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Preface

Current European practice in structural fire engineering is tending more and more to
acceptance of the benefits to be gained from performance-based approaches to fire-resistant
design. These proceedings, from the Applications of Structural Fire Engineering
conference, presents the state of the art in the development and application of both simple and
advanced performance-based design methods for concrete, steel and timber structures.
Internationally acknowledged research experts and specialists in design against fire are
represented in these articles, offering an opportunity to share contemporary ideas and
knowledge within both the background science and practical case studies. The spectrum of
relevant research themes covered encompasses fire modelling, heat transfer to structural
elements, numerical modelling of thermo-structural behaviour at elevated temperatures,
structural fire testing at elemental and structural scales, the development of simplified design
methods and studies based on the structural Eurocodes. Practical design case studies
demonstrating the ways in which performance-based structural fire safety design methods
have been applied to real projects, and the economic and safety implications of using these
methods in place of the traditional prescriptive rules, are included.

Ian Burgess
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Application of Structural Fire Engineering, 19-20 February 2009, Prague, Czech Republic

TWENTY TWO YEARS OF STRUCTURAL FIRE ENGINEERING
IN CZECH REPUBLIC

Rudolf Kaiser *, Frantigek Wald °

* Ministry of Interior, Fire and Rescue Service of the Czech Republic, General Directorate
® Czech Technical University, Faculty of Civil Engineering, Prague, Czech Republic

FIRE DESIGN IN CZECHOSLOVAKIA

The background of the today fire engineering in Czechoslovakia starts in 1965, when the fire
engineering solutions were incorporated into the overall architectural and engineering design.
The standard related to fire testing, which was introduced in 1967, takes into account the
compartmentisation, the fire risks, the escape solutions and the building separation. The
whole set of standards, which is marked CSN 73 08xx and related to fire testing of the
construction products, the data of the material properties and the valorisation of structures,
was prepared by a new standard committee established in the area of fire safety in 1971. The
standard CSN 73 0810 Fire protection of buildings - Requirements determination in civil
engineering was in the set of documents localised at the position between the experimental
and design national specifications. The document [10] represents the latest issue of this key
provision, which creates the foundation of the structure of the national standards.

~N

a) énz\ ;:N‘

__NEUTRALNA
ROVINA

c)
Fig. 1 Example of application of the zone model for prediction of temperature in the industrial

building, a) model, b) openings in different heights, c) application to industrial hall, see [4]

The today prescriptive rules are based on the publication prepared by Karpa$ and Zoufal,
see [1], which brings not only the properties and rules of application of the fire protection, but
also the material properties of the structural steel and the basic rules of the design of steel
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structures. In the same year was published the first contribution for the fire design by dr.
Reichel, see [2], which creates the background of the today compartmentisations, the
estimation of the fire load, and most importantly it incorporate the fire risk into the Ultimate
Limit State design. The second volume of this book takes care among others of the fire
separation walls, the bearing structures and the fire safety distances, see [3].

The important steps for fire safety of structures was the foundation of the research centre in
Veseli nad LuZnici, where the colleagues from PAVUS a.s., see www.pavus.cz, successfully
continue to ensure the good level of the products at European market to develop European
material fire standards as well as national fire safety regulations and standards. The integral
part of the reached level of the fire safety is shearing of knowledge with the young colleagues
at the Faculty of Safety Engineering of Ostrava University, see www.fbi.vsb.cz, for forty
years already and in the part of the safety and risk engineering related to the structures at
Czech Technical University in Prague as well, see www.fsv.cvut.cz/baris.
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Fig. 2 Structure of the parametrical fire curve based on the time of the maximal temperature,
see [4]

