungs-
gericht”) determined that the former building police law would be the responsibil-
ity of the federal states with the planning law assigned to the federal government.
To avoid the fragmentation of the law, the federal government suggested that the
states could relinquish their legislative competence for individual housing regula-
tions if they worked with the federal government to develop a standard model
building code (‘““Musterbauordnung (MBO)” [1]). Work on drafting the model
building code began in 1955 and the first version was published in January 1960.
This model building code forms the basis of the states’ building codes and has the
primary purpose of regulating the safety requirements of buildings. It means that
fire safety is regulated individually yet similarly in every federal state by the
respective building code.

The building code regulates first and foremost fire safety in residential buildings
(“standard buildings’). The required fire safety level depends on the building class
(“Gebidudeklasse”), which classifies each building according to its risk in building
class 1, 2, 3, 4, or 5. However, there are also so-called “special buildings” (‘““Son-
derbauten”), which are associated with a significantly higher or lower risk than
standard buildings. If the risk is higher, special fire safety requirements may be
imposed; if it is lower, facilitations may be permitted. For some common special
buildings, such as assembly buildings, high-rise buildings and car parks, special
requirements and facilitation are regulated in legal ordinances or administrative
regulations, which means that they do not have to be assessed as individual cases.
These are also based on model regulations and are similar in all federal states.
The building codes sets the generic requirements.

These generic requirements are specified by technical building rules (““Muster-
Verwaltungsvorschrift Technische Baubestimmungen (MVV TB)”) [13] as a regu-
lation. This model is implemented at federal state level. The technical rules for
design and construction of structural works, construction techniques, and con-
struction products were thoroughly amended and merged into this rule in 2016. It
is mainly a translation table between functional requirements and the technical
rules set in standards by DIN and CEN. There is no administrative regulation for
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Figure 1. Overview of the interaction of EU, federal, and state-
specific building law in interaction with planning and fire law.
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fire safety engineering yet, although a German standard exists [10]. Before estab-
lishing DIN 18009 as a technical rule by regulation in the MVV TB, the federal
states initially aimed to gain experience with the application of this standard.

An overview of the relationship between the European Construction Products
Regulation (EU-CPR) [14], the German model building code (MBO) [1] as basis
for the sixteen state building codes, the following administrative regulation(s) [13],
the sixteen firefighting laws and the federal law concerning the urban planning,?
which is then laid down in urban planning regulations, is given in Figure 1. The
federal planning law has the task of defining the legal quality of the land and its
usability; it regulates the area-related requirements for a building project.

Federal states differ in terms of who is responsible for the monitoring of fire
safety regulations. For standard buildings, fire safety is generally not controlled or
monitored by the building control authority, but by a qualified expert who certi-
fies that the building complies with the fire safety requirements. In the case of spe-
cial buildings it is generally required that proof of compliance with the fire safety
regulations is issued by an expert and subsequently examined either by the control
authority or another expert (design review engineer), depending on the federal
state. As part of the monitoring process, the fire department is consulted either by
the building control authority or the design review expert.

The same applies in the event of any deviations from the fire safety regulations.
Depending on the federal state, either the building control authority or the design
review engineer is responsible for approving deviations. However, in both cases,
the fire department is involved by providing comments. An approving role can be
transferred within the city from the building department to the fire department.
The application and approval of deviations can become very time-consuming for
the parties involved if they disagree on the safety objectives of the regulation that
is the subject of the deviation.

3 “Baugesetzbuch (BauGB)” Federal Building Code in the version published on November 3, 2017
(BGBIL. I p. 3634), as last amended by Article 2 of the Act of January 4, 2023 (BGBI. 2023 I No. 6); https://
www.gesetze-im-internet.de/bbaug/.
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2. State of the Art in Terms of functional Requirements
and Safety Objectives

Essentially, the question is how to ensure the fire safety of a building that is of a
type which is not described in detail in the building regulations (such as special
buildings for which no specialized building code has been set out(cf. Sect. 51% [1]):
Can the residual risk level be analyzed qualitatively in terms of its functional
requirements and fire safety objectives with no complex calculations?

This is all the more crucial in cases where calculation methods like fault-tree-
analysis [15, 16], Bayesian networks nets [17] and the life-quality index [11] by
engineers are not considered adequate in a cost-benefit-analysis (CBA), as they are
time-consuming and thus expensive when applied to determining fire safety in
common buildings.

The efficiency of building regulations and, in particular, fire safety regulations
can be assessed using methods taken from economic analysis of law, which in turn
is based on methods borrowed from welfare economics, such as cost-effectiveness
analysis (CEA). A sub-form of CEA is cost-utility analysis (CUA), which Schleich
[18] used to compare the efficiency of English and German building regulations in
the context of fire safety. The comparison was based on the associations between
the regulations and their objectives and form the basis of the example in this arti-
cle [18].

Also, existing buildings require regular fire safety inspection. The then observed
level of safety is often at a lower level as described in the building regulations (“Is
the building still safe enough?”’). This can result out of a changed law, as grandfa-
thering clauses legally protect owners from having to customize their buildings
with every building law amendment (based in Germany on the constitutional right
to property, cf. Article 14 “Property” in [19] and the associated federal building
law). To identify a maybe too low level of fire safety it is necessary to understand
the connection between functional requirements and the objective underneath. For
a CUA, it is primarily necessary to examine the objectives concerning the safety of
people including rescue teams. So far, no such table that links objectives with
functional requirements has been published. The matter is currently being dis-
cussed by CEN technical committee 127, working group 8 ““fire safety engineer-
ing”, of which the authors authors 1,3 are members.

Pedro et al. [20] gave the most comprehensive comparison of the formulation of
building regulations in the European Union up to this time already in 2010 and
found that at that time only the building regulations of England of the then EU
member state United Kingdom were formulated and designed as a performance-
based code. According to our research, in a global comparison, New Zealand cur-
rently has building regulations that are furthest along the path towards a pure
performance-based code [21].

4 ““Special requirements may be imposed on special buildings in individual cases to meet the general
requirements in accordance with Sect. 3 (1). Facilitations may be permitted insofar as compliance with
regulations is not necessary due to the special type or use of buildings or rooms or due to special
requirements.[...]"
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Once the discussion concerns the safety of people, including rescue teams like
firefighters, it will be vital to discuss the associated risks. Since risk is defined as
the probability multiplied by the loss or impact caused, therefore from a scientific
point of view that the risk of 300 individual losses of life in a year (as was the
case in Germany in 2018 [22]) is the same as that of 300 people dying in a single
event if there are no fatalities otherwise.

According to Leksin, “The typical well-known acceptance value which can be
found in different pieces of literature and numerous regulations worldwide in the
field of fire risk (in general) is 1 x 107 per year and per person.” [23]. This con-
cept of risk is in line with the definition of risk, as mentioned above.

Gardner used the measurand years-of-potential-life-lost (YPLL) as an equivalent
unit for calculating potential death and years of life lost. The YPLL is thus an
indicator of premature mortality. The number represents the total years that are
not lived by an individual who dies before reaching the age of 75 [24]. According
to Gardner a single value has to be defined by way of societal, ethical or pure
governmental decisions. ““Every country has to determine its own value of accept-
able risk criteria according to the national regulations. As a first step, the real fig-
ures of the accidents have to be considered, and they must be adapted and
optimized after a certain time. This should be applied individually” [23]. In oppo-
sition to this one-value safety level, the need for an ethical and not purely mathe-
matical approach to safety when it comes to simultaneous and multiple deaths
caused by the same incident or accident is the subject of broad discussion [25].
From a researcher’s point of view, therefore, an F-N curve [26] is needed; this will
be discussed in Sect. 4.2. F-N curve is a complementary cumulative distribution
plot curve, the frequency (F) of events which causes at least N fatalities (N) on
log scales. Meacham [27] has also already described ideas for risk-optimized build-
ing regulations as a social task, but with a global approach.

