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Executive Summary

The precast concrete hollow core slab is a widgipliad and successful floor
construction product. The product has been in ldgimand for the last decades due to its
highly efficient design, structural efficiency atehn production method. Every year, around
25 million square metres of precast concrete holtmse floors are built in Europe. The
estimated total stock of hollow core floors curhgribstalled in Europe is 1,000 million
square meters. The product has been tested inégngim many aspects, including its fire
resistance. All tests confirm that floors consigtof hollow core slabs have outstanding load
bearing capacity and excellent resistance to fire.

In the years 2000s a few fire tests with premaslrear failure of hollow core slabs
attracted the interest of the academic world. le 12007, the extreme fire in the just
completed car park with hollow core floors in Thethkerlands generated questions on the fire
resistance of the product from both clients as sllifrom regulatory institutions in some
European countries.

In order to re-assure these stakeholders, thepEaroproject ‘Holcofire’ was therefore
initiated in order to gain a complete understandifithe behaviour of concrete hollow core
slab floors under fire conditions. The Holcofirejerct consists of state-of-the-art laboratory
fire tests, statistical analyses over 162 standaed test results, dynamic finite element
simulations on fire development and calculationglanload bearing capacity by recognised
experts in the field of precast hollow core floonstruction and fire testing. The results of the
extensive research analyses are presented andedetai the various chapters of this
publication. The methodologies and results have Ipeer reviewed.

The ‘Holcofire’ study concludes that the provenckaecord of more than 1,000 million
square metres of installed hollow core floors irrdpe plus the extensive testing of hollow
core slabs in fire laboratories and analysis offitesin the Rotterdam incident confirm once
again that hollow core floor systems meet all ratprly, quality and safety requirements. The
Holcofire lessons learned are, firstly, that theduct meets regulations and requirements;
secondly, that the product performs well when egda® fire; and thirdly, that, in specific
cases, fires in car parks are more severe thanlathrfires. Based on the knowledge and
experiences gained in this European project cawigtdby experts and reported on in this
book, there is no need for further fire testing amastelling. The product performs well under
fire conditions, even under extreme fire conditiombe results justify the conclusion that
society can continue to rely fully on the solidustural performance of floors consisting of
hollow core slabs.
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Chapter One

Introduction

Introduction to prestressed concrete hollow
core floors exposed to fire

1.1. General

The hollow-core slab has been a very successfdugtdn precast concrete floor construction
in residential and non-residential buildings, biotltoncrete and steel frames. This success is
largely due to its highly efficient design and pmotion methods, flexibility in use, surface
finishing and structural efficiency. Every yearpand 20 to 25 million square metres of
hollow-core floors are built in Europe. The estigthttotal stock of hollow-core floors
currently installed in Europe is 1,000 million scgianeters.

This large flooring market share was mainly gairsitce the development of the
extrusion production methods in the 1970s. Moreother successful application is fuelled
chiefly by thorough research and publications oa tise of hollow cores under ambient
conditions. For 50 years, the product has beenrsgviested by numerous researchers and
well-established institutes and therefore meeteegllilatory, quality and safety requirements.

An early, well known academic publication by Wakavand Mercx addressed “The
bearing capacity of prestressed hollow core sl§b883]. Due to the lack of guidelines with
respect to specific features, the first internatloRIP recommendation “Precast prestressed
hollow-core floor” in 1988 by chairman Van Acker svgreatly appreciated by designers and
public authorities. It also served as a refereno@e for national standards. The FIP

recommendation was followed by the FIP Guide of €&Beactice in 1992 “Quality assurance
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of hollow core slab floors” by chairman Suikka amal,2000, by the FIB Guide of Good

Practice — Bulletin 6 “Special design consideratidos precast prestressed hollow core
floors”, headed up once again by Van Acker, whieported on the work of Pajari. In the
Holcotor project carried out in the 2000-2009 périshear and torsion were studied by
Engstrém, Lundgren and Broo. In 2005, CEN publisthedfirst European standard EN1168
“Precast concrete products — hollow core slabs’epared by Technical Committee

CEN/TC229. In 2014, the EN1168 will be revisited, anetvised publication of the FIP 1988
recommendation is expected.

1.2. Introduction to fire resistance

Fires in buildings are rare events. Fires are fbezenot typically considered a load during the
structural design of a building. This simplificatigs justified on the basis of results from
standard fire tests of simple building elementgexttbd to standard temperature-time curves.
The fire safety or fire resistance of a buildingreént is normally indicated in periods of 30,
60, 90 or 120 minutes, meaning that this is thetthe product needs to resist the fire. The
origins of the standard fire test date from eaterapts to make a comparison between
different building materials and systems to asstgsns of “fire proof” construction in the
late 19" century. The standard fire test thus emerged @sf pf comparative performance in
the most severe possible fire. The result of sedtstis a “time to failure” in case of a
standard fire; this is termed a fire resistancmgafThe current system of fire rating has been
in existence since the turn of the last century laasl remained largely unchanged since its
initial developments, despite major advances irh ot safety science and structural fire
modelling [Gales, Maluk, Bisby (2012) Structurakfiesting].

The fire resistance of a product is indicated imutes. After the time indicated, it is
acceptable for the product to be considered coelyldbst. Flames cannot come through
within the given fire resistance time, and the picidmust be able to withstand the load
during the required fire resistance time. But afftés time, the product is allowed to collapse
completely in line with the regulations set. Thadia product needs to resist a standard fire is
linked to the time needed to safely evacuate thkelihg. However, other factors may also
play a role in determining the fire resistance dfuélding. For example, if the value of the
building is small in comparison to its contentse @ould decide to create the building using a
more fire-resistant material (e.g. concrete).

Normally, the fire resistance of a product is deiieed using a standard fire test. The
fact that the product is totally lost and unusaditer the test is accepted worldwide. The only
criteria are that the flames are not flashing tgtoand that the load is sustained for the
duration of the intended period. However, the thett a concrete structure must sometimes
also be considered completely lost after a firmas well understood. It is a wide spread
misconception, that even after an intense fired- different from steel or wooden structures -
a structure made of concrete is just to be cleameirepainted and use it as before. Even
concrete is not immune to fire. In certain casesrad fire, even concrete is to be replaced

completely, just like other building materials.
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Fires in buildings are rare events. Therefore,ediméd in Eurocode EN1990 “Basis of
structural design”, 3.2(2)P and 6.4.3.3(4), firddsbe considered an accidental action. The
relevant design situations and associated accideatians of fire should be determined on
the basis of a fire risk assessment. In principidy the ultimate limit state has to be verified.
This means that large deformations and importacalldamage are acceptable on condition
that the following basic requirements are satisfiéte load bearing resistance of the structure
or parts of it can be guaranteed for a specificopeof time (criterion R), the generation and
spread of fire and smoke within the building areitéd (criterion E) and that the occupants
can leave the building or be rescued by other méaiisrion 1). Criterion | may be assumed
to have been satisfied when the average tempemasar@ver the whole of the non-exposed
surface is limited to 140 °C and the maximum tempeearise at any point of that surface
does not exceed 180 °C.

The effects of a severe fire on a concrete compometh structure are highly complex
due to several phenomena occurring simultaneoB$lysicochemical changes in the concrete
during a major temperature rise, such as dehyadratighe paste and decarbonation; inward
ingression of the dehydration and evaporating froggulting in internal vapour pressure in
dense concrete and risk of spalling; differentiddtetions in the material itself: for various
reasons, the cement paste shrinks at temperatooee 400°C, while the coarse aggregates
expand and internal stresses generated insideothpanents due to the non-linearity of the
temperature gradient over the cross-section, morkess intensified by the shape of the
components. Consequently, internal stresses, ciackim spalling may occur. However,
cracked concrete sections are still able to trantfea certain degree, stresses by aggregate
interlock, provided that the cracks remain closBests on furnaces reveal that components
are still able to carry a major load despite sigaiit damage to the elements. This effectively
means that the assessment of a real fire or ladrgregst should primarily examine the overall
behaviour of the components rather than local dempagvided that the basic requirements
are fulfilled.

The fire resistance of an entire concrete strucaxgosed to fire is a very complex
phenomenon. It involves the intensity and extertheffire, the location of the fire within the
structure and the size of the building. In addititve structural lay-out and components of the
building influence the response to a fire. Andafiy, there are the dimensions of the concrete
elements, concrete composition, axis distance eor¢inforcement, moisture content of the
hardened concrete, etc. to be considered. Forlynatncrete structures are not only highly
fire resistant, but also have great fire redundaroperties due to their robustness and great
load redistribution capacity. This also applieptecast concrete hollow-core floors.

Due to its success and easy construction, the girécdlow-core slab seems to be the
most frequently studied concrete element in laloyafire tests. Many fire tests have been
carried out in European laboratories; van Ackertatiwith fire tests on hollow-core slabs in
the 1970s, while Fellinger also did important wavkh his fire test series on shear in the
2000s. The main conclusion from these fire testhas a hollow-core slab can achieve the
required fire resistance, provided that designdetests are respected and a good fire test
design reflecting the actual use of the hollow-cad floor is made.
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1.3. Reasons for the Holcofire project

Many standard fire tests were carried out in sreedlle furnaces in fire laboratories to
study the fire resistance of hollow-core slabs. ddtfnately, the tests did not always use a
correct small-scale fire test design with hollowecalabs. A few cases of premature shear
failure in standard fire tests were reported in2080s, leading to reluctant clients, although
in practical applications shear hardly impacts ffldesign. The question was raised if this
constitutes a real structural problem for this tgbdloor or whether the reason lies in a lack
of understanding of the behaviour of hollow-com@ofis during fire, resulting in poor design,
particularly for small-scale laboratory test set.uphe discussions damaged the good image
of the hollow-core slab among clients in some Eaawpcountries.

As a result, European-wide coordinated actionstestaralready in 2000 under
TC229/WG1/TG1 to draft a new standard for shear ufide conditions. Only recently, in
2011, did the European Standardisation Institute @ERNish rules in EN1168:A3 Annex G,
the product standard for hollow-core slabs. Amendmnde8 provides a formula to design for
shear and anchorage for single span hollow-coles siéthout shear reinforcement exposed to
fire.

The heavy car fire in the just completed Lloyddirear park in Rotterdam that took
place on 1 October 2007 rekindled the intereseglilatory authorities in the fire resistance
of hollow-core floors in the Netherlands. In theeapcar park, which was situated under a 12-
storey residential building, six cars were invohieda fire within a short period of time.
Within a relatively short time after this fire artlde extinguishing activities involved, the
bottom flange, or parts thereof, of several corctatllow-core floor slabs located directly
above the seat of the fire came down. It shouldhded that the floor as a whole did not
collapse. However, more rumours about the pooopednce of hollow-core slabs under fire
conditions were spreading through Europe. And alftono people died and the floor did not
collapse in this fire incident, gaps in the knovgedn the behaviour of hollow cores under
fire conditions and poor communication of the irtdpisneant that no answers were provided,
and clients and public authorities in some coustgeestioned the suitability of hollow cores
under fire conditions.

1.4. Objective of the Holcofire project

The European “Holcofire” project was initiated 91D in order to gain a complete
understanding of the behaviour of prestressed etmdnollow-core slab floors under fire
conditions that would lead to full acceptance indpe of the use of hollow-core slabs under
fire conditions. A European approach would fadiétpooling state-of-the-art knowledge, as
well as effective communication, between individualuntries. Two series of fire tests
combined with desk research were designed to dbeegaps identified and answer questions
in order to gain a full understanding of the bebaviof hollow-core slab floors under fire
conditions.
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1.5. Research approach

The research approach consists of a desk studgrdekito analyse secondary data,
combined with running fire tests and simulationscddiect primary data. The desk study for
the analysis of secondary data involves collectindg analysing a database with previous fire
tests, collecting state-of-the-art knowledge omilie supports and citing expert opinions on
hollow-core slabs on flexible supports under fiomditions. The fire test programme in the
newly developed Promethee furnace of CERIB labordtmrprimary data comprises two fire
test series, namely test series G to check the $twenula proposed in EN 1168+A3 Annex
G and test series R to analyse the Rotterdam fire @ag influence of restrained conditions.
The FEM simulations for primary data cover analységhe Rotterdam fire using FEM
software and building a simple frame model for sresctional analysis concerning web
cracking and bottom flange spalling.

1.6. Structure of the Book

This book is a collection of six technical papensblshed by BIBM during the
execution of the Holcofire project. Each technipaper contributes to understanding the
behaviour of prestressed concrete hollow-core dlabier fire conditions. It should be noted,
however, that these technical papers should not&e separately, but as a whole. Holcofire
therefore included the six technical papers inioigk in Chapters 2 to 7.

Chapter 2 addresses the Holcofire database. A laugeber of fire tests have been
carried out throughout Europe. In 2010, these ieddpnt but unexplored fire tests were
believed to contain a wealth of information on Hehaviour of hollow-core slabs under fire
conditions. The Holcofire database on prestressédwr-core fire tests covers a period of 45
years from 1966 until 2010. This database compasesllection of 153 fire tests resulting in
162 individual analysable fire test results. Thistaranalysis compares the database with the
design rules given in the European design stan&@d@991-1-2:2004 and the European
product standard EN1168:2005+A3:2011, and withrégpiirements given in the European
fire testing standards EN1363-1:1999 (+ EN1363-29)%nd EN1365-2:1999. This chapter
provides an overview of the design rules and requémts and presents the conclusions of the
meta-analysis on the accuracy of the design models.

Chapter 3 discusses shear and anchorage accordiigN1468 Annex G and the
Holcofire G series fire tests. Annex G in the newdyblished EN1168:2005+A3:2011
provides a formula that has been validated withreQtésts that failed in shear as described in
the background document. Therefore, in additiothtonew data from the database, new fire
tests were designed to confirm the formula in An@exo EN1168:2005+A3:2011 after its
publication. The aim of test series G was to chekvalidity of the shear formula in Annex
G to EN1168:2005+A3:2011 using new fire tests. Alditonal goal was to validate the
standardised fire test set-up as described in A@ex
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Chapter 4 covers shear and anchorage of hollow aordiexible supports. Due to the
flexibility of the support, the hollow-core slabsllbw the deflection of the support, which
reduces the shear capacity of the hollow-core flatve question is, however, whether the
effect of this reduction is limited under fire catimhs or whether the fire exposure produces
additional stress that reduces the shear capadicibediollow-core floors on flexible supports
even more. As such, this chapter seeks to establigther the decrease in shear capacity
under flexible supports at ambient temperature égmified by extreme fire conditions or
whether the flexible support effect can be disrdgdrunder fire conditions.

Chapter 5 of this book describes the Rotterdam ctagly.sin the early morning of
1 October 2007, a fire broke out in the car parttaurthe Harbour Edge apartment building in
Lloydstraat, Rotterdam, the Netherlands, burningcsiss and wrecking both the surface of
the precast concrete facade and soffit of the hellore concrete floor in that area. For five
years, numerous investigations were conducted timto so-called “Rotterdam fire” case,
focusing especially on the hollow-core floor sturet Holcofire decided to analyse the
Rotterdam fire case better. The project summarikes tacts on the Rotterdam fire case in
order to inform the international reader and lobksk on the research activities conducted
and decisions taken, giving the international readeunderstanding of the progress in this
area. It also addresses how it was handled by ebisldtive and advisory bodies in the
Netherlands. In addition, Chapter 5 provides Hotedi point of view on the local damage
that occurred during the fire by outlining the delaation process in successive steps.

Chapter 6 of this book addresses floors with restisaand the Holcofire R-series fire
tests. Fire cases with the local damage like Raiterdre rare and the phenomena of local
damage are rarely observed in fire tests. Thistehaliscusses four fire tests (R1 to R4) with
restrained deformations conducted as part of thiedfice R series and should be read in
conjunction with Chapter 7. It is believed that dbeopen cores and delamination are a
combination of explosive spalling, buckling spaidlimnd horizontal cracking through the
webs induced by restraints under fire conditionsocBing in span direction will have a
positive effect on shear behaviour (conclusion afcdfire G series), but a high level of
restraints (in transversal direction) could prodwucenegative effect on the compressive
stresses in the bottom flange of the hollow codkthese phenomena and influences need to
be studied in more detail in order to reach vatidatusions. Hence, the aim of fire test series
R is to investigate the influence of restrained dimus on spalling of the soffit and
horizontal cracking through the webs in hollow-ctie®rs under fire conditions. The restraint
is simulated by horizontal transversal blockingcertain design situations, i.e. floor layout,
support beam rigidity, structural topping thicknagpe of edge structure, age of slabs, etc.