The background to the structural fire engineering in Czechoslovakia itself was introduced by
the work of dr. Reichel, see [4], in 1987. The publication is contributing to the evaluation of
the fire risk, the fire load, the structural behaviour and the economical aspects of the fire
hazards. It brings the explanation of the background principles and its application in the
current Czechoslovak standards. In the part devoted to the fire load is introduced for the
utilisation of the Ultimate Limit State principles. A special chapter is focussed to the heat
release and its importance for estimation of prediction of fires. The zone models and
parametrical fire curve are used for the fire modelling. The simple zone model allowed
predicting of the importance of the openings and its position in the fire compartment in the
horizontal and vertical directions. The example of the application of the zone model to the
influence of the openings at different height is documented on Fig. 1. The parametrical fire
curve, presented in the book, modified the nominal standard fire curve based on the fire load
and the ventilation. The simple solution gives a conservative estimation based on an assumed
maximal reached temperature, see Fig.2. Only one cooling speed is assumed. The
publication brings useful worked examples for the calculation of the fire load, the equivalent
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time of fire, the level of fire safety, the probability of failures, the limiting sizes of the fire
compartments, and the economy of the rick. The example of the evaluation of the neutral
axes for the simple zone model in case of the localised fire is demonstrated on Fig. 3, which
describes the input to the asked question.

The advantage of the Czechoslovakian set of rules was and is in the integration of the fire
design with the prescriptive rules. This was arranged namely by a sophisticated parametric
calculation of the fire risk based on the deep developed reliability assumptions, which fits to
the high level of the current developments of the Ultimate Limit States developed for
buildings at ambient temperature. The last publication of this series was focussed to the
design of the steel and concrete structures exposed to the elevated temperature at fire
situation, see [5].

S'S380m? K 3.07
Fig. 3 Inputs to the worked example for zone model in case of localised fire, see [4]

CURENT CHALENGES

The new regulation No. 23/2008 [9] was issued to ensure the high quality of fire safety of
buildings. It clarify the today best practice and brings new feathers among others the
specification of fire engineering, the interest into the fire safety of high raised buildings, and
the rules for garages with new types of fuels. The system of Czech fire standards is going to
enjoy the knowledge in current and coming EN standard. Like in other European countries is
the system under reconstruction to fulfil the current new requirements. The upgrade of the
norm CSN 73 0810, see [10], will accommodate the new EURA rules of fire classes of
materials, and structural elements, the integration of the European parametric fire models,
heat transfer and its distribution as well as the features of the structural analyses, the rules for
buildings for distribution of electricity, the new materials in mass seals, the division into
bearing and non-bearing claddings, the new opportunity of the removal of heat and smoke, the
partially mobile fire-fighting equipment, etc.

The use of the fire safety engineering was in Czech Republic subsequently amended in the
change of the law No. 133/1985 in 2006, see [10]. The philosophy represents engineering
solutions for assessment of fire scenarios and fire design. The background material for the
document is the integrated international standard ISO/TR 13387-2, see [11]. The submitted
engineering process is related to the constructions, that are for reasons of its range, position,
and way of usage or by other characteristics considered as risky and demand usage of the
special evaluative methods. For analysis of common constructions are used the basic
standards for the fire safety in constructions. The objective of the fire engineering methods is
the proposition of the building and technical system measures that will lead to achievement of
the acceptable exposure. The document contains the general principles of process for
assessment of design fire scenarios and design fire, without detailed specifications of methods
for assessment of input values or parameters. The input data for the application of the present
engineering progress are included in the annexes to the document, e.g. choice statistical data,
experimentally given characteristics. From principle of applied methods it is expected that
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the specialists with appropriate qualification take care of the fire engineering for
constructions. These methods of evaluation do not need to be specified in detail for these
specialists. The procedure of evaluation contains basically from the location of fire, type of
fire, the potential fire hazard, the systems and features impacting on fire, the people response,
the event tree, the consideration of probability, the consideration of consequence, the risk
ranking, and the final selection and documentation. These fire scenarios for quantitative
analysis will become the design fire. The data related to the risk probability are under
preparation at Ministry of Interior.