From our experience in developing a model performance based code (PBC) in
the EU at CEN, these two topics we present are the main problems we face: What
are our objectives, and what does the law state technically? How unlikely must a
“catastrophic” fire be? As PBC’s are largely missing in Europe, deviations are
now an allowed thing to do, requiring a “formality” of the answer: “From what
requirement do we deviate and how far do we deviate from it?”’. From viewpoint
of the authorities having jurisdiction, a lot of engineers fail in these two aspects
when providing solutions that cannot be accepted. Therefore in the next step, we
can and have to develop a PBC out of the proposed table and the F-N curve.

3. Methodology

As mentioned above, the aim of this article is to develop a readily understandable
schema for evaluating fire safety measures without any complex simulations of
acceptable residual risk. There are various ways of doing this, such as using ima-
ges, texts or algorithms/flowcharts, of which the algorithm/flowchart is the one
best suited for use in complex environments [16]. In our case, the flowchart pre-
sents the starting point as circles, a question as rhombus, and possible answers as
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rectangles [28]. Figure 4 describes the basic idea for assessing fire safety risks with-
out the use of simulations.

The flowchart, shown in Figure 4, is supplemented by two parts: At first,
Table 1 for the connection between the fire safety objectives and the functional
requirement in Subsection 3.1. Second, in described Figure 3 the graph is used to
testing the societally acceptable residual death risk in a fire as in Sect. 3.2. Only
when all three components (algorithm/flowchart, table, and figure) are combined,
it is possible to evaluate the fire safety measures without any complex simulation
or calculations.

3.1. Linking Fire Safety Objectives with Requirements

Using a table, it is possible to link the prescriptive requirements from a building
regulation with a fire safety objective. Table 1 consists of several components, as
follows.

3.1.1. Column: Functional Requirement This column sets out the prescriptive
requirements of the building regulations (as in [1]).

3.1.2. Column: Objective This column describes the general fire safety objectives
described in the “functional requirements” column.
There are six fire safety objectives:

e (a) the load-bearing capacity of the construction must be assumed for a specific
time [14].

e (b) the generation and spread of fire and smoke within the construction works
must be limited [14].

e (c) the spread of fire to neighboring construction works must be limited [14].

e (d) the occupants must be able to leave the construction works or must be able
to be rescued by other means [14].

e (e) the safety of rescue teams must be taken into consideration [14].

o (f) effective fire fighting must be enabled (additional special fire safety objective
that must be considered in Germany [l] or international [29]). Effective fire
fighting is a German special objective which includes the safety of rescue team
by the EU.

3.1.3. Cell: Objective Each feature in the objective column is now defined as to
whether the linked regulation, i.e. functional requirement, is also related to the
appropriate fire safety objective. There are four possible qualitative connections.
These are:

e Empty cell = The requirement described is not related to the fire safety objec-
tive.

e EE = Requirement serves solely this objective.

e B = Requirement serves two or more objectives to approximately the same
degree.
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e [] = Requirement serves this objective to a lesser degree than another objec-
tive.

3.1.4. Line: Functional Requirement Essential legal requirements and correspond-
ing prescriptive requirements (e. g. [1]).

Figure 4 shows four examples of how the functional requirements are linked to
safety objectives and the goals. The main table (see Table 1) only shows the link
between the requirement and the safety objective.

3.2. Societally Acceptable Residual Death Risk in Case of Fire

The key objective of fire safety is to ensure the safety of building users”
(cf. Sect. 3° in [1]). The incidence (fatalities per fire) place a vital role in assessing
the distribution of deaths in terms of the number of people dying in the same fire.
It is assumed that a single fire with one or two deaths has a higher probability of
occurrence and is deemed as acceptable (albeit regrettable).

In contrast, a single fire incident with many victims is regularly the cause of
changes to building regulations at the political level. Examples of these are:

o Grenfell Tower, 2017—72 fatalities [30]: The use of flammable building materials
in the fagade led to a discussion of and the testing of building materials

e Diisseldorf Airport, 1996—17 fatalities [31]: Fire safety plans were enacted for
new buildings in GER

e Ringtheater in Vienna, 1881—at least 384 fatalities [32]: Amongst other mea-
sures, the use of an iron curtain in theaters became mandatory

The Grenfell Tower fire had a severe impact on EU-legislative considerations on fire
safety in recent decades; the EU took action (see https://efectis.com/en/fire-informat
ion-exchange-platform-fiep-2/) leading to a debate being held in the EU parliament
on September 13, 2017. Since discussion reached the EU parliament, which is not
responsible for legislative and regulatory arrangements in the EU member states, it
can be assumed that this loss of life was not societally acceptable.

The fire at Diisseldorf Airport in 1996 triggered an equally heated discussion on
security and damage claims. Discussions about residual risk resulted in the
Diisseldorf fire department being enlarged, and fire safety concepts devised by fire
safety engineers for buildings other than dwelling houses, such as airport build-
ings, becoming a mandatory precondition for a building permit [33]. Equally, the
fear of multiple loss of life in a single fire was another core theme of the public
discussion.

At last, a very “non-acceptable” fire death toll must be taken into considera-
tion. This fire is still remembered, although it was nearly 140 years ago. Officially,
384 people died in the fire in the Ringtheater in Vienna, Austria in 1881 [32], (ac-
cording to Eisenberg’s historical description [34], there were even 1000 deaths).

3 “Constructions shall be arranged, erected, modified and maintained in such a way, that public safety
and order, in particular life, health and the natural basis of life, are not endangered. [...]”.
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Objective

Functional requirement (a) (b)

©

(d)

Vehicle access especially for fire and rescue service vehicles is
a precondition for the erection of a building.

Building plots must be accessible for fire and rescue service
vehicles

Every building plot must be sufficiently provided with fire
mains and hydrants.

Building plots must be provided with the necessary means to
fight fire

Buildings must have sufficient access for fire-fighting person-
nel in order to transport portable ladders to rescue occu-
pants from upper storeys

Buildings must have sufficient vehicle access especially for
high reach fire appliances (turntable ladders) in order to
rescue occupants from upper storeys

Building plots must have sufficient access routes and hard-s-
tandings for high reach fire appliances

Buildings must be provided with the necessary means of
escape especially for upper storeys.

The load-bearing capacity of the elements of construction u
must be capable of withstanding the effects of fire without
loss of stability. (Strictly speaking this is not a requirement
for objective (a) itself, but aims ultimately at objective (d)
and above all at objective (e).)

The load-bearing capacity of the construction must be cap-
able of withstanding the effects of fire long enough to allow
the occupants to escape and long enough to allow the fire
and rescue service to search for injured occupants and to
fight fire within the building.

Concealed spaces or cavities in the construction of a building u
and especially in the external walls must have cavity barri-
ers in order to prevent concealed fire spread within the con-
struction

Concealed fire spread within the structure of a building must
be prevented.

The combustibility/susceptibility to ignition and fire spread of O
external walls, external cladding, external thermal insula-
tion and external surfaces must be limited in order to pre-
vent external fire through and in these elements of
construction from one storey to another and above all to
prevent external fire spread from one building to another
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Functional requirement

Objective

(@)

(®)

©

(d)

(e

®

External fire spread via and in the enclosure of a building to
another storey or a neighboring building must be prevented.

