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SCOPE OF CHAPTER

With the increasing number of complex and tall timber buildings with a
significant area of unprotected timber surfaces, questions arise about the
robustness of these buildings in extreme fire scenarios. In recent building
projects, measures for robustness have been implemented on an ad hoc
basis in agreement between the designers and the authorities. This chapter
discusses general approaches to achieve structural robustness with regard
to fire design and evaluates them to give guidance for robust fire design of
timber structures.
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12.1 BASICS OF STRUCTURAL ROBUSTNESS

Regardless of the building material, structural robustness is an important
characteristic of a structure that prevents damage that is disproportionate
to the original cause (Agarwal et al., 2012). Structural robustness tends to
be less important in areas subject to severe earthquakes because buildings
designed for high seismic loads tend to have a high degree of inherent struc-
tural robustness for other load cases, including severe fires.

The mathematical definition for robustness can be described with the
equation from Starossek and Haberland (2010) to describe disproportion-
ate collapse P(C) as in Equation 12.1:

P(C) = P(E)x P(D|E)x P(C|D) 12.1

where
P(C) is the probability of disproportionate collapse
P(E) is the probability of accident occurring or “Exposure”
P(D|E) is the probability that damage occurs given this accident or
“Vulnerability”
P(C|D) is the probability that collapse occurs given the occurrence of
damage

However, for the expression to be complete, the consequences of the said
damage or collapse need to be evaluated. Without knowing the magnitude
of the consequences, an insignificant progressive damage which is dispro-
portionately larger than another insignificant initial damage can appear
to be very serious according to Equation 12.1. The updated expression to
include the direct consequences (Cp;,, caused by the initial damage) and
indirect consequences (C,,4, caused by the progressive damage) is given by
the expectation of total consequences E[C] in Equation 12.2, as derived
from Baker et al. (2008):

E[C]=(P(E)x P(D|E))x Cpr
12.2
+(p(E)><P(D‘E)><P(C‘D))>< Cina

We recommend the reader to refer to Voulpiotis et al. (2019) for further
information on the state-of-the-art quantification of robustness.

For tall buildings, collapse is generally not acceptable, thus tall buildings
must be designed with an extremely low probability of structural collapse,
even in extreme loading. In case of fire, this may lead to the concept of
design to withstand burnout (assuming failure of all other safety measures).
The term “burnout” is discussed in Chapter 3. Robustness extends beyond
only structural behaviour in fire, but also includes other performance
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objectives. For example, the extreme case of the fire in the Grenfell tower
clearly shows that, even if collapse did not occur, many people died due to
the uncontrolled fire spread in the building.

12.2 BASICS OF ROBUSTNESS AND
FIRE SAFETY ENGINEERING

Fire safety engineering (FSE) incorporates many different aspects related to
the performance of a structure in a fire situation, and the resulting safety
for people and society. In European countries, the load-carrying capacity
of timber members in a fire situation is mainly regulated in Eurocode §
(EN 1995-1-2, 2004), while the fire loads are regulated in Eurocode 1 (EN
1991-1-2, 2002). Interestingly, in contrast to prior versions (ENV 1995-1-2,
1994), the latest version of Eurocode 5 does not contain a “system effect” in
the fire situation, taking into account the robustness of a structural system.
General guidance about FSE is available in handbooks such as the SFPE
Handbook of Fire Protection Engineering (Hurley et al., 2015) with its sec-
tion about timber design currently under revision.

In most countries, rules concerning the spread of fire in a structure (i.e.
cladding, insulation materials, cavities, sprinklers, etc.), as well as service-
ability considerations (i.e. the non-structural aspects related to the evacu-
ation of a structure) are mostly regulated on a national level. Required fire
safety concepts contain structural, organisational and active fire protection
measures that must be designed in parallel. All of these measures are subject
to uncertainty, which is an important aspect to consider in the planning
of a robust fire safety concept, which aims at reaching a fire safety goal.
This fire safety goal can be defined on a project basis, including all rel-
evant stakeholders. Consequently, fire safety goals and accepted or tolerable
risks are the basis for the definition of required safety measures. A holistic
design approach towards the robustness of buildings in a fire situation can
be achieved by tailoring the fire safety concept for the particular building
and including fire-related risks and the fire safety goals.