SUMMARY

The fire engineering in Czech Republic, which is based on a good connection between the
prescriptive rules and the performance based solutions, starts in 1965. The reached
knowledge in connection with growing application of the active fire measurements and the
information technologies in the fire engineering brings the opportunity to keep the good level
of the fire safety for the challenging complex structural solutions, e.g. the mixed building
technologies, introduction of the new materials, the high raised buildings, as well as the
solutions for the sustainable constructions.
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INTRODUCTION

In the centre of Frankfurt the office building “Junghof” had to be refurbished to make it
attractive for modern use. When it was built in the 1950s five storeys were located around a
central court. The new concept (Fig. 1) developed by the architects “Schneider und
Schumacher” of Frankfurt added two storeys, raising the building above the critical height
into the class of high-rise buildings. This led to additional requirements with regard to the
fire-safety, mainly escape routes and fire resistance of structural elements.

The building is located close to a district with many sky scrapers that rise up to 200 m.
Because it is visible from most of these the architects invested much effort into the 5th fagade.
The roof was given a free form, clad with aluminium panels.

1 GEOMETRY

All four wings of the existing building have different depths. This led to varying geometric
patterns in each corner. Spline-functions were used by the architects to define the form of the
roof. These functions could not be used for further processing of the structural analyses and
shop drawings, so an equivalent mathematical model was developed. To prepare buildable
structural details it became necessary to develop plane glass surfaces and a roof structure with
constant depth. This was done by defining a mathematical net for the outer surface. Relating
to the net nodes, all additional design depths of the structure and dry ceiling were defined.
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The system lines of the structural model for the calculation of the design forces were also
taken from this net. This structural model then served as the basis for the final design
drawings.

2 STRUCTURE

The concrete cores for the staircases in the four corners of the building had to be strengthened
for the additional loads of the added storeys. Between these cores no additional loads were
allowed to be transferred to the existing structure. Due to the difficulties related to improving
the strength of the structure the added two storeys had to be light. Therefore, and because of
the long span over the old structure, a steel construction was chosen.

Fig. 2. Primary structure of the 7" floor office space

A structure was designed that resembles an arch bridge (Fig. 4a). In fact only the sides
located towards the court act like an arch (spanning 36 m) in structural terms. The outside
structures are trusses with cantilevers showing top chords having the form of an arch. They
have a total length of 57 and 60 m respectively. The cantilevers have a length of up to 12 m.
These arches are made of circular steel sections (diameter: 355.6 mm, wall thickness: 12 to 20
mm). The tension element tying the arches horizontal bearing forces is an I-beam. All arches,
tension elements, and bottom chords are fire protected with fire board.

B\

Fig. 3. Roof beams
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The need for a light structure combined with the architects goal to produce a transparent, open
office space led to the use of composite slabs (depth = 160 mm, spanning nearly 2 m without
temporary support) on composite beams spanning from outside wall to outside wall
(maximum span = 7.5 m) without any interior columns (Fig. 2). This led to a common design
of the 7™ floor slab but to very odd shapes of the roof-beams on account of the shell-like roof
(Fig. 3). Due to the use of a suspended ceiling it was possible to protect these beams with a
cementitious coating that gave them 90 minutes fire resistance.

The design for heating and cooling required the use of material with high heat capacity in the
roof since no air-conditioning was installed. Therefore slopes of up to 70° had to be formed in
concrete. Up to 30° composite slabs with in-situ concrete were cast. A re-entrant composite
profile (with a depth of 51 mm), needing no fire protection was used for the slab. It was
flexible enough to follow the curve of the roof (Fig. 3). In bigger slopes pre-cast concrete
elements were used (see also Fig. 3 lower left area). They were bolted in three points to the
steel structure. The joints were filled with fireproofing-material. Due to a careful planning
process 90% of the roof-area was made of identical elements.

The 7™ floor frames into a stringer that is suspended from the arch using circular sections
(diameters of 40 and 56 mm) with fire-protection made of calcium-silicate shells.

13 m

Y
6 m 7" floor 74:?

11m

Fig. 4. Structural System
top: a) Serviceability state
bottom: b) System for fire design

3  FIRE DESIGN

A special feature of this building is the design of the ties that are part of the arch. They are
designed without any fire protection. As shown in Fig. 4a a structural system was developed
that in case of fire neglected most of the ties and the wind-loaded truss connecting the bottom
chords (Fig. 4b). This system was analyzed under all dead and live loads. The wind loads
were reduced, because it was reasonable to neglect the area of the windows. If the fire is
strong enough to reduce the strength of the ties the windows will be broken.
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Due to redistribution of the loads for some members the fire-design was the governing load
case.