Individual flats and uses within a building must be separated
by fire-resisting walls (separation walls) in order to prevent
internal fire spread from one flat or use to another within
the same storey

Separation walls must continue up to the underside of a fire-
resisting floor or the roof covering in order to ensure fire
separation

The number and extent of openings in separation walls must
be limited according to the use of the building. Openings
must be fitted with fire doors etc

Internal fire spread from one use to another within the same
storey must be prevented.

Neighboring buildings (which fall below a determined mini-
mal distance) must be separated by fire-resisting walls (fire-
walls) in order to prevent external fire spread from one
building to another

Compartment walls (firewalls) must be extended through the
roof up to a determined height in order to prevent fire
spread via the roof to a neighboring building

Combustible materials must not be laid over a fire wall, in
order to prevent fire spread to a neighboring building

Openings in firewalls are prohibited

External fire spread from one building to another must be
prevented

Extensive buildings must be sub-divided by fire-resisting walls
(compartment walls) into compartments in order to control
internal fire spread

The number and extent of openings in compartment walls
must be limited according to the use of the building. Open-
ings must be fitted with fire doors etc

Compartment walls must be extended through the roof up to
for a determined height in order to prevent fire spread via
the roof to the adjoining compartment

Combustible materials must not be laid via a compartment
wall, in order to prevent fire spread to the adjoining com-
partment

Internal fire spread from one building to another must be
prevented

The storeys of a building must be divided by fire-resisting
floors in order to prevent internal fire spread/to ensure fire
separation
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Table 1
continved
Functional requirement Objective
@ O © @ @©@ O
The number and extent of openings in fire-resisting floors u O ]

must be limited according to the use of the building
Internal fire spread from one use to another use in another
storey must be prevented
Combustible roof coverings must maintain a minimum sepa- u O
ration distance or must have limited combustibility/ limited
susceptibility to ignition and fire spread in order to prevent
the ignition of the roof covering by a fire nearby
Roof-lights etc. must maintain a minimum separation dis- ] O
tance in order to prevent external fire spread between
neighboring buildings
External fire spread from one building to another must be
prevented
The roof of a lower part of a building before a higher part of [ ] O
the same building (before the fagade) must be as fire-resist-
ing as the floors of the higher part within a determined dis-
tance in order to prevent fire spread from the roof of the
lower part via a window into a flat or use in an upper
storey
Internal fire spread from one use to another use in another
storey must be prevented
Flats and other uses with a habitable room must have at least -
two different and independent escape routes in each storey
in order to provide alternative means of escape in case of
one escape route being rendered impassable by fire or
smoke
Flats and other uses with a habitable room which are not on am
ground level must be accessible by at least one stairway
(first escape route). The second escape route may be
another stairway or—according to the use of the build-
ing—a portable ladder or a turntable ladder of the fire and
rescue service (if external rescue is possible)
A second escape route is obsolete, if the only stair is pro- ] ] [
tected in such a way that it cannot be rendered impassable
by fire or smoke (e. g. pressure differential systems)
Buildings must be provided with the suitable escape routes
Stairs that provide an escape route must be of limited com- O | ] O
bustibility/susceptibility to ignition and fire spread, or must
even be fire-resisting depending on the building in order to
prevent them from being rendered impassable by fire or
smoke
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Functional requirement

Objective

(@)

(®)

©

(d)

(e

®

Escape routes must be prevented from being rendered impass-
able by fire or smoke and from offering the main means by
which fire can spread within a building

Every staircase that provides an escape route and that is also
a means of access for the fire and rescue service (except
external stairs) must be protected by a fire-resisting stair-
case that allows it to be used by the occupants long enough
to escape

Escape routes must be prevented from being rendered impass-
able by fire or smoke

The travel distance from every part of a flat or other use to a
protected staircase must be limited in order to allow the fire
and rescue service to lay hoses (not to exceed maximum
hose distances) and above all to allow the occupants to
reach a relatively safe place in case of fire

Occupants in an unprotected part of an escape route must be
protected from the toxicity of combustion products, and
buildings must be provided with the necessary means to
fight fire.

Every staircase must have an exit into open space. If the exit
from the staircase to the exit leads through another room,
then the other room must be protected by fire-resisting and
fire-separating structural elements in the same quality as
the staircase itself

The level of protection of an escape route in the direction of
travel must be constant or increasing (never decreasing)

The fire-separating elements of an escape route/its enclosure
(walls, doors, floors and glazed elements of staircases and
corridors) must be fire-resisting according to the size and
use of the building in order to protect the occupants and
fire-fighting personnel and to prevent internal fire spread

The combustibility/susceptibility to ignition and fire spread of
materials or products used in escape routes (staircases, cor-
ridors) such as internal linings, thermal insulation, ceilings
and floors etc. must be limited to prevent internal fire
spread, since fire spread within an escape route can prevent
occupants from escaping and can impair fire-fighting.
Above all these materials offer the main means by which
fire can spread within a building

An escape route (staircases, corridors) and especially stair-
cases must be relatively free of potential sources of fire

Escape routes must be prevented from being rendered impass-
able by fire or smoke and from offering the main means by
which fire can spread within a building

Staircases (escape routes) must have adequate lighting (day-
light, artificial lighting or escape lighting according to the
building) and must have escape signs if applicable
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continuved
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Functional requirement

Objective

(@)

(b)

©

(d)

e (O

Escape routes must be adequately signposted and illuminated
to be easily found and followed

Staircases (escape routes) must have adequate ventilation
(from windows to mechanical ventilation systems according
to the building) for smoke control

Every basement without windows must have at least one
smoke outlet to the outside to enable the venting of heat
and smoke from the basement

Buildings must be provided with the necessary means to vent/
to remove heat and smoke from a building

The opening of an emergency egress window must be at least
0.90 m x 1.20 m and the bottom of the opening must be
not more than 1.20 m above the floor

Buildings must be provided with the necessary escape routes

Lifts within buildings must have their own lift wells in order
to prevent internal fire spread into other storeys for a suffi-
cient time period (except lifts within fire-separating stair-
cases or lifts within rooms or storeys)

Lift wells must be fire-separating and fire-resisting. Landing
doors and other openings in the fire-resisting walls of the
lift well must be constructed in a way that prevents internal
fire spread in other storeys for a sufficient time period

Internal fire spread from one use to another use in another
storey must be prevented

Lift wells must have a smoke outlet for venting/removing
smoke out of the lift well

Buildings must be provided with the necessary means to vent/
to remove heat and smoke from a building

Services (cables, pipes, ducts) may only pass through a fire-
separating element if they are adequately protected by seal-
ing or fire-stopping such that the fire resistance of the ele-
ment is not impaired

Internal fire spread from one use to another or from one
storey to another must be prevented

Buildings in which, depending on their location, design or
use, lightning strikes can easily occur or have serious conse-
quences, must be provided with lightning protection sys-
tems

Fires resulting from lightning strike must be reasonably pre-
vented

This vast loss of life transformed security measures throughout Europe. Manda-
tory fire curtains were now installed between stage and audience, and materials
had to be flame retardant. Such life loss is still the recognized safety level basis of

German special construction regulations [2, 35].
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To sum up, these incidents resulted in multiple simultaneous deaths, triggering
intense societal and political discussions on the subject of fire safety. On the other
hand, the occurrence of 244 fatalities () in 244 fires [36] would appear to be polit-
ically acceptable. The incidence of rare fires causing many fatalities and multiple
fires involving only one death can be combined mathematically.