12.3 NORMATIVE FRAMEWORK AND ROBUSTNESS

There are three approaches to quantify robustness and design for it, in
increasing complexity. They are listed in the following and discussed in
more detail in Adam et al. (2018):

1) Deterministic methods, such as Alternative Load Path Analysis
(ALPA) and minimum tie forces. They aim to satisfy assumed damage
scenarios such as failure of a single column.
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2) Reliability approaches, which compare the failure probabilities of
damaged and undamaged states.

3) Risk approaches, which compare the direct and indirect consequences
and their probabilities.

Today, most standards for robustness in the built environment are written
on a prescriptive rule basis, which is implementing deterministic methods
only. There is, however, room for performance-based design in cases where
the choice of verification is agreed between parties, e.g. building owner,
designer, insurance and authority representatives. The help that building
codes provide to the designer of robustness is known to be notoriously
vague, and sometimes no explicit requirement for robustness design exists
(Huber et al., 2019). A survey carried out by Bita et al. (2019) studied
the experience of practising structural engineers in the field of robustness
and came to the conclusion that although prescriptive design is the current
primary approach to implementing robustness design in building codes, a
performance-based design approach would be preferred.

The Eurocode EN 1991-1-7 (2010) defines robustness as “the ability of a
structure to withstand events such as fire, explosion, impact or the conse-
quences of human error so as not to cause damage that is disproportionate
to the cause of the damage.” The corresponding ISO standard (ISO 2394)
gives further possibilities to increase robustness:

(i) By avoiding critical events

(ii) By dimensioning of individual components
(iii) By enabling alternative load paths

(iv) By reduction of the consequences

In general, it can be stated that in order to increase the robustness of a
structural system, the methods or strategies selected must either

(1) reduce the probability of failure or
(2) limit the consequence of a failure

For the former, the designer can increase the size of certain structural mem-
bers or reduce the probability that the damage occurs in the first place.
For the latter, which is not well addressed in literature, a sound conceptual
design is required, for example a design concept that uses compartmenta-
tion effectively to keep the fire within a room without further spread.

12.4 EXPOSURE TYPES

Considering the different types of exposure is paramount for an effec-
tive robustness design. Exposure may be from structural actions such as
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accidental loading or material weakness, or from unplanned events such
as explosions or unexpected fires. While distinctions such as whether the
exposure is static or dynamic, cyclic or monotonic, short term or long term
are useful when considering the conceptual design of a building, the pri-
mary distinction that needs to be taken into account for robustness design
is whether the exposure is localised or systematic.

A localised exposure is one that affects only one, or a very small number
of elements. A systematic exposure is one that affects many or all elements
(e.g. columns located in one fire compartment). It is very important to realise
that the vast majority of known and acceptable robustness measures are
only addressing localised exposures. Worse, if a systematic exposure occurs
in the structure, those robustness measures may actually worsen, rather
than improve, the performance of the structure. A well-known example of
the described systematic exposure in timber engineering is the background
of the collapse of the Bad Reichenhall Arena, where a so-called progressive
collapse behaviour appeared, i.e. the failure of an individual main support
led to the chain-reaction collapse of the entire arena roof structure (see
Winter and Kreuzinger, 2008).

Fire exposure is more complex than other accidental loads. Both local
and systematic exposures need careful consideration before robustness mea-
sures are implemented. In general, a fire load starts as a localised exposure
in the initial stages (localised exposure), but can spread quickly to become
a large event (systematic exposure). Its extent is typically determined by
taking into account multiple variables, e.g. the type of fire load (with ran-
domly distributed total value and a heat release rate within certain bounds),
the failure modes of the glazing, the availability of combustible surfaces
arranged vertically and/or horizontally, the size and efficiency of the fire
compartment and countermeasures. In general, it must be made clear that
fire design is actually addressing a calculated accidental load case where
certain aspects have been investigated in the past, as opposed to generic
robustness for “unforeseen events.” Therefore, different strategies may be
needed to address robustness in localised and systematic cases, and some of
these strategies may be contradictory.