This design procedure, guided by references [1] to [9] not only saved cost but also reduced the
visible width of the ties. In some load cases they have to carry compressive loads. Therefore it
was not possible to reduce their diameter below 273 mm.
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STRUCTURAL FIRE ANALYSIS FOR A PERIMETER BRACED-
FRAME STRUCTURE
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1 INTRODUCTION

This paper presents a detailed analysis of the structural performance of a braced perimeter
tube in fire, based on a proposed landmark 63 storey office building in the City of London,
UK. The aim of the analysis was to study the robustness of this iconic structure and to address
any weaknesses in the proposed structural form. The analysis quantified the heating and
cooling phase over the entire 3,000m? floor-plate and its effects on connections and structural
elements, including the non-uniform perimeter bracing layout.

The outcome of the study presented in this paper allowed for an understanding of the
strengths and weaknesses of structural design in terms of fire both for tall buildings in general
and specific to this structure. The analyses have identified key performance issues which
would not have been identified if the building were protected to typical Building Codes. This
project has highlighted the need for more research into large diameter circular hollow sections
filled with un-reinforced concrete and research into performance of connections.

2 THE BUILDING

The Pinnacle is 288m tall and comprises 3 basement levels and 63 upper floors (Fig 1). The
building will be mainly occupied by offices. The structural system that is discussed in this
paper is a braced perimeter tube, which is a system that is suited for very high rise buildings.

Fig 1: Structural representation of the Fig 2: Typical beam layout for lower floor
building (Floor 5)

This building has several unique features. It has a highly irregular floor plan which has a
beam layout that changes from floor to floor (Fig 2). The perimeter columns of the building
are inclined due to the tapered elevation of the building. The layout of the perimeter diagonal
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braces is non-uniform as it has been optimised to resist the worst case wind condition. The
braces connect to the perimeter columns at megaframe levels which are located at every third
floor and act together with the beams to resist the wind and other horizontal forces.

3 STRUCUTRAL FIRE ANALYSIS

A series of non-linear structural fire analyses were performed by Arup Fire to assess the

robustness of the building in a fire and to develop an engineered fire protection strategy for

the structural steel members of the building. The engineered fire protection strategy
incorporated unprotected secondary beams and reduced fire rating (90 minutes) to all
structural frame elements, rather than relying on the prescriptive guidance defined by

Building Regulations[ 1] which requires 2 hour fire protection to all structural elements. Three

representative floors of the building (levels 5, 6 and 44) were selected to represent the

structural fire response of the typical office floors and to address various aspects of the
structure. The analyses of only one of the three floors (level 5) are presented here. There were
several challenges in undertaking the structural fire analysis for this project:

» The architects expressed their desire to have large, clear spans with a minimum number of
internal columns to provide flexibility for the building tenants.

* To minimise the inter-storey height, cellular beams with composite steel-concrete
trapezoidal floor decks were to be used. The cellular beams allowed the building services
to be passed through the beam webs while the trapezoidal floor system reduced overall
building weight.

* Unreinforced concrete filled steel tube columns were also proposed to be used around the
perimeter of the building.

* Other aspects that had to be considered in the analyses were the increased temperatures of
the shear studs due to the proposed trapezoidal decking system (without fire protection to
fill the voids) and any effects of partial composite action on structural fire performance.

*  Web-post buckling of the protected cellular beams had to be mitigated.

3.1 Acceptance criteria for analyses

The main acceptance criteria for the analyses considered maintaining stability and

compartmentation throughout the duration of the design fire, specifically:

e Columns to maintain their load carrying capacity and no runaway deflections of the floor
system to occur for the duration of the fire scenarios

» Strains in the concrete floor slab, specifically at connections, are within acceptable limits.