All the following data refer to the period of 1996-2000 in London (UK). First,
the mean population in London between 1996 and 2000 is calculated [37], where
(pr) is given by Formula 1:

94 . .04 A1 A 10°
ﬁL=(69 +6.99+7.04+7.1147.19) x 10 705 % 10°. (1)
Syears

Using Formula 2, we then split the total fire deaths in London (UK) of n =279
into individual incidents [36]:

I« n=244; X =244
2% n=12; =24
n=2791 =< 3%t n=2; 2=6 (2)
4 %t n=0
Skt n=1; =5

With Formula 3, we then calculate the probability of death p per incident in Lon-
don (UK) per year by incident with:

(sum of death between 1996 and 2000) /5 3)
= 'L -

5 years

This results in the following average probabilities of fire deaths per year in Lon-
don, as a measurand for the acquired level of safety in buildings (see 4):

pi=692x10°
pr=6.80 x 1077
py=107x10"7"
ps =141 %1077

Probability of death incidents = (4)

The probability of death per incident calculated for London, together with the three
major fires (Grenfell Tower, Dusseldorf Airport and Vienna Ringtheater) as rare
incidents constitute the basic data underlining the negative slope rate in Figure 3.

4. Results: Fire Safety Design Algorithm

An algorithm is used to guide fire safety engineers through the assessment of a fire
safety plan in complex surroundings, as illustrated in Figure 2 in accordance with
DIN 18009 [10].
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As the building law in the Federal Republic of Germany is the responsibility of
the federal states, the requirements for the qualification of fire safety engineers dif-
fer between the federal states. However, these requirements are comparable. As a
rule, they are civil engineers or architects who have completed further training in
fire safety. State-approved experts for the review of fire safety design (GER: “‘staa-
tlich anerkannter Sachverstidndiger flir die Priifung des Brandschutzes™) or review
engineers for fire safety (“‘Priifingenieur fiir Brandschutz™) have to pass a further
state examination. These fire safety engineers must provide evidence of 5 years of
practical experience in the fire safety design for buildings. Since the concretization
of fire safety objectives via functional requirements up to performance criteria,
deemed to satisfy solutions and verification methods in terms of a PBC have not
been determined to date in Germany, this is not the subject of the qualification of
fire safety engineers to date. Nor is this the subject of the qualification of officials
of the building control authorities and fire departments. Such a determination
exists in the building regulations of England and especially in those of New Zeal-
and. Our algorithm helps these engineers to handle objectives, functional require-
ments and the safety necessary.

This section details the use of the algorithm in Figure 2 (whereby Q = Ques-
tion, A = Answer, T = Tool, and D = Todo). The circle indicates the starting
point of the schema.

Q1: “Prescriptive regulation met” is the question as to whether the building in
question fully complies with all legal regulations. The possible answers are
Al: “Yes” followed by D2: “Documentation of fire safety concept” or A2: “No”
followed by todo DI: “Matching performance requirement (prescriptive) with
objective” to check the fire safety concept. The first possible tool, T1: “Require-
ment vs. Objective” (see Table 1), is now available for this purpose. The aim is to
link prescriptive requirements from the regulations with the relevant protection
objective. The precise application of the table is described in Sect. 3.1. Once the
functional requirements are assigned to the appropriate fire safety objectives,
question Q2, “Which objectives are affected?”, follows. This asks whether the
essential protection objectives in fire safety have been observed. The possible
answers are A3: “Rescue teams’ safety”” which refers to the safety of firefighters
involved in a fire in the building, A4: “Occupants’ safety” which relates to the
safety of the building occupants, and AS5: “Economic loss” which concerns
the—possibly extreme— financial consequences of a fire. These three possible
answers are used to check that the leading fire safety objectives are being met.

Question Q3: “Effect of deviation on protection objectives?”’ concerns the extent
of a deviation between building law and fire safety objectives. The second tool is
T2: “Simulations, expert judgment, calculation”, which follows answer Q3. [3§]
gives a brief description of this topic. This is followed by D2: “Documentation of
fire safety concept™ i.e. a description of measures taken. In particular, the proce-
dure described must be such that it remains transparent well into the future; docu-
mentation follows Q4.

Question Q4: “Dual control principle; Acceptance” concerns the application of
the dual control principle in fire safety during testing as explained in Sect. 1 by
the authorities or a design review engineer. This requires a second independent
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person who only checks the consistency of the concept. Depending on the respec-
tive regional state law, control authorities or independent experts can be drawn on
for this purpose (e.g., Sect. 66° in [1]). If the answer is A6: “Yes”, it ends with
“design approved”. If the answer is A7: “No”, the schema returns to the start,
and a new run must be performed.

4.1. Tool 1: Law Based Functional Requirements and Underlying Objectives

As discussed above, objectives must be identified from prescriptive regulations in
order to assemble a fire safety design. Table 1 is based on an intensely discussed
proposal to combine functional requirements of the German model building code
[1] with the underlying objectives. Since such tables or legal explanations by the
law or the relevant ministries in the government are not yet available, the present
table shall to be discussed and ratified by authorities such as the bodies of the
Building Minister Conference Germany. These bodies develop the model building
code too. The table has firstly been discussed between the German representative
of the building authorities for the matter of Fire Safety Engineering (FSE) and its
equivalent with the German Fire Departments. Intensifying the development has
been discussed in the corresponding fire safety engineering committee at DIN
(GER) and CEN (EU) (DIN NA 005-52-21 AA and CEN TC 127 WG 8 “fire
safety engineering’’). It connects requirements and objectives as explained in
Sect. 3.1.

4.2. Tool 3: Proposal for Graded Acceptance Criteria of Annual Fire Death
Risk

An essential aspect of fire safety design is the level of accepted residual risk that
people will die in a fire, since no building is entirely fire proof. This means that
people will always be at some risk of dying as a result of a fire. The main ques-
tion, however, is how the fatalities are distributed among the criteria. An F-N
curve could assist the decision making.

Figure 3 presents the graphical and mathematical processing of the algorithm’s
general fire safety goal as tool “T3”.

The first draft was formulated by the German Fire Departments, but it is now
being presented quantitatively for the first time. The German fire services (profes-
sional and voluntary) proposed incorporating a tiered security level as an F-
N Curve. This proposal was widely discussed within the expert group of the pre-
vention departments in the fire departments (‘““Arbeitskreis Vorbeugender Brand-
schutz”—Preventive Fire Protection working group- of the Association of Heads
of Professional Fire Brigades in the Federal Republic of Germany (AGBF Bun-
d)—as well as in the Association of German cities and Towns (“‘Deutscher Stiddte-
tag”). It was finally acknowledged by the group for fundamental issues of the
Association of Heads of Professional Fire Brigades in the Federal Republic of
Germany (“‘Arbeitskreis Grundsatzfragen” AGBF Bund) [40].

6 “In the case of 1. special buildings, 2. medium-sized and large garages [...] 3. buildings in class 5, the
fire safety design must be audited by the building authorities or certified by a design review engineer. [...]”
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Figure 3. Limit curve of fire safety. Solid line: F-N curve proposed by
AGBF [39] for Germany. Dashed line: common risk valve as used in
[23], without recognizing societally accepted life loss caused by the
same event/fire. Symbols: Observed simultaneous fire death risk in
the City of London from 1996 to 2000 [36] calculated as the
probability per incident. Colored dots: Rare historical events for
orientation (17 fatalities at Disseldorf Airport (DUS) GER,

79 fatalities at Grenfell tower GB, 384 fatalities at the Vienna
Ringtheater AT) (Color figure online).