Chapter 7 of this book examines the restraints adrfi analysed with the Holcofire
Frame Model. If properly designed and constructemcrete structures can withstand even
the most extreme fire conditions. The Rotterdamifird007 and associated local damage to
wall and ceiling observed sparked off a detailaghmécal discussion between academics and
structural engineers in the Netherlands about a&ilplesadditional failure type for floors
consisting of hollow-core slabs. However, a cleat fis that, in the Rotterdam fire case, the
load-bearing resistance (R) was not exceeded anidtigrity and the insulation (EI) criteria
were met. Exploratory research pointed to a spepifienomenon in hollow-core slices and
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was extrapolated to floors and all follow-up resbawas based on the same assumptions.
However, in order to deal with the cross-sectionabels developed in the Netherlands and
their flaws, Holcofire developed the more sophatc Holcofire Frame Model to study the
cross-sectional behaviour of a hollow-core slicelamfire conditions. It should be noted,
however, that a model is by definition a simplifioa of reality. Consequently, the Holcofire
Frame model was developed to study horizontal angcknd spalling more fundamentally,
but it cannot show redundancy effects as the meatése in Rotterdam did. Furthermore, it is
important to always bear in mind that the causthisftype of local damage may be found in
the generic behaviour of concrete or concrete &iras exposed to fire rather than in the
specific behaviour of hollow-core slabs.

Chapter 8 concludes the research on the structefaMviour of prestressed concrete
hollow-core floors exposed to fire with lessonseal. It outlines the overall conclusions of
the research, noting that the product meets regotatand requirements, that it performed
well under fire conditions and that the fire in tteg park was severe.
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Chapter Two

Holcofire Database

Meta-analysis on 162 fire test results executed
between 1966-2010

Keywords. prestressed hollow core floor, fire, failure mecisam, statistical analysis, design
rules

Abstract. Since the 1960s many fire tests have been cortlocterestressed hollow cores
slabs and floors in fire testing laboratories inder to evaluate the application of hollow
cores under fire conditions. The tests not alwaysbed as wished and the behaviour could
not always be explained fully, let alone, recalcetht This Chapter deals with the meta-
analysis of the fire tests that have been gathémetthe so called Holcofire database. The
Holcofire database consists of 162 independent geea fire test results covering a period
of 45 years from 1966 to 2010. Content analysihefdatabase shows that in 91 fire tests a
failure did not occur when the test was stopped, whil@l fire test a failure was observed,
either premature or intended. The main failure g/@dserved under fire conditions in the
database are bending failure exhibited by exceedatg of deflection (11x); shear and
anchorage failure (42x); shear-bending interactifailure (6x); explosive spalling (5x);
horizontal cracking (4x), and other uncommon faldypes (3x). A thorough meta-analysis
on the 162 independent fire test results showsrtbatadays 94.5% of the database fire test
results can be explained with the design models reqdirements stated in the available
European standards (EN1992-1-2, EN1168, EN1363-1, BB23. Statistical analysis in

27



-CHAPTER TWO -

combination with the method of maximum likelihoodemgsed to state the accuracy of the
design model for the bending capacity of a holloweatross section, the design model for
anchorage and shear capacity for single slabs dodrfsystems, and for the shear-bending
interaction capacity. 5.5% of the fire test resultghe database, mainly related to explosive
spalling and horizontal cracking, cannot be expéarfully. The phenomena are not yet fully
understood, although it becomes clear from thetBsts that moisture content, thick topping,
and floor restraints are important influencing panaters. Therefore, explosive spalling and
horizontal cracking remain subjects for further easch in the Holcofire project, and will be
reported on in the Chapters 5to 7.

Review. The background reports of this Chapter were revievbgd Prof.ir. A.C.W.M.
Vrouwenvelder and Prof.dr.ir. J.C. Walraven, DelfheTNetherlands. The integral review
text on the background reports is published in Agipe2.D of this technical Chapter.

2.1. Introduction

In the 1950s and 1960s the application of the preseéd hollow core slab expanded
quickly in building structures throughout Europe asresult of its effective long-line
production method and efficient use of (raw) maisriln order to get approval by authorities
for the application of prestressed hollow core slabder fire conditions, producers started to
conduct fire tests on hollow core slabs with IS@veuregime in fire testing laboratories. A
large number of fire tests were executed througiiaubpe. In 2010 it was felt that these
independent but unexplored fire tests must congaimuge treasure of information on the
behaviour of hollow core slabs under fire condisionlence, one of the objectives set by the
Holcofire project was to collect all these Européieam tests in a database with the purpose to
conduct a meta-analysis. This implies that in thacbffire project (nearly) all original test
reports had to be collected, analysed, and maenpeters studied and merged into a database
to enable a statistical analysis. The Holcofireatdase on prestressed hollow core fire tests
covers a period of 45 years from 1966 until 201A][2In this database, 153 fire tests
resulting in 162 individual analysable fire tessults have been collected. Original test
reports of another 22 fire tests could not be ee&d anymore. In this meta-analysis the
database is mirrored against the design rules divéime European design standard EN1991-
1-2:2004 and the European product standard EN1@6B#A3:2011, and against the
requirements given in the European fire testingddads EN1363-1:1999 (+ EN1363-2:1999)
and EN1365-2:1999. A meta-analysis is defined agstematic method of evaluating data
statistically, is based on results on the same lpnolof several independent studies, and
produces stronger conclusions than can be provigedny individual study. This Chapter
gives an overview on the design rules and requintsn@nd presents the firm conclusions of
the meta-analysis that states the accuracy ofdhiga models.
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2.2. Design rules for resistance to fire from design stedard 1992-1-2

EN1992-1-2 considers only bending and spalling. Beading capacity of a hollow
core slab exposed to fire may be calculated bygusimplified calculation methods according
to EN 1992-1-2, or can be assessed by tabulatedgi\atn in EN1992-1-2 [2.4]. Tabulated
data give recognised design solutions for the stahéire exposure up to 240 minutes. For
that, tables have been developed on an empiricsis beonfirmed by experience and
evaluation of fire tests. In the fire resistancesigie of hollow core slabs, the tables give a
minimum floor thickness and a minimum axis distaméethe prestressing strands to the
exposed surface. EN1992-1-2 Table 5.8 gives minirflaor thickness values that is needed
to reach the insulation criteria I, see Figure Plawever, the values in the table correspond
with the minimum floor thickness for solid slabs.a@$e 5.2 (2) states that if calcareous
aggregates are used in slabs the minimum dimensidtihe cross section may be reduced by
10%.

Standard fire resistance Minimum dimensions (mm)
slab axis-distance a
thickness one way two way:
hs (mm) W <15 1.5 <hlhk<2
1 2 3 4 5
RE! 30 60 10* 10* 10*
REI 60 80 20 10* 15*
REI 90 100 30 15* 20
REI 120 120 40 20 25
REI 180 150 55 30 40
REI 240 175 65 40 50
I, and I, are the spans of a two-way slab (two directions at right angles) where [, is the longer
span.
For prestressed slabs the increase of axis distance according to 5.2(5) should be noted.
The axis distance a in Column 4 and 5 for two way slabs relate to slabs supported at all four
edges. Otherwise, they should be treated as one-way spanning slab.
* Normally the cover required by EN 1992-1-1 will control.

Figure 2.1. Minimum dimensions and axis distanoesimply supported one-way solid slabs
according to EN1992-1-2 Table 5.8

To determine the axis distance of the strands oesato the exposed surface, EN1992-
1-2 Table 5.8 gives values for one-way spanningstpesed slabs. The minimum axis
distance is needed for resistance R, because fadusapport the load is directly related to
material degradation in the soffit of the presteelsstrands and concrete. Hence, the larger the
axis distance, the lower the temperature in thendtrand thus the higher the fire resistance.
Since the seventies national standards had predcalarger axis distance to obtain higher
fire resistance time. For prestressed hollow cladessTable 5.8 needs to be adjusted as Table
5.8 is based on a critical temperature of mildIst€&00 °C, while the critical temperature for
prestressing strands is 350 °C. Consequently, apaserof 15 mm axis distance is needed
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according to EN1991-1-2 clause 5.2 (5) when noiapebeck is done. Then, for hollow
cores slabs the minimum axis distance is, for exepdd mm for REI 90. On the other hand,
according to clause 5.2.(7) a reduction of the diggance is possible when more numbers of
prestressing strands are applied than needed @wgaodULS design at ambient temperature.

In design standard EN1992-1-2 clause 4.1 it istemithat spalling shall be avoided by
appropriate measures, or the influence of spatimgerformance requirements (R and/or El)
shall be taken into account. In clause 4.5 it didated that explosive spalling is unlikely to
occur when the moisture content of the concrelests than k % by weight: the recommended
value of k is 3. It may be assumed that where mesnée designed in accordance with the
requirements for exposure class X0 and XC1, thetomeisontent is less than k % by weight,
where 2,5< k < 3,0. Above k % a more accurate assessment of uneisbntent, type of
aggregate, permeability of concrete and heating sltould be considered. [Note: This
statement is not valid for hollow core floors onhyt also for other concrete elements in
precast and cast in-situ. Parking garages wheresexp class XC3 is applicable (high
humidity) have a moisture content above k.] EN1992-clause 4.5 states further that for
floors, if the moisture content of the concretamigre than k % by weight, the influence of
explosive spalling on load-bearing function R maydssessed by assuming local loss of
cover to one reinforcing bar or bundle of barshe tross section and then checking the
reduced load-bearing capacity of the section. iioied that where the number of bars is large
enough, it may be assumed that an acceptableribdigin of stress is possible without loss
of the stability (R). This includes solid slabs wighenly distributed bars. Falling off of
concrete in the latter stage of fire exposure sballavoided, or taken into account when
considering the performance requirements (R andjor E

2.3. Design rules for resistance to fire from product sindard EN1168:A3

EN1168:A3 [2.3] considers bending, shear and aragferand spalling. It contains the
informative Annex G that gives guidance to calalite resistance to fire of hollow core
slabs. The fire resistance (R) regarding bendingsledr and anchorage may be calculated
by the following assumptions:

» The temperature in the cross section of the hotlore slab is calculated according to
G.1.1. The hollow core slab is divided into twotpaA and B, separated by the so
called line ggy, 0N Which thwe width of the webs is equal to thdttviof the cores (see
Figure 2.2).

as0% = level on whichz bugy = zbc(i) (1)
i=1 i=1

0 In area A below thesgy level, it is assumed that the temperature is eiquidde
temperature of a solid slab (see EN1992-1-2 FiguP® as presented in Figure
2.3;
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0 In area B above thesg, level, a linear interpolation is taken between the
temperature calculated at theealevel and the temperature at the top of the
floor. The temperature at the top of the floor $swamed to be equal to that at
the &gy level, but with a maximum allowed temperature foe tnsulation
criterion of 160°C (140°C + 20°C ambient temperature);
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Figure 2.2. Position of linesg, and area A where solid slab temperatures may
be assumed (grey) and area B for linear interpolatfhatched)
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Figure 2.3. EN1992-1-2 Annex A Figure A.2: tempama¥ at depth x in slab

The resistance to bending in fire may be calculatethe using simplified calculation
method according to EN 1992-1-2:2004 clause 4.2this simplified calculation
method the bending capacity of a cross section lirmate limit state can be
determined by multiplying the prestressing forcéhwthe internal lever arm, given
that the prestressing force should be in equilibriwith the force in the concrete
compressions zone. The bending resistance is & favaple between the resulting
force of the compression zone at the top of the bezpand the tensile strength of the
strands. But as the floor is exposed to fire asatit only, the compressive zone will
remain cold. Therefore, the bending resistance lodllow core floor is governed by

the degradation of the strength of the prestressdimgforcement in function of the
31



-CHAPTER TWO -

temperature. Failure to support the load is diyelated to material degradation of
the prestressed strands (and surrounding condretie soffit. EN1992-1-2 Figure
4.3 shows curves 1a and 1b for the reductjgé)lof the characteristic strengfifio, of
prestressed steel under fire, see Figure 2.4. Mbee for curve 1a or 1b for use in a
country may be found in its national annex. In ttisdy curve 1b (class B) is taken,
curve la (class A) gives a lower reduction, espigcietween 350 °C and 650 °C.
With the temperature profiles given in EN1992-1igufe A.2 (Figure 2.3) at a given
axis distance the temperature in a strand is détetn Hence, the simplified
expression is:

0 The bending resistance under fire conditivhg ¢ s iS:
MRa,c.fi= Npg Z (2
0 In which the parameters are
Nps the force in the prestressing steel
=Pk k() Ao 3

with 8= (recommended value = 0,9) (class B)

z the internal lever arm
£70,9 (h + hopping— &) 4)
k(&)
1
\\\
08 N\
'l \
Curve[1a]: Cold worked
0.6 l prestressing steel (wires and
' \ strands) Class A
oa | R \ Curve[1b]: Cold worked
L E ‘\ prestressing steel (wires and
1 strands) Class B
0277 )\‘\ Curve | 2| : Quenched and
A \\__\\ tempered prestressing steel
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Figure 2.4. EN1992-1-2 Figure 4.3: coefficieptd allowing for decrease of
characteristic strengthf,) of prestressing steel

The shear and anchorage resistance in fire mayalelated according to clause
G.1.2. This empirical formula is an extension @& fbrmula for the shear capacity of
prestressed structural members given in EN1992Anlextension as it takes into
account the reduction of the characteristic congivesstrength of concrete and the
characteristic strength of reinforcing and presiras steels due to fire. This shear and
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anchorage verification is only needed for fire semice classes above 30 minutes, as it
has been assumed in the standard (and proofeiidatabase study) that for times up
to 30 minutes the ambient shear tension capadiitgsverns.

0 The shear and anchorage resistance under firet@msWrq c i iS:

VRde.fi = [CH.l +a, [(De.z] (b, [d (5)

0 In which the main parameters are:

Cq1 coefficient accounting for concrete stress unaterdonditions:

Fr.
0150min(k, (€5)Tep 20 ;R’%ﬂ'p)
) (6)

a 1+ /@ <20
k= d where d is in mm, (7

Cg2  coefficient accounting for anchored longitudinginforcement:

I:Ra fi
3/ 058 F—""—"——; tim
_ fy by, [d

(8)
bw total web thickness of the hollow core slab
d effective depth at ambient temperature
=h+ htopping_ep) 9)

EN1168:A3 section G2 presents tabulated data omihamum floor thickness that is
needed to reach the insulation criteria I. As ENEAQ® Table 5.8 (see Figure 2.1) correspond
only with the minimum floor thickness for solid bl EN1168:A3-G2 gives a conversion as
presented in equation (10) in order to use Tal@dds. the effective thickness of hollow core
slabs. By assuming that.A 0,4 bh, for REI 90 and an actual slab height h&ff mm and a
width b of 1200 mm, the effective thickness is B which is comparable to 100 mm for a
solid slab.

te = h V(A / bf) (10)

To prevent spalling, the requirements from EN1168:4.3.5 are used, as a
complement to EN1363-1 clause 8.1. The moistureteconof the slabs should be
representative for the real conditions in a stmgciiafter a reasonable time of exploitation),
usually it does not exceed 3 mass percent or 3%. tm'rgeneral, 3 months storage of the
slabs in indoor conditions=20°C,~50%RH) can be considered as acceptable.
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2.4. Requirements from fire testing standards EN1363-1rad EN1365-2

The European standards for fire testing EN1363-15][2and EN1365-2 [2.7],
specifically addressing load bearing floors, prigcthe requirements for fire resistance tests
on load bearing floors. The standard EN1363-1 pitess general fire test requirements and
fire loading. The performance criteria of EN1363ate playing a crucial role in the
assessment of fire tests in relation to excessefeections or rate of deflection. Standard
EN1363-1 clause 11.1 gives a clear definition floatl bearing capacity.” The load bearing
capacity is the time in completed minutes for whilsl test specimen continues to maintain
its ability to support the test load during thet.t&upport of the test load is determined by
both the limiting deflection and the rate of defien calculated from the measurements taken.
Since relative rapid deflections can occur untdb& conditions are reached, the rate of
deflection criteria is not applied until a deflectiof L/30 has been exceeded. For purposes of
the standard, failure to support the load is deereethave occurred when both of the
following criteria have been exceeded for flexuoalded elements:

_ v
0 Limiting deflection 400d [mm] (12)
do__ v
o Limiting rate of deflection dt 900 [mm/min] (12)

In whichL is the clear span of the test specimen [mm]discthe total depth, that
is the distance in the cold situation from the exte fibre of the compression
zone to the extreme fibre of the tension zone efsthuctural section [mm]

In the standard EN1363-1 [2.5] it is further statedlause 8 for conditioning that at the
time of the test the strength and moisture contérihe test specimen shall approximate to
those expected in normal service. The test specshalh preferably not be tested until it has
reached an equilibrium resulting from storage inaanmbient atmosphere of 50% relative
humidity at 23 °C. If the specimen is conditionedidifferent way it shall be clearly stated in
the test report. Concrete and masonry elementpamiraens containing concrete parts shall
not be tested until they have been conditionedfdeast 28 days. Massive constructions may
take a very long period to dry out.