12.5 CONSEQUENCES RESULTING
FROM A FIRE EVENT

In the event of a fire, active fire protection and organisational measures
might be sufficient to fight the fire before any flashover occurs, in which
case only a limited and localised fire exposure will occur. If a fully devel-
oped fire or a travelling fire happens, the fire will affect several structural
and separating members, which means that the structural fire safety mea-
sures and the firefighting strategy are of key importance. Firefighter access
may be compromised in some cases, after a major earthquake for example.
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Smoke, elevated temperatures and fire spread are among other relevant con-
sequences that must be addressed. As the strategies to fight the fire in the
fire growth phase and the fully developed fire phase are significantly differ-
ent, it is apparent that both cases must be considered separately, i.e. very
different goals are followed, e.g. during evacuation and after flashover in
the same fire compartment.

Selected different direct and indirect consequences related to a fire event
can be structured, as presented in Figure 12.1 and given as examples in
Table 12.1 (please note that this list is not intended to be exhaustive and
can be extended).

12.6 EVALUATION OF IMPROVEMENTS
PERFORMED IN PRACTICE

In the following, the direct application of a robustness measure taken from
normal-temperature design is presented. This is followed by a general view
on the robustness and finally its application for the fire situation for tall
timber buildings. Additional robustness is not necessary for low-rise timber
buildings because the consequences of failure are less severe.

12.6.1 Prevention of progressive collapse
for the fire situation

Recently, several tall timber buildings have been finished, among others
being Mjgstirnet in Norway (see Figure 12.2) and HoHo in Austria.

/ Exposition \

Event
/ Event — induced consequences \

- 7N\
Vulnerability Direct |
consequences | |
Change of | 2
system |2
Robust Indirect P S
OPUSINESS 1 consequences | g
(S S 2
- 1T —— — — — — — — [ S
/ Socially induced consequences \ | fg |
| = |
| Perception of the Indirect |

system change consequences |
[ Robustness ) “_ J

Figure 12.1 Overview of consequences (modified from JCSS 2001 and Schubert 2009).
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Figure 12.2 (a) Mjgstarnet, Norway. At 84.5 metres, it is currently one of the world’s
tallest timber buildings (photo Peter Lang, Rothoblaas). (b) HoHo in Austria
(photo proHolz Austria / Bruno Klomfar).

In projects such as the HoHo, the robustness in fire has been addressed
by activating alternative load paths, where it was shown that any single col-
umn could fail without leading to a progressive collapse. Other projects are
applying this approach by verifying design where one or more members can
be assumed to have failed. This deterministic approach gives information
of the behaviour of the structure with regard to well-defined exposures, but
little or no information on the effectiveness of certain measures to increase
robustness.

It should be stated that timber structures often use columns with pinned
supports and single span beams; thus, they are sensitive to disproportion-
ate overall structural failure in the event of a single element failure. Such
a structural design concept should not be applied to tall timber buildings.

Evaluating the actual structural boundary conditions, it should be high-
lighted that structural elements such as simply supported beams and col-
umns are fixed in their position not only by frictional forces, but also by
engineered connections. Thus, these connections allow the transfer of addi-
tional tensile and shear forces which could be activated in case of the failure
of one member, see schematic illustration in Figure 12.3. In that example,
the stabilising effect is created by the additional resistance of the diago-
nals and their connections, generating forces not considered in the normal
design.

Figure 12.3 shows that a failure of an element does not lead immediately
to a total collapse of the system when the actual connection design activates
alternative load paths (ALPA). However, in the fire accidental case, the sce-
nario that only one member is exposed is quite unrealistic since travelling
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Figure 12.3 Static system with pinned supports of beams and columns before failure
of the column in the fire compartment (left) and after column failure with
additional diagonal elements (right).
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Figure 12.4 Static system with pinned supports in fire (a) and a possible situation at an
advanced stage (b) where a member with increased fire resistance R(x + y) is
arranged. Note that all exposed columns are in the same fire compartment.

fires or full compartment fires are quite likely when a significant share of
combustible structure is present. Figure 12.4a illustrates a more realistic
scenario with a significant area of a compartment in fire.