The curve describes the acceptable risk limit considering the reached level of
safety due to prescriptive building regulations. As a rough estimate, the German
Fire Departments calculated an average starting point of 300—400 fire fatalities per
year divided by 80 million (the population of Germany), resulting in an IRPA of
5.0 x 107° due to fire. This is based on the fire death statistics in Germany in
recent years (406 fatalities in 2006, 346 in 2007, and 398 in 2008). The figure fell
to 306 by 2018 [22]. “This risk was averaged over all age levels, mobility levels,
types of uses, and regions (city/country) and could, therefore, represent the start-
ing point of the straight line. The average personal risk of death or personal acci-
dent risk for a year is about four to two orders of magnitude higher. Taking into
account the introduction of smoke alarms in 2019 by fourteen out of sixteen fed-
eral states, there would be a starting point of the straight line, which reflects the
individual risk of death due to a fire, of 3.0 x 10°%¢~"” [39]. The slope rate was a
qualitative proposal that has now been improved by the addition of data calcu-
lated in Sect. 3.2 based on data in [36]. The German “RABT” tunnel safety rule
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was taken into consideration [41], which integrates the higher need for safety mea-
sures when more traffic passes through, although these scenarios are rare. The
RABT fulfills Directive 2004/54/EC of the European Parliament and of the Coun-
cil of 29 April 2004 on minimum safety requirements for tunnels in the Trans-
European Road Network in Germany. Wang et al. showed for China an almost
identical slope rate and data for fire societal risk criteria [42]. In particular, there
is a comparable level of safety level between the data from the London Fire Bri-
gade (see Figure 3), the European Union [18] and the safety level in Germany
[39]. China also has a very similar pattern [42].

When formulating a fire safety concept, one important consideration is to pre-
vent extreme events. An extreme event is one involving many lives being lost due
to the same fire, but it may only occur very rarely. This is illustrated in the form
of a graph. The number of deaths resulting from the same incident is described as
the incidence value on the x-axis. The y-axis describes the probability that an
equivalent extreme event will occur yearly. The incidence figures of the London
Fire Brigade (UK) are plotted in Figure 3 with incidences of 1, 2, 3, and 5 (for
the calculation basis, see Sect. 3.2). The Diisseldorf Airport, Grenfell Tower, and
Vienna Ringtheater incidents, which were the subjects of intense political discus-
sion, are shown for orientation.

As mentioned above, Leksin defines a one-value level of safety as 1 x 107 per
year per person [23]. This value is the individual risk per annum (IRPA) and is
shown as a horizontal, dashed line in Figure 3.

The precise probability of an extreme event occurring cannot yet be described
in a fire safety concept, but it is of great relevance when considering the fire safety
concept as a whole. A detailed approach about vulnerable populations is not
given, too. Out of the list of special buildings, whom the building law applies the
need for a fire safety design concept, one could gain the idea what is the starting
level to consider special preventive measures (cf. Sect. 2 MBO [1]; e.g. more than
10 children in a kindergarten, 6 elderly people in one unit, one intensive care
patient, 12 hotel beds). The graphic serves the fire safety engineer as a thought-
provoking impulse to take the extreme (and catastrophic) event into account.
Such incidents are not acceptable by society although rare but not impossible.
DIN 18009-1 [10] includes a method to identify these scenarios in Figure 3 of this
German standard.

4.3. Application: Munich (Germany) City Hall

In the City of Munich (Germany), the combination of the above-proposed ideas
led to a significant reduction in facility management costs for fire safety. Munich
Town Hall is said to have enhanced its fire safety [43]. A saving of several ten mil-
lion euros was achieved between the plans previously made by a fire safety engi-
neer. The fire safety engineer based his planning on the prescriptive specifications
(Bavarian State Building Code, based on the model building code at the time; cf.
[33]). Whereas
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Figure 4. Links between functional requirements, protection goals
and objectives, using four examples.

e the Munich Fire Department (fire safety inspection duty and fire safety advisor
within the City of Munich council),

e the City of Munich itself as the building owner/user, and

e the building control authority (legal authorization)

achieved the saving by applying the algorithm in Figure 2. In detail, the deviations
from the building code and the resulting improvements were assessed in terms of
their direct impact on the safety of people’s lives (cf. Table 1, objective “d)””) and
by considering the estimated number of people directly affected (cf. Figure 3) tak-
ing into account grandfathering clauses.

Munich Town Hall was built between 1867 and 1906 and refurbished after
World War II. The building, of course, developed over time. The main problems
were that in this building—which is under heritage protection legislation’—the
stairs were openly connected to halls, installations breached the compartmental
system of fire-resistant walls and ceilings (including electrical installations such as
Ethernet cables being fed through forced air heating ducts also, all rooms and
floors were connected), the smoke detection system did not function properly, and
means of escape routes and fire-fighting access routes were not accessible. Besides
fire safety, water hygiene was another major problem [43].

A fire safety engineer was hired on a private contract basis to develop a plan
for the renovation. The Munich Fire Department was not included. The fire safety
strategy concept which would have met and fulfilled the legal requirements in
2006 (documented by the fire safety concept), the costs soon reached a level that

7 Bavarian Monument Protection Act (Bayerisches Denkmalschutzgesetz-BayDSchG)
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drew political attention to the matter. The Munich City Parliament took a politi-
cal—but lawful-—decision labelled “Yes to fire prevention—but with a sense of
proportion” on October 5, 2011 instructing the Munich Fire Department to
develop methods for legally complying with fire risk reduction in public buildings
on the basis of a cost-benefit analysis. “The aim here is to ensure a uniform level
of security based on building law requirements, taking economic efficiency into
account.” (Sect. 2.1.1 in [43]). The fire inspection conducted by the Munich Fire
Department then set out all deviations and categorized proposed measures for the
Munich Town Hall de facto using the above method.

The political decision states: “With the elimination of the deficiencies from the
fire inspection from 2012, the most important fire safety objectives of defensive
fire protection such as sufficient time to escape the people in the building, suffi-
cient time for the fire department to rescue people and effective fire fighting are
met. Further improvements, such as the early detection of fires and the prevention
of the uncontrolled spread of fire across the entire building complex, are to be
determined in terms of property protection and evaluated with regard to feasibil-
ity. The Bavarian Insurance Chamber is consulted” [43].

This quote shows that recognizing legal grandfathering clauses and linking func-
tional requirements to objectives can significantly reduce costs. The objective of
limiting the spread of smoke was the first one to be assessed as it had the greatest
effect on people’s safety. This led to the installation of smoke-resistant doors
between the stairs and floors and the expansion of the smoke detection system;
also, the air heating cable installations were densely padded with non-combustible
mineral wool. Although the padding did not gain legal fire safety approval
requirements it did satisfy the objective of “limiting smoke spread”. ““Specifically,
this means that now only original fire safety deficiencies (e.g., faulty fire alarm
system, locked emergency exits, combustible storage, safety-relevant structural
defects) are assessed—taking into account the efficiency of the Munich Fire
Department” [43].

As van Coile et al. [44] showed, a life quality index can be used as an indicator
with which to compare fire safety measures. Similarly Hopkin et al. [12] presented
their J-value “to evaluate investments in fire safety [...]”, and de Sanctis and Fon-
tana discussed “‘the LQI criterion [...] to an evacuation problem optimizing the
required door width for Swiss retail buildings” [11]. From our point of view, all of
these methods can help identify the level of safety in a building design. Neverthe-
less, in a mostly prescriptive environment, it is both time- and cost-intensive to
evaluate these schema fitting to the deemed-to-satisfy solutions by law. In line
with these ideas, the question of whether this method of identifying objectives
from functional requirements represents the current state of the art to be used for
deviations from standard building regulations will remain the subject of intense
discussion.
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This paper is a response to the development of a performance-based code for
the European Union together with CEN. We realize that the data set is small, but
it complements the approach taken by Meacham et al. [27], now with a more
specific means of linking the theory with the safety objectives.

In their article in 2018, van Coile et al. discussed the first point in their schema
entitled “Fire safety engineering design & its objectives” (see Fig. 1 in [45]). They
provide several sources for objectives to be followed besides the building regula-
tions. Despite considering all the cited sources, there is still no clear link between
the given prescriptive requirements and the according objectives. This link is now
given in Table 1.