Important for the floor geometry is fire testingustlard EN1365-2 [2.7]. EN1365-2
indicates that the test specimen shall be full sizless the actual size is larger than can be
accommodated in the furnace. Because of the lighgine of the available furnaces that were
used for fire tests (normally up to 6 m length),1865-2 describes that when the actual size
cannot be accommodated in the furnace, the dimesisibthe test construction shall be such
that at least the exposed length is 4 m and thesecpwidth larger than 2 m, provided the
relevant given requirements are accommodated. Tlybsen requirements are further
stipulated in EN1365-2, and prescribe that the $pstimen shall simulate the conditions of
the use of the floor or roof construction in preeti
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2.5. Holcofire Database with 162 independent analysablesults

In the Holcofire database, a total of 162 indepehdmalysable fire test results on
prestressed hollow core floor units and floor dtites covering a period of 45 years have
been collected. An extract of the database is &bdlin Appendix 2.A2; in rows the fire tests
are given with its most important parameters taiedlan columns. Every fire test result has
been given an unique Holcofire number, startindhlie letter H, for example H48. This H48
is VTT-PAL 4450 [1984]; VTT-PAL is the abbreviatioaf the fire test laboratory (see
Appendix 2.B), 4450 the test ID given by that ladiory, and 1984 the year in which the fire
test was conducted. To summarise, the collected fists from Europe have been
concentrated around certain fire test laborat@iestest themes, namely:

» First market acceptance tests in Germany at TUBUYBschweig) in 1966;

* Belgium studies by CBR (Lier) and RUG (Gent) stagtin 1971 up to 1999 as
pioneering studies to understand the phenomenaddfidual hollow core slabs and
slabs in structures with connections under elevétetperatures, mainly addressing
bending in the 1970s and shear phenomena in tHés199

* Finnish studies performed by VTT-PAL (Helsinki) tveen 1971 and 1991 as
pioneering studies to understand the phenomenal@dvh core slabs in structures
under fire. These tests mainly addressed bendird) taey were executed as
acceptance tests for the practical applicationodiblv cores;

* French CTICM (Mezieres-les-Metz) and Swiss ETH EM@Aibendorf) studies on
slim floor structures between 1992 and 1996, a$ agethe tests conducted at SPTRI
(Boras) by Peikko in 2009;

» Studies between 1983 and 1996 for market acceptastein Austria at IBS (Linz),
in Germany at TUB (Braunschweig), in Italy at CBlilan) and IG (Bellaria);

« Danish studies executed by DIFT (Hvidovre) and SP{B®ras) between 1998 and
2005 addressing shear;

« Dutch TNO (Delft) studies addressing shear and aregie, performed on double web
elements and slabs between 1999 and 2001;

» Study of a complete building structure with hollmere floors under natural fire
conditions in UK at BRE (Middlesbrough) in 2007 aslsking connections between
the slabs and the supports;

» Studies in the Eastern part of Europe between 20012010 for acceptance tests of
hollow cores in new markets in Poland at ITB (Katm®y, in Slovenia at ZAG
(Ljublana), and in Belarus at RIFS (Minsk);

» Small scale tests on slab slices in The Netherldnyd&fectis (Delft) conducted in
2010 focusing on horizontal cracking due to thitkitural toppings as a result of the
so-called Rotterdam fire case.

Figure 2.5 shows in the graph on the left-hand gidenumber of fire tests per period of
5 years; about 3,5 fire tests per year were exdc(tee graph on the right-hand side shows
the fire resistance time R obtained in the 162tfss. It emerges that 46 tests were exposed
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to more than 120 minutes of fire, and in 104 tésésfire exposure was between 30 minutes
and 120 minutes. Only in 12 fire tests the firastasce time was under 30 minutes.

nt nt
30 [N=162] 43 [N=162]
24 2
20 31
18 24
16
12
0

1961 1966 1971 1976 1981 1986 1991 1996 2001 2006 <30 30-59 60-89 90-119 120-149 150-179 >180
1965 1970 1975 1980 1985 1990 19952000 2005 2010

year > Fire resistance time R [minutes] >

Figure 2.5. Holcofire database; division of firesteesults over years,
and fire resistance time reached in fire tests

Figure 2.6 overviews the hollow core slab depthaduis the fire tests. The database
contains 80 fire tests with depths between 241 28@ mm; this depth is most commonly
used in construction practice. Further, the datltasitains 64 results with lower depths and
18 with higher depths. The span-to-depth ratio lisetie fire tests was on average 19,2. In
82,1% of cases it was less than 24, and in 24,164 éss than 12. In practice as a rule of
thumb 35 is used. 38 test results have a strudinpping on the slab.

d[400-600]; 3

d[321-400]; 11 d[120-160]; 22

d[281-320]; 4 Legenda:

d[161-200] - depth range of hollow core
; 36 - #results in the range

d[161-200]; 36

d[241-280]; 80
d[201-240]; 6

Figure 2.6. Holcofire database; depths [mm] of ballcores used in fire tests

Figure 2.7 sketches the fire test set-up lay-obtt fare present in the Holcofire
Database. In 10 fire tests [SLICE] slices suppomettansversal direction were used (Dutch
Efectis tests). In 19 fire tests [WEBS] double-veddments were used (Dutch Fellinger tests).
In 31 fire tests [HCS] only a single hollow coremient was tested on the furnace, mostly
without connections. In 9 fire tests [FLR] a flowas constructed consisting of 1.5 slabs with
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one filled joint. 93 floors [SYS] and [SYSB] wecenstructed as a floor system with 2 slabs
or more, and connection reinforcement with the sujipg beams, and some peripheral tie
beam around the floor. Of that, 19 individual asalyle fire test results consisted of a test set
up with an intermediate beam in order to study dloor construction, or in order to study
only shear and not bending. As in these fire teafigurations actually two floors are present
at both sides of the intermediate beam, in 5 césesdifferent floor configurations were
applied on the left and right side. Hence, in tledcdfire database one fire test was then split
into two individual analysable fire test resultsccardingly, these 19 individual analysable
fire test results the results of 14 fire test ged-UANd in some more fire tests several slabs
with for example various thicknesses were testdbdeasame time. Then, the fire test was split
into several results.

hollow core slab
floor system

— single hollow core

w v slab unit

hollow core
slab slice
(10x)

SLICE

¥

w hollow core slab
floor system with
intermediate beam

hollow core
slab floor

double-web
hollow core slab
element

(19x)

¥

(19x)
SYSB

WEBS

Figure 2.7. Test set-up lay-outs in database (16&ides, double-web elements,
single slabs, floors, and systems

In order to evaluate the fire tests from the degalia a consequent way, every fire test
has been marked whether it was in compliance wiéhfire testing standards as mentioned
above. When assessing the database with the fitehgestandards, it is clear that the
requirements were not accounted for in many tebtainly at the start in 1960s and 1970s,
too small test set-ups with single hollow core slatere used in fire tests as European
standards were not harmonized. But also later search-oriented tests self-defined test set-
up requirements were used. In tests carried outhermarket acceptance the requirements
from the standards were taken into account. He8@etest set-ups did comply to the fire
testing standards, while 73 test set-ups did notpdp to the standards as the size of the floor
did not comply to minimum of 4 x 2 it is evident from Figure 2.7 that only the floor
systems (SYS and SYSB) did comply as in these gordtions only the minimum
requirements for exposed length and width couldnie¢. However, in some of the tests on
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systems the exposed length was significantly sma#iflan 4 m (H140, H141, H142) and
therefore not all system tests conform to standeMd 365-2. In Figure 2.8, which will be

explained more in detail in the next section, theeg field indicate the 89 fire tests that
comply to the fire testing standards, the yelloeldiindicate the 73 fire tests that did not
comply.

When looking at the database in relation to theldise curve, it became clear that 154
out of the 162 independent analysable results wreeuted with the standardised ISO 834
fire. In 4 fire tests a parametric or natural fivas used (BRE fire tests in United Kingdom),
while in another 4 fire tests (RIFS fire tests ial@us) heating was performed by means of
electrical heating elements according to GOST 3(244.

Regarding the load on the test floor, fire testvehdeen executed mostly with
accidental load or unloaded. In some cases sarglwage used, but according to EN1365-2
point loads shall be transferred to the test spegithrough distribution plates, which should
not cover more than 16% of the total surface amearder not to disturb the temperature flow
through the structure. Note that in some fire tdstdoad was too high to be resisted.

2.6. ldentification of failure mechanisms in Holcofire Database

As defined in the Eurocode “Basis of structuraligiesEN 1990 3.2(2)P and 6.4.3.3(4),
fire is to be considered as an accidental actidme Televant design situations and the
associated accidental actions of fire should berdehed on the basis of fire risk assessment.
In principle only the ultimate limit state has te erified. This means that large deformations
and important local damage are acceptable on d¢ondhat the following basic requirements
are satisfied; the load bearing resistance of timstcuction or parts of it, can be assured for a
specific period of time (criterion R); the genevatiand spread of fire and smoke within the
building is limited (criterion E); and the occupsucain leave the building or can be rescued by
other means (criterion I).

The action effects of a severe fire on a concreteponent and/or a concrete structure
are very complex due to several phenomena occuatitbe same time. As a consequence,
internal cracking and spalling will occur. Howeveracked concrete sections are still able to
transfer, to a certain degree, stresses by aggregerlock, on condition that the cracks
remain closed. Tests on furnaces indeed reveadcctimponents were still able to carry an
important load despite extensive damages to thmezlts. Practically, it means that in the
assessment of a laboratory fire test (or a rea),fione should principally look to the global
behavior of the components, rather than local da&anamn condition that the basic
requirements are fulfilled. From this viewpoint tii@abase was assessed.

The most interesting on the Holcofire databasehat ft provides independent but
registered information on controlled tests on hellaore slabs and floors under fire
conditions in order to verify design models. In mofthe cases the objective of the fire tests
was to reach a certain fire resistance time. Inescases premature failures took place. In
other cases tests were intended to fail in ordestiidly a certain failure mechanism more

thoroughly from a research point of view. All theeftest reports in the Holcofire Database
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have been analysed and the failure mechanismsiamnarised in Figure 2.8. The following
groups can be distinguished:

In 102 fire test results the fire resistance R{fp obtained and granted as failure did
not take place. Of these, in 80 fire test restiésfire test was completely stopped and
reported on. In 22 fire tests, the test contind@dthat 22, in 8 fire tests the test was
finally stopped without any failure and in 14 firest a failure occurred. These tests
were executed either with continuing fire under salmading, or without fire and
increasing the load. This “additional testing” vedso documented in the test reports.
In 60 fire test results the fire resistance timeswat granted. In 3 fire tests the test
was stopped without a failure. In 57 test resutis tesearchers observed a failure
before a targeted R(EI) was reached, either unéaglsc or intended. The fire
resistance time varied between a range from 10 teénup to 135 minutes.

In total in 91 test results a failure did not occand in 71 (57 + 14) test results a
failure did occur;

The observed failure mechanisms in the 71 fireresilts were;

o 11 fire test results resulted in a bending failoiréhe cross section;
0 42 fire test results exhibited a clear shear amtharage failure;
0 6 fire test results exhibited a combined shear-imgnidteraction failure;
o 5 fire test results showed extensive explosivelisgal
o 4 fire test results showed clearly horizontal cragkhrough the webs;
o and in 3 fire tests another failure type occurrgaintching, bond, and
unknown).
162 fire tests
] 73x
tes. b I EN1363-1 Tests NOt COMPIYiNQ  m—
. 89
Resistance EN1365-2 —( Tests that comply } al
R
102 fire tests | |Test continued (2§){ =3 X 1 BN F 5 [ 0 ]
R granted 57 7 0 1 0 1
o
. - 188 [|5< < 52_||spo
No failure (80) = X ‘—S,‘x s K zSé %g’x‘ g%g et x
£5 4= Ak gol| 85|35
g% 2% ||%2% |88 58%|| 28
L E—
60 fire tests R o ) 0 1 TR [ 2 0 2
not granted (Psr;:)mature failure L 0 ) vz 24 3 L 2 4 J

Figure 2.8. HOLCOFIRE fire test database comprislig fire test results on hollow cores
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2.7. Bending resistance under fire conditions

To determine the bending resistance under fireuttimate load bearing capacity of a
heated cross section was calculated using a siegldross-section method and taking into
account the reduction of the characteristic sttengt prestressing steel. The bending
resistance of a hollow core floor is governed bg ttegradation of the strength of the
prestressing reinforcement in function of the terapee.

It is concluded that the calculated strand tempegawith EN1992-1-2 Figure A.2 gives
a very good prediction of the mean temperaturéhénstrands. The analysis on 25 fire tests
shows that the ratio of average-measured temperatwer calculated temperature is 99.8%
while the coefficient of variation is 14.9%. The&® fire tests cover fires from 45 minutes to
more than 2 hours and contain hollow core slabh aiis distances between 30 mm to 60
mm and with mean strand temperatures ranging fr&® ZC to 500 °C. But although
EN1992-1-2 Figure A.2 gives very accurate resudtsniean temperatures of the strands, it is
also evident that in a fire test the scatter ofhigdhest temperature could easily be more than
30% higher than the mean temperature of the strand.

As an example fire test H67 is recalculated. Figr@ shows the bending failure
mechanism of fire test H67 in which the rate ofledfons was exceeded at 122 minutes.
From EN1992-1-2 Figure A.2 (see Figure 2.3) oneaadoulate that after 122 minutes and 54
mm axis distance the (mean) temperature in theddrés 367 °C. Then, from EN1992-1-2
Figure 4.3 (see Figure 2.4) it can then be caledldhat for fire test H67 at 367 °C the ratio
ko(0) is 0.546 (line 1b for class B). Hence, the ultimatress in the strands with quality
FeP1860 was,§ = 0.546*0.9*1860 = 914 N/mfn With that it follows that I = A, X Ofire =
416 mnf x 914 N/mni = 380 kN. With an internal lever arm of 0.9 d €*9(240+60)-54) =
221 mm, the cross section could resist a momehtrgf = 84.1 kKNm. The moment present in
the cross section under the loading point was; M 74.3 kNm. Hence, the calculated use of
the cross sectional capacity wag M Mg = 74.3 / 84.1 = 88.3%. This is not equal to 100%,
and this can be mainly explained by the fact thadceme locations the temperature in the
strands, which was not measured, was most prold@gher as discussed above. Another
explanation could be found in the fact that thesadistance of the strands could also differ
from the theoretical position. If class A was asedrfor the prestressing stepl£ 0.984 and
ko(6) = 0,566) , the use of the cross sectional capatiould be M5 / Mg = 74.3 / 95.2 =
78.0%.

In the recalculation of the bending capacity acogydo EN1992-1-2, at the time the
fire resistance R was granted (and not at the tiragest ended), it was evident that in 99 of
102 fire test results the bending moment actingthen middle of the span during the fire
testing time was lower than 100% of the calculdtedding capacity of the hollow core slab
cross section. When we consider the time the disewas stopped, in 96 fire tests the bending
moment was lower than 100% of the calculated bendapacity (see Figure 2.10). Of the
points above 100%, 3 fire tests failed indeed indigg as the rate of deflection criterion was
exceeded. By taking into account some scattes, @included from the recalculation of the
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102 fire test that the simplified expression shalearly whether a bending failure should
take place or not.

e e & ‘) e v
Figure 2.9. Fire test H67: Bending failure expres$y exceeding rate of deflection; large
deflections visible at mid span (Note that a battesto is not available, as in many original
reports either a photo is lacking, or is not alwaysarly prresented)

In 11 fire tests from the database the bendingagpaas exceeded. These tests were
stopped as according to EN1363-1 the rate of défleevas exceeded. Recalculation of these
11 fire tests shows that the increasing rate ofedgbn can be attributed to material
degradation of the prestressing strands leading teending failure. It emerges that the
average of the fire tests results in which the bendapacity was governing is 96.9% (ratio
Mexp / MRi), with a coefficient of variation of 24.0%. Noteat in fire test H139 some local
spalling occurred, so that the cover was less hus the strands were quicker heated and the
ratio Mexp / Mrysi is under 100%. The low ratio of fire test H19 @mrewhat unclear, but
reading the test report it emerged that verticagitudinal cracks occurred in the slabs (what
is normal in case of single slabs or 1.5 slabgesups), and some local spalling. Also there
the temperature could be much higher than calalilatth EN1992-1-2 Figure A.2. When 88
of the 102 fire tests results (the fire tests panfad on slices were neglected, and tests should
not be counted double) are considered that didailddy bending the average improves. With
the method of maximum likelihood it emerges that éiverage of ratio (M, / Mr,i) with the
11 plus 88 results increases to 106.1% (ratiQ,MMg ), with a coefficient of variation of
22.8%.