3.2 Design Fire

The parametric fire curve described in Eurocode 1: Part 1-2 (BS EN 1991-1-2:2002) [2] was
used to determine a credible natural, office design fire (Fig 3). This design fire was applied
throughout the entire floor plate, assuming simultaneous uniform heating throughout a single
floor. Multi-floor fires were not considered. In determining the worst case design fire, various
amounts of ventilation were considered, ranging from 25% to 100% to consider different
amounts of glass breakage in the fire. The fire with 25% ventilation was chosen and agreed
with the Approving Authorities (City of London) as it was considered to have the greatest
impact on the protected structural elements and to be the most conservative design fire.
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Fig 3: Comparison of design fire with the Standard Fire

Temperature ( °C)

4 MODELLING OF THE GLOBAL STABILITY SYSTEM

The program used for the analysis of The Pinnacle is the ABAQUS [3] Finite Element
Analysis (FEA) software, incorporating the non-linear temperature dependant material
properties based on the Eurocodes [4],[5],[6].

Fig 4 shows the 3D structural model to simulate a fire on level 4, which heats the Level 5
floor and the megaframe levels between Levels 2 to 8. The unheated floors (Levels 3, 4, 6, 7
and 8) were assumed to behave as and modelled as rigid diaphragms because the in-plane
stiffness of the unheated floors was considered to be significantly greater than the bending
resistance of the columns. This was modelled using kinematic rigid links which tie all the
columns to a central reference point, which represents the centre of gravity of the building.

Floor slab and beams modelled
floor (Level 5)

Braces

Columns spanning 6
storeys between Levels 2
and 8

Fully fixed boundary conditions
(representing Level 2).

Fig 4: Level 5 global finite element model showing boundary conditions and mega-frame
structure between floors 2 to 8. (The unheated floor diaphragms representing the unheated
floors are not shown)

Many structural fire analyses in commercial applications involve buildings with regular
beams and column layouts which can be analysed using simplified representative portions of

24



Application of Structural Fire Engineering, 19-20 February 2009, Prague, Czech Republic

part of a floor to represent its overall response. Also, the lateral stability system usually
consists of a reinforced concrete core which is assumed to be relatively unaffected by fire and
as such the building is assumed to be laterally restrained. However, for The Pinnacle, the
entire 2800m” floor plate had to be modelled because of the irregular floor shape, the irregular
bracing and because the entire perimeter frame has to resist the lateral loads due to wind at the
fire limit state. The assumption that the lateral stability system was not affected by fire could
not be applied for this building.

In the model, all columns and bracing in the model were extended to the next megaframe
level above and below the analysed floor to accurately simulate the column and bracing
boundary conditions.

To minimise the loss of lettable area caused by intrusion of the braces into office spaces, the
braces have to change direction where they touch the intermediate levels between megaframe
levels. This is structurally less efficient and can cause significant forces to be passed into the
intermediate floors. This had to be modelled and monitored in the structural fire analysis to
ensure that the forces do not cause failure of the beams and floor slab.

The applied live, dead and wind loads were factored in accordance with BS 5950 Part 8
(2003) [7]. Lateral wind forces which apply the most significant loading onto the structure
were included by applying the resultant forces on the columns and the braces.

Four node shell elements were used to model the slab. Two node linear beam elements (B31)
were used for all beams, columns and braces. The reinforcing steel in the slab was modelled
based on a smeared model, assuming a thin sheet of steel of equivalent area to the specified
reinforcing bars.

The modelling of composite columns on a large global finite element model was challenging
although there has been research into modelling the performance of concrete filled tubes [8].
Two different beam finite element sections were linked together to model the single concrete
filled composite steel section. One of the beam sections had a circular hollow profile with
steel properties to represent the steel tube while the other had a solid circular section with
concrete properties. The concrete used for infill was C80 high strength concrete. The concrete
was conservatively modelled as having uniform temperatures, with temperatures 20% higher
than the steel tubes.

4.1 Modelling of web penetrations and partial composite action in beams

The primary and secondary beams are 625mm deep cellular beams and have circular web
penetrations to allow mechanical and electrical services to be passed through. In the global
structural models, the beams were modelled with the full web thickness of the beams and
without web openin