The move away from prescriptive regulations to a performance-based code
remains a demanding but necessary task for regulators. It is hoped that Table 1
will be an asset for discussing the underlying objectives and the safety levels asso-
ciated with the requirements. As this link is not openly revealed by building con-
trol authorities and the proposal given here has only been developed through
years of experience in discussing and developing both fire safety plans and fire
safety regulations (as two of the present authors are involved in this field of exper-
tise), it is still a subject of discussion and is hard to prove scientifically in the strict
sense.

Furthermore, the slope rate of the proposed F-N curve represents a rather
rough estimation based on qualitative arguments, little data, and societal and
political observations. As this curve is a limit to be discussed, current curves are
one or two orders of magnitude less strict (cf. Fig. 7 “F-N diagram” BS 7974,
Part 7 2019 + A1 2021 [46]) and seem to take the approach that fatalities due to
fires are comparatively rare, since fires in general are rare events (for instance
compared to total numbers of flu or Covid-19 victim). The starting point is, nev-
ertheless, a back-calculation of total fatalities as observed in Germany in recent
years and which is open to comparison between different countries with compara-
ble safety measures (such as in the European Union). The number of victims is
difficult to determine because no detailed statistics on fire deaths are available
from these data sets [22]. China collects more data and led to a fire societal risk
criteria F-N-curve published already in 2005 [42]. Their data is very similar to the
European fire safety and about half a magnitude higher in deaths per incident.
Nevertheless, our proposal plays a role in avoiding high-risk solutions and taking
societal requirements into account.

The main finding of Schleichs’ CUA [18] of British and German building regu-
lations was that both sets of regulations were similarly effective and that no cost
savings could be expected from changing these regulations without lowering the
current national level of safety. However, cost savings can be anticipated from
optimized building permit procedures, particularly by reducing the discussions of
deviations, which can consume a great deal of time and money. The application
of Table 1 will serve to avoid such discussions because it concretizes the func-
tional requirements related to each fire safety objective. Where a deviation from a
deemed-to-satisfy-solution is given in the regulations, Table 1 can help fire safety
engineers, building control authorities, and fire departments to identify the fire
safety objective in question and conduct a systematic search for a reasonable
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alternative solution that reduces the risk associated with the deviation as reason-
ably practical (usually an equivalent risk following the ALARP principle [44]).
The same applies to the proposed F-N curve in Figure 3. In Figure 3, this close-
ness in safety allows a comparison between the German fire department’s pro-
posal and the data from the London Fire Brigade, as discussed in Sect. 3.2. This
not only clarifies the fire safety objective behind each functional requirement but
also states the level of safety as a design value, which can be used for alternative
solutions using advanced fire safety engineering methods (i.e. performance-based
design).

Regarding the use of a mathematical curve, the question is, from a socictal
point of view, whether it should not end at 10 or even 100 deaths per fire. Mathe-
matically, this represents a discontinuity, which, however, cannot be simulated in
a risk-based model with scenario analysis. Nevertheless, an assessed risk of 100
deaths per fire is necessary, because extreme and implausible scenarios do occur
(such as a terrorist attack in which a plane destroys all available escape routes).
These rare events can then be neglected when compared to the proposed curve. If
100 fatalities are never acceptable in a risk assessment, from a mathematical point
of view, these buildings should not be erected at all.

From the authors’ point of view, this curve should be incorporated in the dis-
cussion on fire safety engineering and the development of a performance-based
code from existing prescriptive regulations, recognizing the combination of regula-
tive requirements and the idea of risk-based engineering as accepting the loss-of-
life-risk not to be “one-value 107°”. The algorithm in Figure 2, Table 1, and the
residual risk as presented in Figure 3 can lead to a minimum legal safety level.
Also, the subjective point of view (opinion) could be objectified.

6. Conclusions and Outlook

Without the need for costly and time-consuming calculations as part of a PBD
approach, the proposed methodology can be used to link requirements with fire
safety objectives. Its use requires no profound knowledge of mathematics, risks, or
computational science. Simulations or other calculations are not stand alone tools
that give a complete overview of the fire safety level reached [9]. If a large number
of people are threatened simultaneously, when the graded, permissible risks are
observed, it automatically leads to higher material requirements or greater redun-
dancy.

Table 1 should be used as the basis for further discussion, to justify this expert
knowledge—that by legal definition cannot be proved. The proposal for a graded
acceptance F-N curve can be used to discuss, for instance, the results obtained
with an event tree with the authorities involved [26]. Overall, the algorithm can be
used as a framework for the usage of fire safety engineering in a future perfor-
mance based code environment in Germany—as it ensures the consistency within
the jurisdiction like in New Zealand’s approach.

It was found that the safety level established by the prescriptive code is in
accordance with the proposed slope rate. With the above table and chart in mind,
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stakeholders can take a broader view when discussing how to improve a building’s
fire safety and understand a cost-effective design.

The suggested next step would be to improve the documentation and statistical
analysis of fires involving multiple simultaneous victims. The discussion of the
safety level determined using a graded approach must then be based on better
data. The objectification of future fire safety design could lessen the impact of the
human factor [16] in terms of differences in knowledge, expertise, or even personal
interest, to enable the most efficient cost-safety ratio in engineering fire safety
(CEA).

7. Appendix: Table 1
Key to Table 1:

(a) The load-bearing capacity of the construction must be assumed for a specific
time.

(b) The generation and spread of fire and smoke within the construction works
must be limited.

(c) The spread of fire to neighboring construction works must be limited.

(d) The occupants must be able to leave the construction works or must be able
to be rescued by other means.

(e) The safety of rescue teams must be taken into consideration.

(f) Effective fire fighting must be enabled.

mm = Requirement serves solely this objective

B = Requirement serves two or more objectives to approximately the same
degree

] = Requirement serves this objective to a lesser degree than another objective

(a) to (e¢) Requirements correspond with [14] Annex I “Basic requirements for
construction works”, No. 2, f) refers to Sect. 14® in [1] and is derived from the
requirements for the safety of emergency teams and their functional needs.

Acknowledgements

Association of Heads of Professional Fire Brigades in the Federal Republic of
Germany (AGBF Bund) is acknowledged for distributing their probabilistic fire
safety curve [39].

8 “FIRE PROTECTION-Structural facilities are to be arranged, erected, modified and maintained in
such a way that the outbreak of a fire and the spread of fire and smoke (fire propagation) is prevented and,
in the event of a fire, people and animals can be rescued, and effective firefighting operation is possible.”



Prescriptive Building Regulations, Safety Objectives, and Residual Risk 3227

Funding
Open Access funding enabled and organized by Projekt DEAL.

Declarations
Conflict of interest The authors declare no competing interests.

Open Access

This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s
Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this licence, visit http://creat
ivecommons.org/licenses/by/4.0/.