The main conclusion in relation to bending capaisitthat the Eurocode EN1992-1-2 to
calculate the bending capacity under fire gives/\gwod and safe predictions (106.1%) on
the ultimate bending capacity for hollow core slédors exposed to fire. The analysis
confirms that in general, there is hardly any désgon on the bending capacity.
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Figure 2.10. Bending moment over bending capacitgus time of 102 tests that
did not fail in bending

2.8. Shear and anchorage resistance under fire conditien

In the recalculation of the shear and anchoragadigpaccording to EN1168 Annex G,
the 42 fire tests that exhibited a shear and ageofailure were analysed as well as the 102
fire tests that reached the required fire resigtdime R (do note that 3 tests are overlapping).
We consider a total of 141 (102 + 42 - 3) fire desh 99 fire tests a shear failure did not
occur, in 3 tests the fire was stopped and thesshadye loaded to shear and anchorage failure
afterwards, and in 39 fire tests shear and anckedailyre occurred during the fire test.

This study evaluated at first the formula of EN1E&BAnnex G formula with 42 fire
test results carried out in numerous laboratohiesughout Europe that exhibited a shear and
anchorage failure (See Appendix 2.A1 for overvigw?2 fire tests and analysed results) . In
39 fire tests failure occurred during the fire téat3 tests the slabs were loaded to shear
failure afterwards. In these 42 fire tests shearamchorage failure played a different role. In
only 20 fire tests (RUG, VTT, EMPA, DIFT, ITB) thslab(s) failed unexpectedly and
prematurely, which was the main cause of discussioiiEurope and deterioration of the good
image of hollow core slab. The other tests werdgdesl to fail during the fire test in order to
study systematically shear. As it emerged from @halysis, the concrete strength has a
significant influence on the shear capacity acegydo EN1168 Annex G. All the fire tests
were recalculated with concrete strength at 28 daysalso the strength at the day of testing
has been used in the analyses. In order to geteanabout concrete age and conducting a fire
tests, it is good to state the best practice thatitme between production of the hollow core
slabs and the fire tests would be normally 6 mooth$80 days. Hence, the concrete age of
the prestressed slabs would normally be 180 daysooe.
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One fire test is recalculated as an example. Tihedamechanism of test H122 is given
in Figure 2.11; a clear shear crack is visibleh@ shear span as well as a crack at the level of
the strands. Ny s Of this test is calculated according to formula EN68 with the following
parameters (note that slab width is 445 mm): suplemgth 100 mm, h = 258 mm, A
63865 mm, by = 130 mm, gy = 61 mm, £n28= 63 N/mnf, aggregate = silicious,xf= 500
MPa, A = “no reinfo”, coldworked steel,sy= not applicable,o, = 900 MPa (this parameter
has no influence on end result), type of prestiestrand, @= 12.5 mm, A =186 mm, and
Yp = 58.5 mm. The result of this calculatiord\ i 123)= 42.9 KN/m. The shear load was 29.0
kN/m, so that failure was at 68% of the calculatagacity. Alike test H122, all 42 fire test
have been recalculated, and results are givengor&i2.12 where a distinction was made
between double-web elements, single slab unitsflandsystems.

s . . " 2% T L
B e 7 s TN -
Figure 2.11. Fire test H122: Shear and anclyzrdailure; shear crack visible at shear span
and crack at level of strands
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Figure 2.12. Relation shear capacity from fire testsus shear capacity calculated
with EN1168 Annex G
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By recalculating the shear and anchorage capacitgrding to EN1168 Annex G of
102 fire tests that did not fail by shear and anabe in the real fire test, it was demonstrated
that in 80 of the fire test results the actual shead was lower than the calculated shear and
anchorage capacity according to EN1168 Annex Glenihi22 fire tests the shear load was
higher than the calculated capacity (Figure 2.E8)wever, 18 out of these 22 fire tests
showed a higher capacity by means of the systeectedince the fire tests were conducted on
floor systems. As became evident from the study stfstem effect is not accounted for in the
EN1168 Annex G formula. The “system effect” is aorease in shear capacity mainly caused
by the introduction of a longitudinal blocking effethat closes the vertical cracks and acts
positively on the shear and anchorage capacityreftue, this system effect explains that the
actual shear capacity in the 18 tests is higher tt@culated with Annex G. Of the other 4
tests that were not floor systems, one specimeraataslly restraint in longitudinal direction;
one did really fail in shear, while the other 2 nfialywithin the scatter of the calculation.

Then, a statistical analysis was made using thatsesf the 42 recalculated fire tests
that failed including the results of the 102 fiests that did not fail (maximum likelihood
method, see Appendix 2.C). In general, from thisam@nalyses that evaluates the empirical
formula of EN1168 Annex G formula with 42 fire testarried out in numerous laboratories
that exhibited a shear and anchorage failure, @ fite tests that reached the required
resistance time, it is firmly concluded that the I28 Annex G shear formula for hollow
core slabs is safe for the application of hollowecslabs in floor systems.
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Figure 2.13. Shear load over shear capacity vetsus of fire tests in which
R was granted of 102 tests
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The following conclusions are drawn from the metatgsis on the fire test results:

EN1168 Annex G does not account for the systenteftafe approach). From the
analysis it became evident that the system effast d positive influence on the
shear and anchorage capacity. Therefore, the cgianlis splitted in two parts: for
single slab units without system effect, and floaith system effects. Both the 42
fire tests that failed as well as the 92 fire télsé did not fail are included:

o0 Single slab without system effect. When taking iatcount 28 of the 42 fire

tests that failed in shear and anchorage, and éyntaximum likelihood
method 27 of the 92 fire tests that reached thaired fire resistance time
(and not count the 3 shear tests and the 7 fite wsslices), the fire tests
results are 98.8% of the calculated shear capaeityl coefficient of
variation is 22.3%. This is a single slab which masinteraction with a
surrounding structure:
= The slab is simply supported,;
= the slab is either without or with connection reirtement placed in
the joint or core anchored to the support struct(@ennection
reinforcement at mid height or lower);
= a structural topping could or could be not presenthe single slab;
Floor with a “system effect”. When taking into acod 14 of the 42 fire tests
that failed in shear and anchorage, and by the manxi likelihood method
65 of the 92 fire tests that reached the requiedrésistance time (and not
count the 3 shear tests and 7 fire tests on slitks)fire tests results are
129.0% of the calculated shear capacity, and adeffi of variation is
24.3%. This is a floor in which there is interaatiwith the surrounding floor
field:
= the slabs are cast against the support (eitheam log a wall);
= the slabs are either with or without connectiomfi@icement placed
in the joint or in the core and anchored into th@p®rt structure
(connection reinforcement at mid height or lower);
= the joints are filled between the slab to formaofifield,;
= a structural topping could be present;
= a peripheral tie beam, or equivalent, is cast atdha floor;
In practice, a local fire on a large floor alreadguces a system effect by the
unheated surrounding slabs.
The scatter in time with coefficient of variatioh#5.9% for all 42 fire tests
is however very high. When taking into account otilg 14 system and
when the 3 “outliers” are neglected, the coeffitief variation for time
decreases to 37.0%.

The fire test database on shear and anchorageir®ialow core depths ranging
from 185 mm to 400 mm. These 42 tests consist ofir@0tests on 255-275 mm
deep hollow core slabs, 8 fire tests on 185-220 deep slabs, and 4 tests on 400
mm deep slabs. It is concluded that the tests &nmd® hollow core slab depth and
185-220 mm hollow core slab depth show the sam@edison around the
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theoretical line as the tests with 255-275 mm dépéle Figure 2.12 in combination
with Appendix 2.A2). Hence, no outliers have besentified at the lower depths or
the higher depths. Therefore, it is concluded EMd1168:A3 Annex G is valid for
all heights between 185 mm and 400 mm.

» The decrease in shear capacity in time due toea &is calculated with EN1168
Annex G, is clearly observed in independent firgtgavith more or less identical
cross sections. It is evident from fire tests thien a lower shear load is applied on
the hollow core, a longer fire time is achieved.

» ltis verified through the fire tests in the datsdvghat when the amount of strands in
a hollow core is increased, the shear capacityaszs.

* It is verified through the fire tests in the datedathat when connection
reinforcement is included in the test floor, theahcapacity increases.

» It can be concluded from the fire tests and shepedcity calculations at ambient
temperature (shear flexure according to EN1992) tthea shear capacity calculated
for fire at O minutes is on average higher than%a@3 the flexural shear capacity at
ambient temperature, and 70% at 120 minutes. kwd®t, a linear interpolation can
be applied.

» Further, the outcome of Annex G shear capacitydsiy sensible to parameters as
amount of connection reinforcement, amount of pessing reinforcement, mean
concrete (cylinder) strength, and geometry of thb.s

* It is recommended that EN1168 Annex G states thafife calculationn; = 0.7
(bad bond conditions) should be used, as this v@iaplicit parameter) has been
used for validation calculations. For protrudingaetls and wires, for the protruding
part beyond the hollow core heggd= 1.0 can be used.

From this meta analyses, that evaluates the erapificmula of EN1168 Annex G
formula against 42 fire tests carried out in nurneriaboratories where shear and anchorage
was governing failure, and 102 fire tests that mhid fail in shear when R was granted, it is
strongly concluded that the EN1168 Annex G sheantita for hollow core slabs is safe for
the application of hollow core slabs in floor syste

IIXTRHTTRR +'Hl++Hl++v IXEX ‘TR’
& ' : - | I
“/:M -V |ntera{:t|on E I\LI\MV interagtion
\I Vmax “‘ \‘\I Vmax “‘ :‘\\“\Ivmax

~ M max

Figure 2.14. Shear-bending interaction in firettedue to use of point loads in experiments
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2.9. Shear-bending interaction resistance under fire cadlitions

In 6 fire tests from the database the researchatsdsthat a failure occurred, but the
cause of the failure was not clear or misjudgedthim Holcofire analysis it emerged that
shear-bending interaction was the governing faitype. In general, it is stated here that in a
fire test it is not so easy to simulate a live lodding point loads is needed to add live load in
a test, but the moment and shear distribution dverfloor is not comparable with practical
applications where there is always a more distetbulbad. The standards EN1363 and
EN1365 prescribe that it is not allowed to placadigrovisions covering more than 16% of
the surface on the top of the floor, as this migfiuence the temperature flow through the
floor during the fire test. Hence, point loadsioelloads need to be applied. By consequence,
this forces cause a high shear force while the ingnchoment is at its maximum; the so
called V-M interaction. Figure 2.14 shows the peobl of point loads schematically for
different test set ups. This is a typical problemaboratory tests, as in practical situations
with distributed loads this does not occur. In fica; mostly, the maximum shear load is
acting at the support where the bending momerws While the maximum bending moment
is acting at midspan where the shear load is low.

Figure 2.15. Fire test H91: a shear-bending intefawg failure

In the standards shear-bending interaction is atiheld. Formula 12 gives a definition
that has been used in this study; a combinatidheformulas (6) and (3) has been used. This
formula has not been officially published, but isadissed in task group TG1 of working
group WG1 of technical committee CEN TC229. Herioe shear-bending interaction in the
relevant cross section the following unity checksgd:

Vs + Ms (10
VR, fi M R, fi (13)

The analysis of the 6 fire test results showed thitth this interaction formula the
average of the ratio @ / Vrdcfi + Mexp / Mrac,i) is 125%, and coefficient of variation is
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17%. Hence, the interaction formula gives a saéaligtion of the failure mechanism shear-
bending interaction. Figure 2.15 shows fire testLHi® which a shear-bending interaction
failure occurred.

2.10. Explosive spalling under fire conditions

In five fire tests extensive explosive spalling mced leading to local damage of the
slab. Figure 2.16 shows the soffit and top surf#dd60. Most probably the moisture content
was high; this was estimated to be between 2.5%8d% but can be much higher in reality.
However, the moisture content in some slabs cootda retraced, as measurements were not
taken in the slab. In the database of Holcofirgelere six other fire test results in which
explosive spalling also occurred but it did notdi¢a failure in the test. There, the moisture
content was estimated to be between 2.0 and 2.5%.a8 the moisture content was not
measured in many fire tests, the number of daysskhles were dried to get the moisture
content down could be used as a proxy. Then bigladed that the slabs were very young in
fire test H103. This could also explain well thesetved extensive explosive spalling.

To prevent explosive spalling it is important tot glee moisture content down with
enough drying days of the slabs. In general, 3 hwstorage in indoor conditions20 °C,
~50% RH) can be considered as acceptable. But hatdtte time between production of the
hollow core slabs, and the fire tests, would thennbrmally 6 months or 180 days. In the
experience of Holcofire a slab age of minimum 18§slis needed to exclude explosive
spalling: 1 month normal curing for the slabs td deir 28 day strength under normal
conditions, subsequently followed by 3 months dyyimder controlled conditions, then 1
month of test preparation (wires and so on), asBeqbreinforcement, surrounding
structure) and casting of joint and/or topping, dimally 1 month for curing of the joints
and/or topping, and ofcourse, the preparation effile test. This results in about 180 days or
6 months.

Spalling during the fire test Part of hole that occured at 39 minutes

Figure 2.16. Fire test H60 with extensive spallgtgpped after 66 minutes
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It is concluded from the fire tests in which expesspalling occurred, that from the
given moisture measurements it is not evident wérethe slabs did contain concrete with a
moisture content above the 3%. In one fire teststabs were used for the third time, with
very young slabs, while in another test lightweigigigregate was used from which it is
known that it is spalling sensitive. It is remarlakhat all fire tests with explosive spalling
were conducted on floor systems with restrainedditmms. In all 5 fire test cases the floor
itself did not collapse. Hence, as the fire testsnat fully explain the influence of the
moisture content and restrained conditions, expéospalling remained subject for further
study in the Holcofire project, and is reportedim&hapters 5 to 7.

2.11. Horizontal cracking of the webs under fire conditicns

It is evident from the database that in case oifel tests, horizontal cracking of the
webs occurred and the specimen failed. But it $® @lear from the database that this only
occurred in the 3 Dutch tests on hollow core slifd$53, H154, H159) and double-web
element loaded in shear (H110), while this wasatsterved in the other 158 fire test results.
In the Efectis fire tests performed on slices trwed specimen consisted of extreme toppings
with a thickness of 100 mm or 300 mm, or with tlielifion of external restraints. In Figure
2.17 the failure mechanism of fire test H153 isadlevisible; in a slice of a hollow core with
a 300 mm topping a horizontal crack initiated aftér minutes through the webs and the
under flange separated from the concrete specimeahe TNO test the double-web element
was restrained longitudinally by means of a jaclsiich a way that a horizontal crack was
initiated at the level of the strands that ledaitufe. By a simple hand- and computer model it
was demonstrated in The Netherlands that bendingenband tensile forces in the second
web led to these horizontal cracks as a resulthef thick restraining topping. External
restraints from the floor were not investigatedhia Dutch study.

Figure 2.17. Fire test H153 with 300 mm toppingl &orizontal cracks through the webs

A design rule does not exist for horizontal cragkibut in The Netherlands an
intermediate measure is used prescribing thatuetstal topping may not exceed a certain
thickness without applying additional measuresthese is not yet a design formula, neither
an accepted design model to analyse the resultasito be concluded that the mechanism of
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horizontal cracking through the webs is not yetyfuinderstood, although it becomes clear
that in fire tests a thick topping and restrainte @amportant parameters. This failure
mechanism therefore was studied more in detahénHolcofire project and is reported on in
Chapter5to 7.

2.12. Fire tests with another failure type and maximum délections

In case of 3 fire tests the failure type was ddférfrom the ones we described; one test
showed bond problems with 15.2 mm diameter stramds2.4 m wide slab, one test showed
punching failure, and the failure mode of anothest tcould not be retrieved from the
authentic test report, however, in this case failoccurred after the fire resistance time was
granted. The results of these tests can therefsoeba understood, but do not say much about
the overall behaviour of hollow core slabs under &onditions. They do say that doing a fire
tests can lead to unexpected outcomes.

Finally, it is remarked that in 11 fire tests thefldction criterion L/30 was exceeded,
and the fire test was stopped. Hence, in thess thst L/30 value was kept as maximum
deflection criterion. However, according to currestandards instead of L/30 the value of
L%400d should be the limiting value, which actuallyes a larger limiting value. In all cases
the fire tests should have been continued as hodadccurred. The thermal gradient over the
height of the cross section explains the linearlgréasing deflections during a fire test
causing the deflection of the floor towards thee.fiBut in practical applications, where
structures are not statically determinate but rddah the deflections will not govern. And
even, in practice, steel structures with steel-petecfloor make use of the tensile membrane
action during fires which is actually only possilibe large deflections. Hence, in the analyses
on the database, the fire test results in whichnmiaaimum deflection was exceeded, was
considered not to have failed and is grouped imf€i@.8 under “no failure.”