Consider the structure shown in Figure 12.4a where the fire sever-
ity exceeds that considered in the prescriptive design. If the fire duration
exceeds the column’s fire resistance, e.g. R(x) (providing x min load-bear-
ing resistance), failure of the all exposed columns can be expected. In
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consequence, collapse of the entire structure could be expected, unless the
overall structure is designed in a way to survive the failure of all columns in
the fire compartment. The resulting consequences will be disproportionate
to the marginal exceedance of fire severity. The challenge is to identify the
most effective measure to increase the robustness of this structure for such
an accidental scenario.

One possible solution shown in Figure 12.4b is to prevent disproportion-
ate collapse by designing key elements, e.g. every second column with addi-
tional fire resistance (indicated as R(x + y)), allowing redistribution of loads
from the failed columns to the remaining columns.

An alternative solution would be to design all the columns with additional
fire resistance and thus as reinforced elements (indicated as R(x + y)), which
would be much less effective and lead to much higher costs. This would
still lead to failure of all the columns if the fire severity exceeds the design
scenario; however, the probability of this exceedance is greatly reduced.
Further, it should be noted that this can be achieved as well by combining
active fire protection with enhanced structural fire engineering provisions.

12.6.2 Approaches for improved robustness
for timber buildings

The key element approach is addressing the vulnerability of the structure
as per Equation 12.1. Because of this, and along with other challenges of
key elements (e.g. architectural, element protection), it has been a long
debate whether “the key element approach” should be considered a valid
“robustness measure” or not. More details on this debate are presented by
Voulpiotis et al. (2021).

The focus for improving robustness must be on reducing the overall prob-
ability of disproportionate collapse of the building without having to debate
the categorisation of the individual approaches. Robustness improvements
should be assessed considering the particular project’s boundary conditions.

Contrary to the typical robustness designs which address the probability
of collapse given damage P(C|D) for the fire situation, the safety measures
may also need to address

(1) the reduction of the probability of the occurrence of events (exposure),
P(E), and/or
(2) the reduction of the structure’s vulnerability P(D |E).

An optimised combination of measures can be most beneficial. In particu-
lar, the following measures can be considered:

(i) Reduction of the probability of critical fire events by sprinklers, includ-
ing further measures such as independent water supplies, redundant
piping and pumps
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(ii) Selected load-bearing timber elements are designed to meet a prescrip-
tive R(x + y) requirement, while other elements are designed for R(x)

(iii) All load-bearing timber elements are designed to meet a prescriptive
R(x + y) requirement, although this may imply over-dimensioning

(iv) Use of fire-resistant detailing and creation of additional or redundant
load path (as mentioned above): e.g. beams and slabs supported by
direct bearing rather than supported by connections which are vul-
nerable to fire attack

(v) The dimensioning of the supporting system for the case of fire is car-
ried out with more realistic fires instead of the simplified standard fire
exposure

(vi) The structural fire protection and active fire protection are carried out
in parallel holistically, e.g. without reducing the structural fire design
requirements because of the introduction of sprinklers.

12.6.3 Improvement of the robustness for
structural timber buildings

In the following, the potential improvements for the robustness of buildings
with major elements made from timber are presented. While most of the
approaches diverge only very little from non-combustible buildings, some
ideas address the combustibility of wood.

For the following consideration, structural collapse is defined as a fail-
ure mode, which should be avoided. This implies that a fire with limited
consequences is still an acceptable event. For the evaluation and analysis of
the risk that structural collapse is reached, an event tree may be created, as
shown in Figure 12.5.

A Occurrence of a
T E fire during use
SO
LT p .
S 3 1 Fire safety
=3 failure €—@—» success —| measures:
ks
ES . o
P2 1-p; Limitation of
growth
P3 1-pg , .
Automatic sprinkler
\/
Pest Structural
integrity
Se |S5 S, S;S, S Sa| Failure probability

Small fires, uncritical
for construction

Figure 12.5 Event tree analysis of a fire event, with the probability of occurrence P, and
the individual event failure probability S,
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For simplicity reasons, Figure 12.5 focuses on the fully developed fire (in
contrast to the growth phase where evacuation can be ensured) and does not
show details such as early failure of the passive fire protection of structural
members (e.g. gypsum plasterboards). From Figure 12.5, it can be seen that
many elements above the horizontal heavy line are material-independent.
Looking at the event tree, it becomes further apparent that many elements
of the event tree are important before reaching the demand of the structural
fire design for the fully developed fire (e.g. fire occurrence or starting fire,
failure of occupants and fire brigade in stopping the fire, failure of sprinkler
in stopping the fire). This is case S, in Figure 12.5, whereas P is the prob-
ability of a failure in a fully developed fire. Consequently, any measure as
presented in Section 12.6.2, may only be favourable for this case. As long as
this measure is not replacing other measures (e.g. redundant sprinkler feed),
it may be an improvement of the overall robustness.