1. Construction Minister Conference Germany (2019) Musterbauordnung (MBO). https://
www.bauministerkonferenz.de/Dokumente/42323530.pdf

2. Construction Minister Conference Germany (2014) Musterverordnung iiber den Bau
und Betrieb von Versammlungsstatten. https://www.is-argebau.de/Dokumente/42317249
17250.pdf

3. Weyenberge BV, Deckers X, Caspeele R, Merci B (2018) Development of an integrated
risk assessment method to quantify the life safety risk in buildings in case of fire. Fire
Technol 55(4):1211-1242. https://doi.org/10.1007/s10694-018-0763-6

4. National Fire Protection Association (2019) NFPA 551: guide for the evaluation of fire
risk assessments. Standard NFPA 551. National Fire Protection Association, Quincy

5. ISO Central Secretary (2012) Fire safety engineering—fire risk assessment—part 1: gen-
eral. ISO 16732-1:2012. International Organization for Standardization, Geneva

6. De Sanctis G (2015) Generic risk assessment for fire safety: performance evaluation and
optimisation of design provisions: performance evaluation and optimisation of design
provisions. IBK Bericht . https://doi.org/10.3929/ETHZ-A-010562998

7. Spinardi G (2016) Fire safety regulation: prescription, performance, and professional-
ism. Fire Saf J 80:83-88. https://doi.org/10.1016/j.firesaf.2015.11.012

8. Wolski A, Dembsey NA, Meacham BJ (2000) Accommodating perceptions of risk in
performance-based building fire safety code development. Fire Saf J 34(3):297-309.
https://doi.org/10.1016/s0379-7112(00)00003-5

9. Meacham BJ (2004) Decision-making for fire risk problems: a review of challenges and
tools. J Fire Prot Eng 14(2):149-168. https://doi.org/10.1177/1042391504040262


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.bauministerkonferenz.de/Dokumente/42323530.pdf
https://www.bauministerkonferenz.de/Dokumente/42323530.pdf
https://www.is-argebau.de/Dokumente/4231724917250.pdf
https://www.is-argebau.de/Dokumente/4231724917250.pdf
https://doi.org/10.1007/s10694-018-0763-6
https://doi.org/10.3929/ETHZ-A-010562998
https://doi.org/10.1016/j.firesaf.2015.11.012
https://doi.org/10.1016/s0379-7112(00)00003-5
https://doi.org/10.1177/1042391504040262

3228 Fire Technology 2023

10.

1.

12.

13.

14.

15

16.

17.

18

19.

20.

21.

22.

23.

24.

25.

26.

Deutsches Institut fur Normung (2016) DIN 18009-1:2016-09, Fire safety engineer-
ing—part 1: basic principles and codes of practice. https://doi.org/10.31030/2537139
Sanctis GD, Fontana M (2016) Risk-based optimisation of fire safety egress provisions
based on the LQI acceptance criterion. Reliab Eng Syst Saf 152:339-350. https://
doi.org/10.1016/j.ress.2016.04.001

Hopkin D, Spearpoint M, Coile RV (2018) The j-value and its role in evaluating invest-
ments in fire safety schemes. Fire Technol 54(6):1547-1564. https://doi.org/10.1007/
$10694-018-0752-9

Deutsches Institut fur Bautechnik (2022) Muster-Verwaltungsvorschrift Technische
Baubestimmungen (MVV TB). https://www.dibt.de/fileadmin/dibt-website/Dokumente/
Referat/P5/TechnischeBestimmungen/MVVTB~2021-1.pdf

European Parliament and the Council of Europe (2011) Regulation (EU) No 305/2011.
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri = CELEX:02011R0305-20140616
Nan Hu Y (2016) Research on the application of fault tree analysis for building fire
safety of hotels. Procedia Eng 135:524-530. https://doi.org/10.1016/j.proeng.2016.01.092
Hammann C, Krause C, Feldhutter A (2020) Evaluation of algorithmic, textual and
pictorial forms of representation of standard operating procedures for error reduction
in complex systems. Heliyon 6(2):e03291. https://doi.org/10.1016/j.heliyon.2020.e03291
Bengtsson H (2014) Development of a framework for application of Bayesian networks
in fire safety engineering in Denmark. Mathesis, University of Stavanger. https://doi.or
¢/10.13140/RG.2.2.19890.15049

Schleich M (2018) Kosteneinsparpotenziale einer effizienteren Landesbauord-
nung—Oekonomische Analyse der BauO fuer das Land NRW im Vergleich mit der
englischen Bauverordnung. Springer, Wiesbaden

Parlamentarischer Rat (1945) Grundgesetz fur die Bundesrepublik Deutschland. Bun-
desgesetzblatt BGBI. I S. 2048. https://www.gesetze-im-internet.de/gg/BJNR000010949.
html

Pedro JB, Meijer F, Visscher HJ (2010) CIB World Congress 2010, Building a better
world. University of Salford. http://resolver.tudelft.nl/uuid:271ce8b7-0e7e-47al-bb3f-10c
eb51d1951

Buchanan A, Deam B, Fragiacomo M, Gibson T, Morris H (2006) 9th world confer-
ence on timber engineering WCTE 2006. University of Canterbury, Civil Engineering. h
ttp://hdl.handle.net/10092/30

Statistisches Bundesamt (Destatis) (2020) Todesursachenstatistik: Exposition gegeniiber
Rauch, Feuer und Flammen. https://www-genesis.destatis.de/genesis/online?operation =
ergebnistabelleQualitactSeparatAUS&levelindex = 3&levelid = 1602618327509&download
name =23211-0001#abreadcrumb

Leksin A (2017) Solution approach for a coherent probabilistic assessment of explosion
and fire safety for facilities at the chemical process industries. Ph.D. thesis, University
of Wuppertal—School of Mechanical Engineering and Safety Engineering. http://nbn-re
solving.org/urn:nbn:de:hbz:468-20170320-120733-8

Gardner JW, Sanborn JS (1990) Years of potential life lost (YPLL)—what does it mea-
sure?. Epidemiology 1(4):322-329. https://doi.org/10.1097/00001648-199007000-00012
Ammann WJDannenmann SVulliet L( (2006) RISK21—coping with risks due to natu-
ral hazards in the 21st century. CRC Press, London

Nuclear Regulatory Commission Washington, D.C. USA (1975) Reactor safety study.
An assessment of accident risks in U.S. commercial nuclear power plants. Executive
summary: main report. [PWR and BWR]. Department of Energy. https://doi.org/10.217
2/7134131


https://doi.org/10.31030/2537139
https://doi.org/10.1016/j.ress.2016.04.001
https://doi.org/10.1016/j.ress.2016.04.001
https://doi.org/10.1007/s10694-018-0752-9
https://doi.org/10.1007/s10694-018-0752-9
https://www.dibt.de/fileadmin/dibt-website/Dokumente/Referat/P5/TechnischeBestimmungen/MVVTB~2021-1.pdf
https://www.dibt.de/fileadmin/dibt-website/Dokumente/Referat/P5/TechnischeBestimmungen/MVVTB~2021-1.pdf
https://www.dibt.de/fileadmin/dibt-website/Dokumente/Referat/P5/TechnischeBestimmungen/MVVTB~2021-1.pdf
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:02011R0305-20140616
https://doi.org/10.1016/j.proeng.2016.01.092
https://doi.org/10.1016/j.heliyon.2020.e03291
https://doi.org/10.13140/RG.2.2.19890.15049
https://doi.org/10.13140/RG.2.2.19890.15049
https://www.gesetze-im-internet.de/gg/BJNR000010949.html
https://www.gesetze-im-internet.de/gg/BJNR000010949.html
http://resolver.tudelft.nl/uuid:271ce8b7-0e7e-47a1-bb3f-10ceb51d1951
http://resolver.tudelft.nl/uuid:271ce8b7-0e7e-47a1-bb3f-10ceb51d1951
http://hdl.handle.net/10092/30
http://hdl.handle.net/10092/30
https://www-genesis.destatis.de/genesis/online?operation=ergebnistabelleQualitaetSeparatAUS&levelindex=3&levelid=1602618327509&downloadname=23211-0001#abreadcrumb
https://www-genesis.destatis.de/genesis/online?operation=ergebnistabelleQualitaetSeparatAUS&levelindex=3&levelid=1602618327509&downloadname=23211-0001#abreadcrumb
https://www-genesis.destatis.de/genesis/online?operation=ergebnistabelleQualitaetSeparatAUS&levelindex=3&levelid=1602618327509&downloadname=23211-0001#abreadcrumb
http://nbn-resolving.org/urn:nbn:de:hbz:468-20170320-120733-8
http://nbn-resolving.org/urn:nbn:de:hbz:468-20170320-120733-8
https://doi.org/10.1097/00001648-199007000-00012
https://doi.org/10.2172/7134131
https://doi.org/10.2172/7134131