2.13. Conclusions

Under the BIBM Holcofire project 162 independent@&pean fire test results on hollow
core slabs and floors were collected out of 158 tigsts. These fire tests were carried over a
period of 45 years between 1966 and 2010 in wédibdished fire testing laboratories. The
Holcofire database has been set up to enable a thoreugh meta-analysis over the test
results that produced stronger conclusions tharbegsrovided by any individual study. From
the database it emerged that in 102 fire testditbeesistance time was granted. In 91 fire
test results failure did not occur, while in 7Zftests a failure did occur.

The overall conclusion and implication of this exded meta-analysis on the 162
independent fire test results is that if the nowadavailable resistance models and
requirements (EN1168, EN1192-1-2, EN1363-1, EN13p&re strictly followed, the fire test
results on hollow core slabs can be fully explaifeed®4.5% of the database:
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» Fire tests that did not fail (91x);

» Fire tests failed in bending (11x);

» Fire tests failed in shear and anchorage (42x);

» Fire tests failed due to interaction of shear agwiding (6x);
» Fire tests with another type of failure (3x).

The theoretical models for explosive spalling adl we horizontal cracking are not yet
fully understood with the knowledge elaborated mihis Chapter, although it becomes clear
that in fire tests moisture content, a thick togpirand floor restraints are important
parameters. Therefore, explosive spalling and bat&@ cracking was studied further in the
Holcofire project and reported on in Chapter 5 téiénce, with the knowledge and standards
elaborated on in this Chapter, the fire tests tesoh hollow core slabs cannot be fully
explained by that for 5.5% of the database:

» Fire tests in which explosive spalling led to fadwr hole in the slabs (5x);

» Fire tests in which horizontal cracking occurrer)(4

Regarding the fire test results that did not faitidg the fire at the moment when R was
granted (102x), all tests have been recalculatetidoding capacity with EN1992-1-2 and for
shear and anchorage with EN1168 Annex G. Both atalsdgive good and safe predictions
on the ultimate bending capacity and shear andaxagk capacity for hollow core slabs and
floors exposed to fire. In the recalculation of thending capacity it emerged that in only 6
fire tests the load was higher than 100% of thexciyp (Mexp/ Mra,c,i), While only 3 tests did
fail by bending. Some scatter in the strand tentpega is the explanation for this. In the
recalculation of the shear and anchorage capdicéyerged that in 22 fire tests the shear and
anchorage capacity was higher than the shear Mag A Vrycs), While no tests failed in
shear. This can be explained by the “system efftwt increases the shear and anchorage
capacity.

Regarding the bending capacity, it emerged thatlirfire tests in which the rate of
deflections was exceeded, actually failed in begdirhe bending resistance of a hollow core
floor is governed by the degradation of the striengft the prestressing reinforcement in
function of the temperature. From 25 fire testsvéts concluded that the ratio of average-
measured temperature over calculated temperat@®@ 88 while the coefficient of variation
is 14.9%. An analysis over the 11 results and takito account 88 no-failure fire test results
by the “maximum likelihood method”, it is conclud#tht the average of ratio @/ Mra,c,)
is 109.7%, and the coefficient of variation is 28.5This confirms that the EN1192-1-2 is a
safe prediction, and confirms that in general, éhierhardly any discussion on the bending
capacity, and the fire test results give no redsaio that.

Regarding shear and anchorage capacity accordifgNtil68 Annex G, a statistical
analysis was made using the results of the 42 geledbd fire tests that failed by shear and
anchorage, and the results of 92 of the 102 feestam which R was granted (not taking into
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account the 3 shear tests and the 7 fire testiamsk It is concluded that EN1168 Annex G
does not take into account the "system effect’gsgproach). From the analysis it became
evident that the “system effect” has a positivduiefice on the shear and anchorage capacity.
Therefore, the conclusion is split in two parts: $ingle slab units without “system effect”,
and for floors with “system effect”.

» Single slab without “system effect”. When takingoimccount 28 of the 42 fire tests
that failed by shear and anchorage, and by the mani likelihood method 27 of
the 92 fire tests that reached the required fisestance time, the ratio &4/ Vrd,c,i)
of the fire tests results are 98.8% of the caledathear capacity, and coefficient of
variation is 22.3%. Hence, EN1168 Annex G basicadliculates well the capacity
of one single slab unit.

* Floor with a “system effect”. When taking into aood 14 of the 42 fire tests that
failed by shear and anchorage, and by the maxiniketihood method 65 of the 92
fire tests that reached the required fire resigtdime, the ratio (Yp/ Vra,c,i) Of the
fire tests results are 129.0% of the calculatedasivapacity, and coefficient of
variance is 24.3%. Hence, EN1168 Annex G neglémsekcess capacity by virtue
of the “system effects” that can be considereddaitianal safety.

» The above given conclusions are valid for the 28 maan strength of the concrete
that is used to calculate the design capacity feras and anchorage under fire
conditions according to EN1168 Annex G. Normallyire tests is conducted after a
longer period of hardening.

» The scatter in time with a coefficient of variatioh 75.9% for all 42 fire tests is
however very high. When taking into account onlg fioor systems and when
“outliers” are neglected, the coefficient of vaidat for time decreases to 37.0%.

Regarding the bending and shear and anchoragedtiter, an interaction formula is
not given by the standards. In this study the auton formula (Mxp/ VRrd,c it Mexp/ MR, i)
has been considered. The analysis on the 6 fiterdsglts showed that with this interaction
formula the average of the ratio ¥/ Vracfi + Mexp / Mrac,i) is 125%, and coefficient of
variation is 17%. Hence, the interaction formulaegi a safe prediction of the combined
failure mechanism.
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Appendix 2.A1 — 42 fire test results with shear andnchorage failure

Validation of 42 fire test results with EN1168 Amnn@ with concrete strength at 28 days. [Data froaicHifire
Database Subreport A, and published also in SIFIth-International Conference on Structures in,Hide
Fontana, A. Frangi, M. Knobloch (Eds.), Zurich, &erland, June 6-8, 2012]

Fire test result EN1168:A3 Fire test/
Annex G EN1168-G
Shearload Timeto Shear capacity [%]
TESTID [KN/m] _failure [min]  [kN/m]
H7 RUG 943 element | [1971] 44.7 36 45.2 98.9%
H8 RUG 943 element 11 [1971] 44.7 29 45.3 98.7%
H9 RUG 943 element 111 [1971] 44.7 33 40.7 109.8%
H39 VTT PAL 2480 [1982] 36.0 63 34.0 105.9%
H45 VTT PAL 4248 [1984] 40.4 49 25.4 159.1%
H48 VTT PAL 4450 [1984] 20.1 130 23.0 87.4%
H58 VTT PAL 566d [1985] 46.1 77 26.4 174.6%
H73 VTT PAL 90228 [1990] 64.8 27 47.1 137.6%
H83 EMPA B2-2 [1995] 35.1 49 329 106.7%
H85 EMPA B2-4 PL [1995] 35.8 75 29.5 121.4%
H86 EMPA B3-1 [1995] 28.6 97 15.1 189.4%
H96 DIFT X52650d [1998] 36.8 21 38.3 96.1%
H97 DIFT X52650e [1998] 37.7 26 42.2 89.3%
H98 DIFT X52650f [1998] 57.7 21 56.2 102.7%
H102 RUG 9158 [1999] (27.2) 69.5(120) 145 56.9 122.1%
H104 TNO R-A200 [1999] 31.2 96 29.4 106.1%
H106 TNO R-XB200 [1999] (32.9) 63.6(120) 125 34.2 186.0%
H107 TNO R-VX265 [1999] 48.6 35 37.2 130.6%
H108 TNO R-K400 [1999] 89.5 60 90.9 98.5%
H111 TNO R-K400-R [1999] 86.3 30 91.0 94.8%
H112 TNO R-K400-F [1999] 112.3 24 91.3 123.0%
H114 TNO U-VX265 [1999] 50.7 33 42.8 118.5%
H115 TNO U-HVP260A-1 [2000] 49.5 40 56.3 87.9%
H116 TNO U-HVP260A-2 [2000] 49.5 42 55.5 89.2%
H117 TNO U-HVP260A-3 [2000] 49.5 39 55.9 88.6%
H118 TNO U-K400 [2000] 93.8 33 93.2 100.6%
H119 TNO R-HVP260A23 [1999] 51.0 55 54.4 93.8%
H120 TNO R-HVP260A20 [2001] 43.0 56 51.4 83.7%
H121 TNO R-HVP260A17 [2001] 35.5 114 44.5 79.8%
H122 TNO R-HVP260A14 [2001] 29.0 123 42.9 67.6%
H123 TNO R-HVP260S23 [2001] 50.9 48 50.7 100.4%
H124 TNO R-HVP260S17 [2001] 37.2 45 51.4 72.4%
H125 TNO R-HVP260S11 [2001] (24.5) 32.7120) 123 35.9 89.7%
H126 TNO R-HVP260A23F [2001] 48.9 49 54.2 90.2%
H127 TNO R-HVP260A20F [2001] 42.6 50 54.1 78.7%
H128 TNO R-HVP260A17F [2001] 35.8 99 46.7 76.7%
H130 ITB LP 534.2 [2001] 54.0 47 58.0 93.1%
H131 ITB LP 534.3 [2002] 34.4 140 35.9 95.8%
H132 ITB test 1 (F.18.1) 27.5 35 26.7 103.0%
H133 ITB test 4 (F.19.1) 64.2 65 61.9 103.7%
H138 DIFT DCPA [2004] (F.22) 58.3 25 58.1 100.3%
H142 SPTRI P502076 SP3 [2005] 73.3 46 51.7 141.8%
average = 107.0%
coefficient of variation = 26.5%

With the maximum likelihood method, explained inp&mdix 2.C, also the 102 fire tests that did failt by
shear and anchorage when exposed to fire can be tato account. Then the average of all 42 fis¢ tesults
increases to 109.1% and coefficient of variatiooréases slightly to 25.8%.
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Appendix 2.A2 — Holcofire Database consisting of Pffire test results
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H1 TUB IBMB 66 4653-I 1966 1ISO 834 140 0 497 204 417 31 4,75 2 4 SYS 1 131 R-DF-BN
H2 TUBIBMB 664653 1966 I1SO834 140 0 497 204 741 23 475 2 4 SYS 1 127 R-DF-BN
H3  FROSI 4904 1969 I1SO834 152 0 600 170 187 38 4 35 SYS 1 120 R-NO
H4  VTT PAL 1927 1971  1SO834 265 0 1200 237 372 36563 31 3 SYS 1 80 R-NO
H5 VTT PAL 2892 1971 1ISO 834 265 0 1200 237 372 365,63 2,4 2 SYS 1 60 R-SP
H6 RUG 942 1971  1SO834 200 0 1200 382 465 40 74,2 11 HCS 0 120 R-NO
H7  RUG 943 element | 1971 1SO834 265 0 1200 287 855 25 61 12 1 HCS O 36 SA
H8  RUG 943 element Il 1971  1SO834 265 O 1200 287 585 25 61 12 1 HCS 0 29 SA
H9 RUG943elementllll 1971  1SO834 265 0 1200 287 558 25 61 1,2 1 HCS 0 33 SA
H10 RUG 1017 1971  1SO834 200 50 1200 382 520 499 512 1 HCS 0 67 DF
H11 TNO-CB BV-72-13 1971 ISO 834 200 0 1200 382 520 54 7,25 1,2 2 HCS 0 71 R-NO
H12 RUG 944 1972 1SO834 265 50 1200 286 1302 48 9 512 1 HCS 0 76  DF-BN
H13 RUG 1450 (protected) 1972 ISO 834 265 50 120087 2 1302 48 59 1,9 2 FLR 0 119 R-DF
H14 VTT PAL 2163/72 1972 1SO834 265 0 1200 232 558 36 6 24 2 SYS 1 61 R-NO
H15 VTT PAL 6710/73 1973  1SO834 265 0 1200 232 372 39 6 24 2 SYS 1 9 R-NO
H16 RUG 1734 (protected) 1973  1SO834 265 50 120087 2 1302 48 59 19 2 FLR 0 170 R-NO
H17 RUG 1870 (protected) 1974  ISO834 265 50 120087 2 1302 48 59 19 2 FLR 0 133 R-DF
H18 VTT PAL 7116-74 1974  1SO834 265 0 1200 232 372 35 6 24 2 SYS 1 60 R-NO
H19 RUG 2196 1975  1SO834 265 50 1200 287 744 409 519 2 FIR 0 92 DF-BN
H20 RUG 2830 1977 1SO834 265 50 1200 287 520 64 455,12 1 HCS 0 109 SB
H21 VTT PAL 1376/77 1976 ISO 834 200 0 1200 227 372 35 6 2,4 2 SYS 1 60 R-NO
H22 CBR 78/85 SPG 20/9 1978 1SO834 200 O 1200 377468 44 18 1 1 HCS 0 145 R-NO
H23 CBR 78/85 SPG 27/6 1978  1SO834 265 0 1200 233312 40 18 1 1 HCS 0 122 RNO
H24 CBR78/85SPG32/16 1978 ISO834 320 0 1200 247832 48 18 1 1 HCS 0 122 RNO
H25 CBR78/85SPK27/10 1978  1SO834 265 0 1200 233520 69 18 1 1 HCS 0 132 R-NO
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H26 CBR 78/85 SPG 27/6 (protected} 978 ISO 834 265 0 1200 233 312 40 1, 1 HCS 0 3 17R-NO
H27 VTT PAL 9498 1979 ISO 834 150 0 1200 231 208 356 2,4 2 SYS 1 50 R-NO
H28 VTT PAL 0795 1980 ISO 834 290 0 1200 260 372 806 2,4 2 SYS 1 190 DF
H29 RUG 3681 1980 ISO 834 152 30 595 175 248 39 6 .8 13 FLR 0 76 R-DF
H30 RUG 3682 1980 ISO 834 200 30 595 266 118 33 6 8 13 FLR 0 126 R-DF
H31 VTT PAL 1146b 1980 ISO 834 265 0 X X X 45 6 2,4 2 SYS 1 88 R-NO
H32 VTT PAL 1191 1980 ISO 834 265 0 X X X 45 6 2,4 2 SYS 1 112 R-NO
H33 VTT PAL 1350 1980 1ISO 834 265 0 X X X 45 6 2,4 2 SYS 1 78 R-NO
H34 VTT PAL 1038a 1980 ISO 834 265 0 1200 232 279 5 56 2,4 2 SYS 1 105 R-DF
H35 VTT PAL 1038b 1980 ISO 834 150 0 1200 231 208 3 3 6 2,4 2 SYS 1 45 R-NO
H36 VTT PAL 1038qprotected) 1980 ISO 834 150 0 1200 231 208 33 6 2,4 SYS 1 2 26R-NO
H37 VTT PAL 1275a 1980 ISO 834 265 0 1200 232 2719 5 6 6 2,4 2 SYS 1 105,5 R-NO
w H38  VTT PAL 2358 1982 ISO 834 150 0 1200 208 364 385,9 2,4 2 SYS 1 64 R-DF
) H39 VTT PAL 2480 1982 1ISO 834 275 0 1200 243 558 654 2,4 2 SYS 1 63 SA
H40 VTT PAL 2481 1982 ISO 834 215 0 1200 241 651 385,9 2,4 2 SYS 1 78 R-NO
H41 RUG 4514 1982 ISO 834 265 50 1200 287 520 61 455, 1,2 1 HCS O 150 R-NO
H42 TUBIBMB 82 1424 /1-IV. 1982 ISO 834 140 0 497 204 174 35 4,75 2 SYS 1 47R-DF-BN
H43 TUBIBMB 82 1424 /V-VI 1982 ISO 834 160 0 497 254 145 35 4,75 2 SYS 1 95R-NO
H44 IBS 2311 1983 ISO 834 160 0 1200 462 520 35 4,12 2 SYS 1 90 R-NO
H45 VTT PAL 4248 1984 ISO 834 265 0 2400 465 744 645,185 24 1 SYS 1 49 SA
H46 VTT PAL 4337 1984 ISO 834 265 0 1200 233 312 335,185 24 2 SYS 1 62 R-NO
H47 VTT PAL 4448 1984 1ISO 834 160 0 1200 276 208 375,185 24 2 SYS 1 36 DF
H48 VTT PAL 4450 1984 ISO 834 265 0 1200 233 312 615,185 24 2 SYS 1 130 SA
H49 VTT PAL 4451 1984 ISO 834 275 0 1200 227 372 915,185 24 2 SYS 1 30 DF-BN
H50 VTT PAL 4452 1984 ISO 834 265 0 1200 225 930 335,185 24 2 SYS 1 135 R-NO
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H51 VTT PAL 4453 1985 ISO 834 265 0 1200 225 208 345,185 2,4 2 SyYs 1 60 R-NO
H52 VTT PAL 4454 1985 ISO 834 265 0 2400 465 1395 4 6 5185 24 1 SYS 1 43 oT