In the following, the focus is the probability of collapse (case S;), when
the structural fire design must provide for structural survival in the fully
developed fire after failure of all other fire safety measures. The main dif-
ference between structural timber and other building materials is the com-
bustibility of wood.

Structural timber contributes to the structural fuel corresponding to the
fire development, i.e. the more severe the fire, the higher the additional fire
load from exposed wood surfaces. Design must ensure that the additional
fuel load from the consumption of timber members does not lead to struc-
tural collapse. Further, the consumption of the combustible structural ele-
ments might increase the fire duration and, consequently, challenge other
measures (e.g. service penetrations, compartmentation walls, fire curtains
and also the protection of load-bearing steel elements in the same compart-
ment). It is not always clear if a long fire with limited peak temperatures
(e.g. due to limited ventilation) or a short fire with high peak tempera-
tures (e.g. due to increased ventilation) is more severe for the structural ele-
ments. Consequently, a parametric study would be essentially needed to
answer this question for the particular design case (i.e. the building, storey,
compartment or part of the compartment). In the parametric study, both
fuel- and ventilation-controlled fires should be considered and eventually
assessed. To do so, the particular facade design should also be taken into
account.

12.7 DESIGN OF TIMBER BUILDINGS
FOR REUSE AFTER A FIRE

The design of a timber building for reuse after a fire is a relatively new topic
in research. The motivation for reuse rather than demolition will depend
on the extent and severity of any fire. Limited information is available, see
e.g., Matzinger (2019), but in-depth information or planning guidelines are
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missing. In general, the consideration to reuse a timber structure must con-
sider load-bearing and compartmentation aspects as well as smoke dam-
age. Furthermore, possible damage induced by extinguishing water might
be relevant. In the design process, the reuse after a fire scenario might be
considered with additional covering of the timber members, and design to
replace some load-bearing and non-load-bearing elements after the fire.
Charring and possible water damage must be taken into consideration and
the structural integrity reassessed. Furthermore, indoor air quality and the
functionality of any fire safety measures must be checked. In general, it
seems that a well-thought-through design-for-deconstruction approach that
allows the de-installation of structural members seems to be beneficial in
this context.

12.8 DISCUSSION AND CONCLUSION

The need for robustness in fire design increases as the height and complex-
ity of the building increase.

On one hand, robustness in fire design can be increased by reducing the
likelihood of a fire event. This appears to be independent of the building
material. However, considering the severity of a fire event, the combustibil-
ity of a building material may have an influence, e.g. when looking at the
fire spread on combustible, vertical exterior surfaces (e.g. timber facades).
This hazard may be addressed by reducing the time to flashover or by con-
sidering the increased possibility for a full compartment fire rather than a
travelling fire.

On the other hand, robustness of a structure can be increased by increas-
ing the redundancy of structural elements. In this case, a simplified event
tree analysis may help to find out redundant and complementary elements
in the case of a fully developed fire.

Looking at the design of structural members made from timber, increased
robustness can come from an extended parametric study in the course of a
performance-based fire design which looks more closely at effects of single
parameters affecting the fire severity, e.g. ventilation conditions.

In general, it can be stated that comprehensive fire design and the cre-
ation of a robust fire safety concept can be used to increase the robustness
of a structure. The concept must be able to guarantee the safety of the occu-
pants and fire brigades for all considered fire scenarios. It must be recog-
nised that measures to achieve robustness against fire can be very different
from measures to achieve robustness against some other localised accidents.
This is because fire is a systematic exposure, which potentially affects a
large number of elements simultaneously. Therefore, the conceptual design
of the structure and the structural detailing are keys to providing a robust
structure. This is valid independent of the structural material.
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