Prescriptive Building Regulations, Safety Objectives, and Residual Risk 3229

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Meacham BJ, van Straalen 1J, Ashe B (2021) Roadmap for incorporating risk as a basis
of performance objectives in building regulation. Saf Sci 141:105337. https://doi.org/
10.1016/j.ssci.2021.105337

Deutsches Institut fur Normung (1983) DIN 66001:1983-12 information processing;
graphical symbols and their application. https://www.beuth.de/de/norm/din-66001/1080
044

Gernay T (2019) Fire resistance and burnout resistance of reinforced concrete columns.
Fire Saf J 104:67-78. https://doi.org/10.1016/j.firesaf.2019.01.007

Moore-Bick M (2019) Grenfell tower inquiry: phase 1 report overview. Grenfell Tower,
London

National Fire Protection Association (1996) NFPA: fire investigation summary Diissel-
dorf: airport terminal fire Disseldorf, Germany April 11, 1996. National Fire Protec-
tion Association, Quincy, pp 174

Teumber W (1881) Der Brand des Wiener Ringtheaters. Neue Freie Presse, p 2. http://a
nno.onb.ac.at/cgi-content/anno?apm = 0&aid = nfp&datum = 18811209&seite =02
Construction Minister Conference Germany (2002) Musterbauordnung (MBO) Fassung
November 2002. https://www.bauministerkonferenz.de/Dokumente/42318979.pdf
Eisenberg L (1903) Groses biographisches Lexikon der Deutschen Bithne im XIX.
Jahrhundert. Paul List, Leipzig. https://archive.org/details/ludwigeisenberg0O0eiseuoft/pa
ge/476/mode/1up

Foskolos K, Schmid R (1998) Proceedings of the workshop on risk perception as initia-
tor and steering instrument of innovative R and D. Centro Stefano Franscini, pp 71—
76. https://inis.iaea.org/collection/NCLCollectionStore/Public/30/045/30045584.pdf#pag
e=70

Holborn P, Nolan P, Golt J (2003) An analysis of fatal unintentional dwelling fires
investigated by London fire brigade between 1996 and 2000. Fire Saf J 38(1):1-42.
https://doi.org/10.1016/s0379-7112(02)00049-8

European Statistical Office (2019) Population of London in the United Kingdom from
1981 to 2019. Euro Stat

Guerrazzi A (2023) SFPE guide to fire risk assessment, The Society of Fire Protection
Engineers Series, vol. 2, chap. Qualitative fire risk estimation. Springer, pp 59-83. http
s://doi.org/10.1007/978-3-031-17700-210

Working Group ‘Restrisiko’ within the Working Committee’ Vorbeugender Brand- und
Gefahrenschutz’ of the AGBF BUND (2015) Entscheidungsvorlage einer probabilistis-
chen Grenzkurve der Personensicherheit im Brandfall. Unpublished

Sitzung AK-G Arbeitsgemeinschaft der Leiter der Berufsfeuerwehren in der Bundesre-
publik Deutschland AGBF (2016) Beschluss TOP 4.4.3 der Niederschrift der 93.
Unpublished, Handed to German Fire Protection Association for prenormative work
Baltzer W, Kostrzewa M (2016) Richtlinien fur die Ausstattung und den Betrieb von
Strassentunneln (RABT 2016)—Perspektiven fur die Sicherheit in Strassentunneln. http
s://doi.org/10.1002/9783433607749.ch5

Wang F, Lu S, Li C (2005) Analysis of fire statistics of China: fire frequency and fatali-
ties in fires. Fire Saf Sci 8:353-362. https://doi.org/10.3801/iafss.fss.8-353
Landeshauptstadt Miinchen — Kommunalreferat (2014) Untersuchungsauftrag Neues
Rathaus, Marienplatz 8, Anderung des Mehrjahresinvestitionsprogrammes 2013-2017.
https://www.ris-muenchen.de/RII/RII/DOK/SITZUNGSVORLAGE/3381248.pdf

Coile RV, Jomaas G, Bisby L (2019) Defining ALARP for fire safety engineering design
via the life quality index. Fire Saf J 107:1-14. https://doi.org/10.1016/].fire-
saf.2019.04.015


https://doi.org/10.1016/j.ssci.2021.105337
https://doi.org/10.1016/j.ssci.2021.105337
https://www.beuth.de/de/norm/din-66001/1080044
https://www.beuth.de/de/norm/din-66001/1080044
https://doi.org/10.1016/j.firesaf.2019.01.007
http://anno.onb.ac.at/cgi-content/anno?apm=0&aid=nfp&datum=18811209&seite=02
http://anno.onb.ac.at/cgi-content/anno?apm=0&aid=nfp&datum=18811209&seite=02
https://www.bauministerkonferenz.de/Dokumente/42318979.pdf
https://archive.org/details/ludwigeisenberg00eiseuoft/page/476/mode/1up
https://archive.org/details/ludwigeisenberg00eiseuoft/page/476/mode/1up
https://inis.iaea.org/collection/NCLCollectionStore/Public/30/045/30045584.pdf#page=70
https://inis.iaea.org/collection/NCLCollectionStore/Public/30/045/30045584.pdf#page=70
https://doi.org/10.1016/s0379-7112(02)00049-8
https://doi.org/10.1007/978-3-031-17700-210
https://doi.org/10.1007/978-3-031-17700-210
https://doi.org/10.1002/9783433607749.ch5
https://doi.org/10.1002/9783433607749.ch5
https://doi.org/10.3801/iafss.fss.8-353
https://www.ris-muenchen.de/RII/RII/DOK/SITZUNGSVORLAGE/3381248.pdf
https://doi.org/10.1016/j.firesaf.2019.04.015
https://doi.org/10.1016/j.firesaf.2019.04.015

3230 Fire Technology 2023

45. Coile RV, Hopkin D, Lange D, Jomaas G, Bisby L (2018) The need for hierarchies of
acceptance criteria for probabilistic risk assessments in fire engineering. Fire Technol
55(4):1111-1146. https://doi.org/10.1007/s10694-018-0746-7

46. British Standards Institution (2021) PD 7974-7:2019+ A1:2021 Application of fire safety
engineering principles to the design of buildings. Probabilistic risk assessment. https://la
ndingpage.bsigroup.com/LandingPage/Standard?UPI = 000000000030422208

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.


https://doi.org/10.1007/s10694-018-0746-7
https://landingpage.bsigroup.com/LandingPage/Standard?UPI=000000000030422208
https://landingpage.bsigroup.com/LandingPage/Standard?UPI=000000000030422208

	Prescriptive Building Regulations, Safety Objectives, and Residual Risk in Germany
	Abstract
	State of the Art in Terms of functional Requirements and Safety Objectives
	Methodology
	Linking Fire Safety Objectives with Requirements
	Column: Functional Requirement
	Column: Objective
	Cell: Objective
	Line: Functional Requirement

	Societally Acceptable Residual Death Risk in Case of Fire

	Results: Fire Safety Design Algorithm
	Tool 1: Law Based Functional Requirements and Underlying Objectives
	Tool 3: Proposal for Graded Acceptance Criteria of Annual Fire Death Risk
	Application: Munich (Germany) City Hall

	Discussion
	Conclusions and Outlook
	Appendix: Table 1
	Acknowledgements
	Funding
	References