H53 VTT PAL 566a/a 1985 ISO 834 200 0 1200 227 651 34 3,165 1,2 1 HCS 0 60 R-NO
H54 VTT PAL 566a/b+c 1985 ISO 834 200 0 1200 227 165 34 3,165 24 3 FLR 0 595 R-NO
H55 VTT PAL 566a/d 1985 ISO 834 200 0 1200 227 651 37 4 1,2 1 HCS 0 604 R-NO
H56 VTT PAL 566b 1985 ISO 834 265 0 1200 223 930 375,165 2,4 3 SYS 1 604 R-NO
H57 VTT PAL 566¢ 1985 ISO 834 265 0 1200 248 558 365,165 2,4 3 Sys 1 39 SP

H58 VTT PAL 566d 1985 ISO 834 265 0 1200 233 558 575,165 24 3 sys 1 77 SA

H59 VTT PAL 5308 1985 ISO 834 265 0 2400 465 468 315,185 3 3 SyYs 1 61 R-NO
H60 VTT PAL 5327 1985 ISO 834 265 0 1200 382 602 635,175 24 3 SYS 1 66 SP

H61 1G 8973 1985 ISO 834 240 0 1200 415 638 45 4 4 2,2 SYSs 1 154 R-NO
H62 VTT PAL 5377 1986 ISO 834 265 0 1200 248 558 345,165 2,4 3 SYS 1 83 R-DF-BN
H63 IG 11686 1986 ISO 834 160 0 1200 349 71 45 4,32,4 2 SysS 1 84 R-DF-BN
H64 IBS 2697/87 | 1986 ISO 834 265 0 1200 225 744 5 3 41 2,388 2 SYS 1 904 R-NO
H65 IBS 2697/87 Il 1987 ISO 834 400 0 1200 278 930 35 4,1 2,388 2 SysS 1 90 R-NO
H66 IG 12751 1987 ISO 834 160 0 1200 349 141 51 4,32,4 2 SYS 1 153 R-NO
H67 1G 42093/0088 1990 ISO 834 240 60 1200 361 416 54 6,3 1,2 1 HCS 0 122 R-DF-BN
H68 CSI 055/90/CF-1 1990 ISO 834 240 40 1200 404 8 34 35 4 1,2 1 SYS 1 180 R-NO
H69 CSI 055/90/CF-2 1990 ISO 834 380 40 1200 376 6 41 35 4 1,2 1 SYS 1 180 R-NO
H70 CSI 055/90/CF-3 1990 ISO 834 600 40 1200 309 2 68 35 4 18 2 SYs 1 180 R-NO
H71 RUG 6285 1990 ISO 834 250 45 600 236 520 53 3%,11,8 3 FLR 0 194 R-NO
H72 RUG 6286 1990 ISO 834 150 45 600 241 520 53 3%,11,8 3 FLR 0 182 R-NO
H73 VTT PAL 90228 1990 ISO 834 265 0 1200 232 766 1 7 5165 24 3 sys 1 27 SA

H74 VTT PAL 00360/90a 1990 ISO 834 420 0 1200 243 654 56 5165 24 3 SYS 1 120 R-NO
H75 VTT PAL 00360/90b 1990 ISO 834 420 0 1200 243 654 56 5165 24 3 SyS 1 1204 R-NO




-CHAPTER TWO -

8¢

Q ©
g § E 5 e %_ 37 5
2. 3 s ¢ 0§ S8 §_§F sEfEs : 3 E ¢
g 2 2 3 S £ 3_f-._S2L°_sd .32 & & = ¢
53 2 3 o SE 3 BEISESSELE 25835 B =2 & 3o
T e i i) i wnE 2 sEITEZRBEIE 8§ 8§ 2 £ w = [T =
H76 VTT PAL 1126/91 1991 ISO 834 265 0 1200 232 520 565,225 24 3 SYS 1 157,4 R-DF
H77 VTT PAL 1127/91 1991 ISO 834 400 0 1200 242 465 565,185 24 3 SYS 1 61 R-NO
H78 IBS 3391/93Z 1993 ISO 834 200 0 1200 247 651 35 4,12,4 2 SYS 1 123 R-DF-BN
H79 IBS 3350/93 1993 ISO 834 265 0 1200 225 930 35 4,12,4 2 SYS 1 135 R-OT
H80 CTICM 93-G-127 1993 ISO 834 160 0 1200 558 416 45 4 6 6 5 SYS 1 32 SB
H81 EMPA 95-1 1994 ISO 834 160 80 1200 526 624 30 47 4 2 3 SYSB 1 122 R-NO
H82 EMPA B2-1 1995 ISO 834 200 0 1200 472 624 30 47 4 2, 3 SYSB 1 122 R-NO
H83 EMPA B2-2 1995 ISO 834 200 0 1200 472 624 30 47 4 2, 3 SYSB 1 49 SA
H84 EMPA B2-3 1995 ISO 834 200 0 1200 472 624 30 47 4 2, 3 SYSB 1 746 OT
H85 EMPA B2-4 PL 1995 ISO 834 200 0 1200 472 624 30 4,72,4 3 SYSB 1 75,4 SA
H86 EMPA B3-1 1995 ISO 834 200 0 1200 472 624 30 47 4 2, 3 SYSB 1 96,6 SA
H87 EMPA B3-1 PL 1995 ISO 834 200 0 1200 472 624 30 4,72,4 3 SYSB 1 97,4 R-NO
H88 CTICM 95-E-467 1995 ISO 834 160 50 1197 530 624 504 2,4 2 SYS 1 50 SB
H89 CTICM 95-E-533 1995 ISO 834 160 50 1197 530 624 304 2,4 2 SYS 1 100 R-DF
H90 CTICM 96-U-349 1996 ISO 834 160 50 1197 530 624 304 1.2 1 HCS 0 71 R-DF-SB|
H91 CTICM 96-U-350 1996 ISO 834 160 0 1197 530 624 30 4 1,2 1 HCS 0 42 DF-SB
H92 RUG 8871 plaatl 1998 ISO 834 200 0 1196 229 364 506 2,4 2 SYSB 1 826 R-NO
H93 RUG 8871 plaat2 1998 ISO 834 200 50 1196 229 364 506 2,4 2 SYSB 1 834 R-NO
H94 RUG 8872 plaatl 1998 ISO 834 200 0 597 237 155 49 6 24 4 SYSB 1 122,6 R-NO
H95 RUG 8872 plaat2 1998 ISO 834 200 0 597 237 155 49 6 24 4 SYSB 1 123,4 R-NO
H96 DIFT X52650d 1998 ISO 834 185 0 1197 336 416 30 6,22,4 2 SYS 1 21 SA
H97 DIFT X52650e 1998 ISO 834 220 0 1197 336 416 30 6,22,4 2 SYS 1 26 SA
H98 DIFT X52650f 1998 ISO 834 270 0 1197 336 930 32 6,22,4 2 SYS 1 21 SA
H99 RUG 9157 plaatl 1999 ISO 834 200 0 597 237 155 49 6 24 4 SYSB 1 1246 R-NO
H100 RUG 9157 plaat2 1999 ISO 834 200 0 597 237 155 49 6 24 4 SYSB 1 1254 R-NO
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H101 RUG 9158 plaatl 1999 1SO834 266 0 1196 322 520 4% 24 2 SYSB 1 1196 R-NO
H102 RUG 9158 plaat2 1999  I1SO834 265 30 1196 322 520 4% 24 2 SYSB 1 1204 R-NO-SA
H103 DIFT COWIPG 10724 2000  1SO834 220 80 1197 278 65136 614 24 2 SYS 0 25 SP
H104 TNO R-A200 1999  I1SO834 200 O 314 78 104 42 39 1403025 webs 0 96  SA
H105 TNO R-X200 1999  I1SO834 200 O 300 84 104 41 39 03025 webs 0 125 R-NO
H106 TNO R-XB200 1099 1SO834 200 0 316 87 104 46 39 316, 0,25 webs 0 1252 R-NO-SA
H107 TNO R-VX265 1999  I1SO834 275 0 444 73 186 39 39 448, 037 webs O 35 SA
H108 TNO R-K400 1999  I1SO834 403 0 561 146 580 57 39 56D, 05 webs O 60 SA
H109 TNO R-XB200-R 1999  I1SO834 200 0 321 90 104 45 390321 025 webs 0 159 R-NO
H110 TNO R-VX265-R 1999  I1SO834 270 0 440 73 186 36 39044 037 webs 0 25 HC
HI11 TNO R-K400-R 1009 1SO834 399 0 582 144 580 59 390582 05 webs 0 30 SA
H112 TNO R-K400-F 2000 I1SO834 402 0 570 139 580 57 39057 05 webs 0 24 SA
H113 TNO U-XB200 2000 I1SO834 200 O 1197 357 416 45 3912 1 HCS 0 117 SB
H114 TNO U-VX265 2000 1SO834 2646 O 1197 234 558 40 93,12 1 HCS 0O 334 SA
H115 TNO U-HVP260A-1 2000 I1SO834 260 O 1197 375 558 5339 12 1 HCS 0 40  SA
H116 TNO U-HVP260A-2 2000 1SO834 260 O 1197 372 558 5339 1,2 1 _HCS 0 42 SA
H117 TNO U-HVP260A-3 2000 I1SO834 260 O 1197 369 558 5339 12 1 HCS 0 386 SA
H118 TNO U-K400 2000 I1SO834 400 O 1197 321 1160 47 3912 1 HCS 0 33  SA
H119 TNO R-HVP260A23 1999 1SO834 260 0 445 31 65 1 390445 037 webs 0 55  SA
H120 TNO R-HVP260A20F 2001  1SO834 258 0 440 130 186 6039 044 037 webs 0 56  SA
HI21 TNO R-HVP260AL7F 2001  1SO834 257 0 448 134 186 6039 0448 037 webs 0 114 SA
H122 TNO R-HVP260A14 2001 I1SO834 258 0 445 130 186 59 ,9 3 0445 037 webs 0 123 SA
H123 TNO R-HVP260523 2001 I1SO834 260 O 440 131 0 1 39044 037 webs 0 48 SA
H124 TNO R-HVP260S17 2001 1SO834 260 O 440 131 0 1 39044 037 webs 0 45 SA
H125 TNO R-HVP260S11 2001 1SO834 260 O 440 131 0 1 39044 037 webs 0 1234 R-NO-SA
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H126 TNO R-HVP260A23F 2001  ISO 834 260 0 440 134 0 1 390,44 037 webs 0 49 SA
H127 TNO R-HVP260A20F 2001 ISO834 260 O 440 134 0 1 39044 037 webs 0 50 SA
H128 TNO R-HVP260A17F 2001 ISO834 260 O 440 134 0 1 3,9044 037 webs 0 99  SA
H129 ITB NP-534.1 2002 1SO834 1996 50 1200 227 651 36507 26 3 SYS 1 60 RNO
H130 ITB NP-534.2 2002 1SO834 265 50 1200 233 930 56 075 24 3 SYS 1 475 SA
H131 ITB NP-534.3 2002 1SO834 265 50 1200 233 558 56 075 24 3  SYS 1 1395 SA
H132 ITB 1 (F18.1) 2003 1SO834 200 O 258 1200 O 1 52 21 1 HCS 0 35 SA
H133 ITB 4 (F19.1) 2003 1SO834 270 50 335 1200 O 1 5224 3 SYS 1 65 SA
H134 BRE DTLR slab-A 2003 parametric 200 50 X X 0 31 6 6 5 SYS 1 60,1 R-NO
H135 BRE DTLR slab-B 2003  parametric 200 0 X X 0 31 6 6 5 SYS 1 599 R-NO
H136 UP HPLWC 2004 15O 834 200 0 X X 0 1 ] 24 2 HCS 06 7 SP
H137 IBS 07012911 2004 1SO834 160 0 1200 259 468 48 5 633 SYS 1 94 RNO
H138 DIFT PG 11304 2004 1SO834 265 0 1200 238 930 40 06%, 24 2 SYS 1 246 SA
H139 ZAG 160/04-530-1 2004 1SO834 320 0 1200 288 12095 3512 24 2 SYS 1 105 R-DF-BN
H140 SPTRIP501342 SP-1 2005 1SO834 265 0 1200 238 93040 2935 24 3 SYS 0 60 R-NO
H141 SPTRIP502015 SP-2 2005  1SO 834 264 0 1200 238 93040 2935 24 3 SYS 0 60 RNO
H142 SPTRIP502076 SP-3 2005 1SO834 265 0 1200 238 93040 2935 24 3 SYS 0 46 SA
H143 BRE testl 2007  parametric 200 O 1200 330 651 31 7 776115 SYS 1 60 R-NO
H144 BRE test2 2007  parametric 200 O 1200 330 651 31 7 776115 SYS 1 60 R-NO
H145 SPTRI Peikko P802216A 2009 ISO834 270 0 1200 286 30 9 35 58 36 4 SYSB 1 60 RNO
H146 SPTRI Peikko P802216B 2009  1SO 834 270 0 1200 286 30 9 35 58 36 4  SYSB 1 604 R-NO
H147 SPTRIPeikko P802216C 2009 ISO834 270 0 1200 28630 9 50 58 36 4 SYSB 1 120 R-NO
H148 SPTRI Peikko P802216D 2009  1SO834 270 0 1200 286309 50 58 36 4 SYSB 1 180 R-NO
H149 RIFS 04-52 1178 2009 GosT30247.0 180 0 1200 478 520 45 58 36 3 HCS 0 91 R-NO
H150 RIFS 04-52 705 2010 GosT302470250 O 1200 476 930 45 6 36 3 HCS 0 92 RNO

\
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H151 RIFS 04-52 704 2010 GosT 30247.0 300 1200 342 952 45 6 3,6 HCS 93 R-NO
H152 RIFS 04-52 703 2010  GOST 30247.0 400 1200 342 952 45 6 36 HCS 94  R-NO
H153 EFNL S-A260-T300 2010 I1SO834 260 300 1200 320 na 1 12 1,2 1  SLCE 0 10 HC
H154 EFNL S-A260-T300R 2010  ISO834 260 300 1200 320 .na 1 12 1,2 1  SLCE 0 27 HC
H155 EFNL S-A260-TO 2010 1SO834 260 O 1200 320  na 1 5112 1 SLCE 0 121 R-NO
H156 EFNL S-A260-T50 2010 IS0 834 260 50 1200 320  na. 1015 12 1  SLICE 0 32 R-NO
H157 EFNL S-A260-T75 2010 1SO834 260 75 1200 320  na. 1015 1,2 1 SLICE 0 34 R-NO
H158 EFNL S-A260-T100 2010 1SO834 260 100 1200 320 na 1 015 12 1  SLICE 0 37 R-NO
H159 EFNL S-A260-TI0OOR 2010  ISO834 260 100 1200 320 .na 1 015 12 1 SLICE 0 16 HC
H160 EFNL S-A400-T50 2010 I1SO834 400 50 1200 400  na. 1015 12 1 SLICE 0 38 R-NO
H161 EFNL S-A400-T75 2010 IS0 834 400 75 1200 400  na. 1015 12 1  SLICE 0 35 R-NO
H162 EFNL S-A400-T100 2010 I1SO834 400 100 1200 400 na 1 015 12 1  SLICE 0 33 R-NO

=
™ R = fire resistance time granted, NO = no failub¥; = deflection criteria exceeded, BN = bendinifufe, SA = shear and anchorage failure, SB = sheading interaction, SP = spalling, HC = horizbotacking, OT =

other failure type

In addition to these 153 fire tests with 162 anabje fire test results collected in the Holcofirat@base, it is known by the author from referemegmiblications that about another 22 fire testgehlaeen carried out in
Europe in the same time period. 14 of these fiststavere conducted between 1968 and 1977, andsBhage been conducted between 1992 and 2009slnhaiapossible in this study to retrieve the tegiorts, and
therefore those studies have been neglected. Tostsehave also not been taken into account irditsbase. It is believed that the available 1&8tésts with 162 analysable results will give a@alorenough perspective

for the meta-analysis to make solid conclusionstten, after 2010 fire tests have been carriedamgngst others by Holcofire, and these are nttdiec! in the database analysis.
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Appendix 2.B — Listing of fire testing laboratories- abbreviations

9

BRE
CBR
CSl
CTICM
CvuT
DIFT
EFNL
FROSI
IBS

IG

ITB
EMPA
SPTRI
RIFS
RUG
TNO
TUB
upP
VTT PAL
ZAG

Building Research Establishment

CBR Ergon laboratory

CSI Gruppo IMQ

Centre Technique Industriel de la Construtfidetallique
Technical University in Prague

Danish Institute for Fire Technology

Efectis Nederland

Fire Research Organisation Special Investigat
Institut fir Brandschutztechnik und SicherHeitschung
Instituto Giordano - Laboratorio di Recherchédisitica tecnica
Building Research Laboratory

Middlesborough
Lier
Milan
Mezieres-les-Metz
Mokrsko
Hvidovre
Delft
Unknown
Linz

Bellaria
Katowice

Eidg. Materialpriifungs- und Versuchsanstattlfitlustrie, Bauwesen und Gewerbe (ETH Zurich)  Dwloef

SP Technical Research Institute of Sweden

Ministry for Emergency Situations

Rijksuniversiteit Gent

Toegepast natuurwetenschappelijk onderzoek

Technische Universitat Braunschweig

University of Perugia

Valtion Teknillinen Tutkimuskeskus - Pal&taikan laboratorio
ZAG fire laboratory

Boras

Minsk

Gent

Delft
Braunschweig

Helsinki
Ljubljana

United Kingdom
Belgium
Italy

France
Czech republic
Denmark
Netherlands
United Kingdom
Austria

Italy

Poland
Switserland
Sweden
Belarus
Belgium
Netherlands

Germany
Italy

Finland
Slovenia

*) TNO and EFNL is the same laboratory, but testseaconducted under different ownership



Appendix 2.C - Method of maximum likelihood

In the evaluation talks with the reviewers it beeactear that the results of the 102 fire
that did not fail during a fire test can be takatoiaccount to determine a better mean and
scatter of the ratio (capacity test / capacity waled). The principle is that a test leading not
to failure contains information on the failure beiloair; namely, it indicates that for example
bending is not governing under a certain load. Me¢hod of “Maximum Likelihood” can be
used to take these 102 fire tests into account.vBEhees of the average and the scatter that
maximize the function L are the maximum likelihoestimators. A hypothetical example is
given in this Appendix.

We start with 9 hypothetical results of ratio (ceipatest / capacity calculated). The 9
results are 0.80 — 0.85 - 0.90 — 0.95 — 1.00 — %0510 — 1.15 — 1.20. The average and
standard deviation can be calculated with nornatistics, Then it is found in case of MS
Excel that the average equals 1.00 and standaidtaevequals 0.137.

Another approach is as follows. Consider the Itadid function L.:
L = f(x1) f(x2) f(x3) .... f(x8) f(x9)
In which f(x) is the probability density functiomeal to

B ox {_ (x; —/02]
~NeD P 17
It emerges that the likelihood L in this simple &€as u = 1.00 andu= 0.137 by using
the excel solver.

flx)

Example A:

Now we add 17 hypothetical results that did not ifaia test with a ratio of (capacity
test / capacity calculated) equal to 0.10 (3x)20@3x) — 0.30 (3x) — 0.50 (3x) - 1.10 - 1.20 —
1.30 -1.40 — 1.50. Of five results of ratio (capatest / capacity calculated) are above 100%
of the capacity. This implies that the test was Imbetter, and that the calculation method is
conservative. Now the maximum likelihood functidrosld be expanded with F(x). Hence:

L = f(x1) f(x2) f(x3) .... f(x8) f(x9) - F(x1) F(X2F(x3) .... F(x16) F(x17)

In which f(x) remains the probability density fuimet, and in which F(x) is the
probability distribution function.

F(x;) = cp{xf _ﬂ]

(o2

In this function F(x) the variablep(.) is the distribution function of the standardmal
distribution variable (with average 0 and standdediation 1). Calculation in Excel with
function NORMSDIST and solver gives another averagamely 99.3%. In this case, the
standard deviation remains 13.7%. See next pagerifarscreen of Excel calculation.
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Example B:

Now we add other 17 hypothetical results that dit fail with a ratio (capacity test /
capacity calculated) equal to 0.10 (3x) — 0.20 3X).30 (3x) — 0.50 (3x) — 0.90 (5x). The
loads are now under 100% of the (capacity tespAcity calculated), which means that the
calculation function is a good one. Calculation Excel with solver with function
NORMSDIST gives now a better average, namely 102.096this case, the standard
deviation decreases slightly to 13.6%.

; al B8 [ef o [ E [ F [ 6 [ H | [ J [ kK ]
2]
ER 1) ) fun)=| 273,405601 [ SUM | 0,15044
4 Fx1) Fix2) .Fixn)= 072029431 | SUM/3E 0,0188
B flxn) Fixn)= [ 196932563 | STDEV | 0,13713
5}
[ 7 | 273,408
8 | 0993 013713 THEN
9 AVERAG _ STDEV fix) IF AVG |(x-AVG)*2
E 0,680 0,9930 0,1371 1,0803 0,9930 0,0373
| 11 0,85 0,9930 | 01371 1,6887 0,9930 | 0,0205
| 12| 0,90 09930 | 01371 23113 0,9930 | 0,0087
| 13 | 0,95 09930 | 01371 2,7695 0,9930 | 0,0019
| 14 | 1,00 0,9930 0,1371 2,9055 0,9930 0,0000
15| 1,08 0,9930 | 01371 2,6686 0,9930 | 0,0032
| 16 | 1,10 09930 | 01371 2,1460 0,9930 | 0,0114
| 17 | 1,15 0,9930 0,1371 1,5109 0,9930 0,0246
18 1,20 0,9930 0,1371 0,9313 0,9930 0,0428
|19 F(x) IF AVG ERFL) | P(x<x)
E 0,10 0,9930 0,1371 1,0000 0,9930 -6,5122 0,0000
| 21| 0,10 0,9930 | 01371 1,0000 0,9930 -6,5122 | 0,0000
| 22 | 0,10 09930 | 01371 1,0000 0,9930 -6,5122 | 0,0000
| 23 | 0,20 0,9930 0,1371 1,0000 0,9930 -5,7830 0,0000
| 24 | 0,20 0,9930 0,1371 1,0000 0,9930 -6,7830 0,0000
| 25 | 0,20 09930 | 01371 1,0000 0,9930 -5,7830 | 0,0000
| 26 | 0,30 09930 | 01371 1,0000 0,9930 -5,0538 | 0,0000
| 27 | 0,30 0,9930 0,1371 1,0000 0,9930 -5,0538 0,0000
| 28 | 0,30 0,9930 | 01371 1,0000 0,9930 -5,0538 | 0,0000
| 29 | 0,50 09930 | 01371 09998 0,9930 -3,5853 | 0,0002
| 30| 0,50 09930 | 01371 09998 0,9930 -3,5853 | 0,0002
| 31| 0,50 0,9930 0,1371 0,9998 0,9930 -3,6953 0,0002
| 32| 1,10 0,9930 | 01371 07823 0,9930 0,7801 0,7823
| 33 | 1,20 09930 | 01371 09344 0,9930 1,5093 0,9344
| 34 | 1,30 0,9930 0,1371 09574 0,9930 2,2386 09874
| 35 | 1,40 0,9930 | 01371 0,9985 0,9930 20678 0,9935
| 36 | 1,50 09930 | 01371 0,9999 0,9930 3,6970 0,9999
Solver Parameters @
Set Target Cell: SG55 \i‘
Equal To: @) Max Min valeof: |0 T
By Changing Cells: ldoi/
D38 B [ guess |
Subject to the Constraints: W
Add
[ganee |
Reset All
s Delete -
Help
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Appendix 2.D — Review report

Review of

Holcofire Report on Behaviour of prestressed hollowcore floors
exposed to fire
Evaluation of 162 fire test results

Review by Prof.ir. A.C.W.M. Vrouwenvelder and Prof.dr.ir. J.C. Walraven

FINAL

Date:
6 June 2013

Client:
BIBM HOLCOFIRE
p/a Dr.Ir. W. Jansze MBA
Bd. Du Souverain 68
B-1170 Brussels
Belgium

Authors:
Prof.ir A.C.W.M. Vrouwenvelder
Prof. dr. ir. J. C. Walraven

Consulted experts:

Prof dr.ir. Hordijk (TU-Delft, Bureau Hageman)
ir. C. Both (Promat)
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1. Introduction

On request of BIBM Holcofire the authors give a review of the Holcofire Report "Behaviour of prestressed
hollow-core floors exposed to fire, the Evaluation of 162 fire test results.”, dated May 10, 2013.

For the record it is mentioned that a first draft of this report (main report and subreports A, B, C and D) was
received in January 2013 and —subjected to a first review on 13 February 2013. The comments raised at
that time have resulted in additional calculations and some adjustments, leading to the final version
mentioned above.

In the BIBM Holcofire report a set of 162 tests has been studied. The total set can be subdivided into four
categories:
- 42 tests ending with clearly identified shear / anchorage failures
- 24 tests stopped because of exceeding the predefined limit-deflection (generally d = L/30).
- 16 tests with failure due to horizontal cracking, spalling, shear/bending interaction and other failure
modes not corresponding to one of the previous main categories
- 80 tests stopped before failure, for various reasons.

These categories have been described and discussed in the sub-reports A, B, C and D respectively. For the
mechanisms bending failure, shear/anchorage failure and shear-bending interaction a comparison has been
made between the tests on the one hand and available calculation models (EN 1992-1-2 4.2 and Annex B,
EN1168 4.3 and Annex G) on the other.

The conclusion in the BIBM report is that the majority of the models describing those failures give
satisfactory results. In spite of the large selection of tests with a wide scope of influential parameters, some
guestions remain open. This refers especially to the mechanisms of horizontal crack formation and
explosive spalling. In the report it is recommended to focus on the effect of restrained deformation on
horizontal cracking and of explosive spalling in upcoming research.

2. Comments

The reviewers would like to emphasize that they consider the work done to be a very good initiative and a
valuable contribution to the assessment of structural safety of floors assembled with hollow-core slabs
subjected to fire. The large number of tests from various origins, with a large spectrum of parameter
variations, have been classified with regard to their failure mode and have been analyzed appropriately.
The following comments are made with regard to particular aspects of precast concrete floors, assembled
of prestressed hollow-core slabs:

2.1 Safety philosophy

According to Eurocode EN 1990, Basis of Structural Design, Section 5.2, design by testing should lead to the
required level of reliability, properly taking care of the effects of model uncertainties as well as statistical
uncertainties. The informative Annex D offers a further elaboration on this aspect. The given procedure is in
principle also applicable for fire testing. It is regarded reasonable to reduce the generally required reliability
index =3,8 for the case of fire, in order to compensate for the accidental nature of fire.

In international fire engineering practice, however, still a more traditional way of dealing with structural
safety is followed. It is a widely accepted procedure to put only one single specimen of a product to a fire
test and approve it if the required time of fire duration is met without failure. No safe design value in the
tail of the statistical distribution is determined. Safety with respect to fire is achieved by specifying some
safe value at the loading side (duration of the fire) in combination with the recognition that fire in itself has
a low probability of occurrence. Also in this report this line of thinking has been adopted. The consequence
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is that the models of Annex G are considered as being confirmed if the mean value of the ratio between
experimentally obtained and predicted results is at least equal to one. Moreover the variation of this ratio
should be within certain acceptable limits.

2.2 Shear and anchorage capacity

For each test the shear/anchorage resistance V. of the hollow-core slab subjected to fire has been
calculated according to the specifications given in EN1168 Annex G and compared with the
shear/anchorage resistance Ve, observed in the test. The main conclusions in the report are based on the
evaluation of the 42 tests, described in Subreport A, that resulted in clear shear/anchorage failures.
However, in a considerable number of other tests the expected shear/anchorage failure was not reached,
for instance because of the fact that the test was stopped since the required time had been reached. For
the case of shear/anchorage capacity 92 tests of this type were selected. Also this information has been
taken into consideration in the statistical evaluation using the method of Maximum Likelihood. Using this
additional method resulted in a slightly better result than obtained considering the set of members failing in a
clear shear/anchorage failure mode alone.

It turns out that the mean ratio  Ve,/Veac is about 1.0 for single slabs and 1.29 for slabs being a part of a
floor system. These values hold for a concrete strength based on 28 days. If the actual strength of the
concrete at the age of testing would have been taken, the values Vey/Veae Would drop by about 7 %. Which
is due to the circumstance that the age of the concrete of the test specimens subjected to the fire tests was
mostly several months. A reasonable argument to test at a higher age is, however, that in specimens with
an age lower than about 3 months the moisture content is still that high, that explosive spalling could occur,
which would not be representative for the utmost part of the service life. It is therefore regarded to be
acceptable to use the real age of the concrete specimens in the comparisons.

The coefficients of variation for Vey,/Veac are 22 % and 24 % respectively, for single slabs and slabs being a
part of a larger floor system (with restraint action at the boundaries) . This seems high though acceptable.
The shear/anchorage capacity, as clearly pointed out in Subreport A, decreases only slowly as a function of
the fire duration. In fire engineering practice, however, not the bearing resistance is the governing design
criterion, but the time of fire exposure during which the structure is able to carry the load corresponding to
the defined accidental loading situation. The scatter in the time of duration of fire exposure at a given
loading level is expectedly higher than the scatter in bearing resistance. With regard to the duration of fire
exposure, a coefficient of variation in the order of magnitude of 50 % could therefore be expected to be
realistic, which is about twice the value of the coefficient of variation for the bearing resistance. According
to the data given in Subreport A, indeed coefficients of variation for the ratio between experimentally
found and calculated fire exposure duration of about 40% are obtained for single slabs, and 65 % for the
slab systems. The mean values are well above unity. The value of 65% is remarkably high. A more detailed
analysis shows, however, that the large scatter is predominantly the result of some very conservative
estimates by Annex G: 30 minutes, where the experimental fire exposure durations were much higher. If
those cases are removed as “outliers” good results are obtained.

The formula in Annex G, enabling the determination of the shear/anchorage resistance of a prestressed
hollow-core slab, is an extension of the formula for the shear capacity of prestressed structural members
given in EN1992-1-1, Cl. 6.2.2 for normal temperatures. On the one hand this formula is quite practical,
since it combines the shear- and the anchorage capacities which are often hard to distinguish in
experiments. On the other hand it is inevitably empirical, like the original equation (6.2.a)The real
behaviour of the slabs subjected to fire, however, is very complex , with thermal stresses leading to cracks,
which may act both in a favorable and in an unfavorable way. This is neglected by the formulas. Restraint
effects always seem to be important, but also they are not a part of the formula. It is also interesting to
observe that one needs to insert into the model some correction values (characteristic values and 77 = 0,7)
in order to achieve a formula predicting the mean value. On the other hand it has to be estimated that a
practical formula for the shear and anchorage bearing resistance is given, valid for fire conditions. This
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enables a verification of the structure under fire conditions which is more extended than the limited
verification for the bending capacity only as used up to now.

Furthermore, when it comes to a statistical evaluation, meaningful results can only be obtained if the set of
experiments is representative for the (future) population of structures. An update of Annex G could
therefore be considered, specifying minimum requirements for anchor systems, support conditions (effects
of restraints), coupling reinforcement and ties.

2.3 Bending

In the set of 162 tests no test were indicated as having failed by exceeding the bending capacity. However,
in the report it is argued that a number of tests, which were stopped because of exceeding the specified
limit rate of deflection, were at the onset of producing bending failures. The reviewers accept this
argument. In addition a set of 88 no-failure tests could be added leading to a statistical acceptable result. It
should be noted that the bending failure mode has never been subject of a serious dispute.

2.4 Bending and shear interaction

For this failure mode, which can be regarded to be in the transition range between flexural-shear and
anchorage failure only 6 relevant tests could be found. Actually this requires the statistical uncertainty to be
taken into account. An interaction formula is given, showing a mean value and standard deviation which are
fair enough. It might be wondered if this is really needed, since the lowest bearing resistance obtained from
the separate equations for bending and shear may be expected to give a reasonable design value as well.

3. Conclusion

The gathering and evaluation of all test data can be considered a very valuable initiative. The reviewers
consider the contents of this report as a fair description and interpretation of the authentic 162 fire test
results. The statistical evaluation shows that within the normal context of actual fire safety engineering
bending and shear predictions by Annex G can be classified as acceptable. Here testing slabs with an age of
a few months, with a moisture content below 3% of mass may be considered as reasonable since this
excludes explosive spalling which is not fully representative for the utmost part of the service life. Given
the weak physical background one should be careful to describe the circumstances for which the formulas
may be applied in detail. In particular for non-system floors an additional partial safety factor of 1.1 could
be considered as well as the addition of an appropriate deflection limit. The reviewers agree with the
conclusion that the collection of fire tests regarded does not give enough information on the effect of
structural toppings nor effects of restraints, and that the mechanisms spalling and horizontal cracking still
require further research.

[6 January 2014 - Addition by Holcofire on last e The reviewers agree with the
conclusion that the collection of fire tests regadddoes not give enough information on the
effect of structural toppings nor effects of restts, and that the mechanisms spalling and
horizontal cracking still require further researéiThis sentence from the final review report is
from 6 June 2013. The subjects of spalling andzootal cracking are elaborately described in
the Chapters 5 to 7 of this book and fully expldibg the authors.]
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Chapter Three

Shear and Anchorage

Fire tests to validate the shear and anchorage
capacity according to EN1168:2005 + A3:2011
Annex G

Keywords: fire tests, hollow core slab, floor structurebesr, parameters, product standard,
validation

Abstract. In 2011, a new formula for the shear and ancheragpacity of hollow core floors
under fire conditions was introduced in Annex G tifie product standard
EN1168:2005+A3:2011 [3.1]. In order to evaluate tfmmula, a database was created
within the project HOLCOFIRE with all available dafrom fire tests and 42 relevant tests of
this database were analysed [3.16]. Additionallytharough test programme was set up with
fire tests on hollow core floors. This Chapter agkBes the fire tests executed with 7 different
configurations. The first fire test G1 on an unleddlement showed that the slab conditioned
according to the selected procedure was insensitivepalling. In the three subsequent fire
tests — the so-called G2/G3, G4/G5, G6/G7 — thriente of specific parameters on the
behaviour of the hollow core floor was tested. lgsin265 mm deep hollow core slab, the
investigated parameters were: the type of conneatinforcement; presence of a structural
topping; presence of protruding strands; presentca mngitudinal tie beam; and presence of
external longitudinal bars to simulate blockingeterged from the fire tests that during 120
minutes of ISO fire the floor was capable to resisshear load equal to the shear and
anchorage capacity calculated with EN1168:2005 +Z&:1 Annex G. Also, it emerges that
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the experimentally obtained peak shear capacity Waks to 2.7 times higher than the
calculated shear and anchorage capacity. Hencé @oncluded that with the usage of the
shear and anchorage capacity formula, given in tReropean product standard
EN1168:2005+A3:2011 Annex G, the designed hollore €loor is safe for the ultimate limit
state for fire design.

Review. The background reports of G series were been wadeby Prof. dr.-Ing. D. Hosser
and Dr.-Ing E. Richter of IBMB, Technische UnivisBraunschweig. The final review (25
pages) is presented in the report “Gutachtlichel8itgname” dated 10 January 2013.

3.1. Introduction

Concrete structures possess a high fire resistandea large resilience to fire because
of their robustness and their capacity to redistglthe acting loading. This is also valid for
precast concrete hollow core floors considering plast overall performance of the total
estimated stock of installed hollow core floors aolays in Europe of about 1000 million
square meters. Not many cases are known to therauttinere hollow core floors structurally
failed within the required fire resistance time.fohtunately, researchers did not always
design a correct set-up for the fire test, esplgciahen testing hollow core on a small scale.
A few cases of premature shear failure in stanfieectests were reported [3.9, 3.11, 3.12].
As a consequence, it led to reluctant clients antiaaities, although shear hardly governs in
daily floor design [3.10, 3.14]. The question wased whether this premature shear failure
constitutes a real structural problem for this tgpéloor, or whether the reason lies in a lack
of understanding of the behaviour of hollow coreofs under fire conditions, resulting in
poor fire test set-up designs, in particular in thentioned small-scale laboratory tests. The
discussions around these premature failures affabe good image of the hollow core floor
in some European countries, although hardly anplpros in the application of the product
are known, even after a thorough market research.

In order to systematically study shear failure urfite conditions, laboratory tests were
conducted between 1998 and 2005 in Belgium [3.85]3.The Netherlands [3.10] and
Denmark [3.13]. These fire tests have been reparteéh literature, however, publications
lacked in a good guideline to design for shear anchorage. Only recently, in 2011, the
European Standardisation Institute CEN publishégisrin EN1168:2005+A3:2011 Annex G
[3.1], the European product standard for hollowecslabs. This amendment to the product
standard contains an informative annex G that ples/ia design method to design for shear
and anchorage for single span hollow core floohauit shear reinforcement exposed to fire.

3.2. Objective of Holcofire fire test series G

Near the support, we distinguish under ambient itimm$ flexural-shear failure, shear-

tension failure, and anchorage failure. Under fiomditions the type of failure is different
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than those observed at ambient conditions. Duedaded thermal strains with increasing
temperature, vertical cracks are present in thesveélthe hollow core slab. At the same time,
the underflange (and top flange or topping) is sctgjd to high compression stresses. See
Figure 3.1. Hence, under fire conditions the ambfailure mechanisms flexural shear and
shear tension cannot occur.

The Annex G in the newly published EN1168:2005+A832 provides a formula that
has been validated with 9 fire tests that failedsirear as described in the background
document. But these tests used for this sheartaasis cover only the period less than 65
minutes. Further, a lot of test reports in the base missed information and parameters such
as the concrete quality which was not always evid@ametimes even the failure mode was
not given or clearly described. And as the firg tef-ups were not standardised it is difficult
to compare results of the various test laboratdrias past 45 years (although this has been
done by the authors in [3.16] and good conclusicosld be drawn). Therefore, in the
European HOLCOFIRE project new fire tests were glemil in order to confirm the
EN1168:2005+A3:2011 Annex G formula after its poétion. Further in this document,
these series of tests will be named “test seriesTG& objective of test series G was to check
the validity of shear formula of EN1168:2005+A3:20Annex G with new fire tests. An
additional objective was to validate the fire sangement as described in Annex G.

UL il
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Figure 3.1. Thermal cracking due to thermal stres@eft) and cracking due to shear stresses (right)

3.3. Fire resistance according to EN1168:2005+A3:2011 Aex G

Product standard EN1168:2005+A3:2011 [3.1] AnneprBvides a design method to
calculate the shear and anchorage fire resistah¢twllow core floors for fire conditions.
According to this annex, the resistance regardihgas and anchorage failure may be
determined by using simplified calculation methdsise [3.4] clause 4.2 and Annex B and
Annex D), but taking into account the following aswgtions:

» Firstly, it is assumed that below the level on while total web width is equal to the
total core width (level 544, the temperature in the hollow core at a distanée®m
the exposed soffit is equal to the temperaturdetsame position in a corresponding
solid slab (see Figure 3.2).

» Secondly, above that level a linear interpolatieriaken between the temperature at
that level and the temperature at the top of tlwrfl The maximum allowed
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temperature for the insulation criterion is 1601@@°C + 20°C ambient temperature)
if no additional information is available;
» Thirdly, for a fire resistance classR60 this verification is not needed.

by Dy by | bus  buy | Py Buen | Pann | Buns | Pem | Puwy

Figure 3.2. Area where solid slab temperatures imaassumed (grey area)

To determine the shear and anchorage resistane firel conditions, the formula (1)
from Annex G is used, see also Figure 3.3.

VRde,fi = [CH.l +ay E([:,9.2] (b, Cd 1)
Cq1 coefficient accounting for concrete stress unaerdonditions:

Fr. ¢
015tmin(k, (65)0cp 20c ;R’%ﬂﬁ)
] )

a 1+ f@ <20
k= d where d is in mm, 3

Cq2 coefficient accounting for anchored longitudingihforcement:

I:R,a, fi
3/ 058F—""—"—F; tim

f (d
= s B @
by total web thickness of the hollow core slab
effective depth at ambient temperature
X the anchorage length of the strand for the consitisection

considered section

cast in situ

X connection reinforcement

Figure 3.3. Model for calculating shear and anchgearesistance (example without protruding strands)
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3.4. Experimental design of Holcofire fire test series G

In order to study the shear and anchorage capatithe European HOLCOFIRE
project, the standardised configuration of the se$tup described in EN1168:2005+A3:2011
was used as a basis for the test series G. In ¢oderach the objective, 7 fire tests were
designed in test series G; G1, G2/G3, G4/G5, anébG6The slab thickness was 265 mm for
all slabs, with 6 g12.5 mm strands at 50 mm axétadce (see Appendix 3.A). Since the main
purpose was to check the shear capacity and ndietagral capacity, the floor length was
limited to max 3.90 m in order to fit within the dth of the furnace. The targeted fire
exposure time was 120 minutes using the ISO 83deciar all tests in the G series. Figure
3.4 sketches the floor assembly, while in Apper@liR® technical drawings of the support
details are given. Note that the support beam angditudinal beams were not insulated
during the fire test.

The following fire tests have been designed fore@es (Table 3.1 overviews the fire

tests, the chosen parameters and their valuesi@r to study the shear capacity):

» Test G1: This fire test is a spalling test that wascuted 4 months after casting of
the slabs. The aim of the test was to study whetiemoisture content present in
the slab leads to spalling. The test was conduicteal small furnace, where the
specimen could not be subjected to an external Ddfkrent from G2-G7, a part of
the element was tested and the size of the sangdelw5 m x 0.75 m.

» Tests G2/G3: The aim of the fire test G2/G3 wasttaly tie reinforcement and
boundary conditions under fire conditions. G2 comd connection tie
reinforcement in open cores filled with concretehilesr in G3 the connection
reinforcement was placed in the joint. For boundemyditions, only in G3 two
longitudinal bard125 mm were used at both edges of the test floginilate the
partial blocking of a real floor by the surroundirgiructure, together with
longitudinal tie beams.

» Tests G4/G5: The aim of the fire test G4/G5 wasttaly the influence on the shear
capacity under fire conditions of a 50 mm reinfaratructural topping. In G4 170
mm protruding strands were used and direct slalpaumf 30 mm, while in G5
slab support was equal as the other G test (seexABh The reinforcement in the
structural topping of G4 consisted of a mésh.5@200/200, while in G5 a mesh
O07@150/150 was used. Only in floor G4 longitudinalteams were applied.

» Tests G6/G7: The aim of the test G6/G7 was to studgonry wall boundary
conditions under fire conditions in which the coctien tie reinforcement is not
fully anchored in the peripheral tie beam. In thstt masonry was not used, but a
deep concrete beam with the same structural ptenc(p6 was without vertical
connection to the support beam over the width ef dkabs, while in G7 a deep
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support L-shaped beam was used to generate frigtibn the connection tie

reinforcement. Note that only the reinforcementdoaver than mid height is taken
into account, according to Annex G. For boundamditions, only in G6 two

longitudinal bard125 mm were used at both edges of the test floginmlate the

partial blocking of a real floor by the surroundiegucture, while in both floors
longitudinal tie beams were applied.

Table 3.1 presents at the last row the shear amticeiage capacity at 120 minutes
calculated with EN1168:2005+A3:2011 Annex G as @néxd in formula (1). The calculated
capacities are the result of the parameters predentTable 3.l. As a reference, if the shear
and anchorage capacity of one slab with1@2.5 mm strands without connections is
calculated at 120 minutes of ISO-fire exposure cdleulated shear and anchorage capacity is
35,5 kN/m (calculated with nominal values of thess section, and not with actual properties
as the floors consisted of more than one slab)ttshear and anchorage capacities G2, G3,
G5, G6 and G7 a strand temperature 390°C is cééclilfter 120 minutes of fire using [3.4].
For the capacity of fire test G4 a more advanceec@bPulation was used to determine the
temperature in the strand in the anchorage zorter AP0 minutes, the calculated temperature
is 193°C at the end of the hollow core and 39°@atend of the protruding stands due to the
influence of the support.

Table 3.1 Fire tests and parameters (nominal vajuetHOLCOFIRE test series G

fire tegt Gl G2 G3 G4 G5 G6 G7
parameter
length of tested floor [m] 1.75 3.9 3.9 3.9 3.9 3.9 3.9
width of tested floor [m] 0.75 2.4 2.6 2.6 2.4 2.6 2.6
Height of slab [mm] 265 265 265 265 265 265 265
Structural topping in mm 0 0 0 50 50 0 0
Reinforcement topping - - - 245 a7 - -

200/200| 150 /150
Protruding strands in mm 0 0 0 170 0 0 0
Connection reinfo per slab 0 2010 1912 0 0 1912 1912
Shape connection reinfo 0 bar bar mesh megsh haifpirhairpin
Connection area [mfm] 0 131 94 0 0 94 94
Location connection reinfo 0 2 corgs join toppingtopping joint joint
Vertical stirrup at support 0 208- 208- 208- 2(8- 0 @8-150
150 150 150 150

Longitudinal tie beaM| no no 100 x 100 x no 100 x 100 x
[mm? 265 315 265 265
External bars @25 no no 2 B2% no no 2 @25 no
Type of load on floor nong shea shear shear shearshear shear
ANnex G \kg ¢ i120[KN/m] 35.5 52.3 48.7 63.7 40.7 48.7 48.7

1) reinforcement in longitudinal tie beam consisté@ bars 12 mm and stirrups g6-200 mm
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3.5. Hollow core slabs and floor assembly

For all the fire tests in series G a 265 mm dedWwocore slab was used (See Figure
3.5, and Appendix 3.A for details). The slabs weast on 18.08.2010 with concrete grade
C45/55 and siliceous aggregate. The slabs wereupead without and with protruding
strands. The hollow core slabs were first storesidm the factory and after 7 weeks
transported to the fire test laboratory. There, stas were further stored under controlled
conditions (20°C, 50% RH). The test floors wereeagded one month before test date in
order to enable the jointing material to hardene Hollow core floors G2 and G3 were
assembled on 17.05.2011 (joints and tie beams). flboes G4 and G5 were assembled
08.08.2011 joints and tie beams), while the stmatttopping was cast on 09.08.2011. On
16.09.2011 the joints and tie beams of the flooésa@d G7 were cast. After the floor was
assembled, test floors were further stored indodeu20°C, 50% RH in the climate room.

200

'0 *
S
&

Figure 3.5. Hollow core cross section with dept® 28m and 6 strands @12.5 at 50 mm axis distance

For the hollow core slabs at 28 days the recaledlatean cylinder strength (h300 mm,
d150 mm) is §, = 50.0 N/mni and the tensile strength,f= 3.7 N/mmi. The quality control
tests (drilled concrete samples h53 mm, d 52 mm3atdays on slabs stored under the same
conditions as the slabs for the fire tests, andlcetated to h300-d150 cylinder strengths
resulted in §nm442= 56.2 N/mm. The tensile strength (samples h120 mm, b100 riénmm)
was fima42 = 3.8 N/mmi. 13 weeks after production of the hollow core sldfe moisture
content averaged 3.2%, while after 44 weeks thestw@ content decreased to an average
value of 2.5%.

The concrete grade used for the joints and toppiag C25/30, the maximum diameter
of aggregate 8 mm, and slump classification S5¥8#ation was not used. The floor topping
and the peripheral tie beam were a C25/C30 congratge, with Rax = 16 mm and slump
classification S3 (normal concrete). Vibration wagd.

The @12.5 strands used for the hollow core sladyetion have a mean tensile strength
for= 1951 N/mri. Likewise, mean 0.1% strengthnb.10s= 1735 N/mrh and mean Young's
modulus & = 196650 N/mrh The characteristic value of the steel reinforceniEars was
assumed,f = 500 N/mn.

3.6. Ambient shear tests according to EN1168:2005+A2:20Annex J

Five slabs with a length of 5300 mm were castetésod the shear capacity at ambient
temperature with full scale reference tests acogrtth EN1168:2005+A2:2009 Annex J [3.2]
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(at that time EN1168:2005+A3:2011 [3.1] was not gehilable, however, in this Chapter
further reference will be made to [3.1]). The cdstength was 5300 mm (4.0 m plus 5h
cantilever) as both ends were tested to give tweemental results per slab. The shear span
applied in the Annex J test was 2.5 x 26.5 cm 8 @61, and the support length at side A was
100 mm, see Figure 3.6. Span length L = 4.0 m,evhi25 m was cantilevering beyond right-
hand side support (accounted for in the reactiGupport A).

=25 h | F

I
S

Figure 3.6. Loading scheme of slabs according td B98:2005+A2:2009 Annex J

L

According to EN1168:2005+A3:2011 clause 4.3.3.2(8l#ear resistance in uncracked
regions, extended expression) the following shegracities can be calculated (28 days,
nominal values of the concrete cross section):

» ultimate design shear tension capacity (designegaliiy, {pr):

\kd = 126.4 kN per slab;
» ultimate shear tension capacity (characteristio&stl fuw.0.05 Lpt2):
\k =183.1 kN per slab;
» ultimate shear tension capacity (mean valugs: f):
Vem = 258.1 kN per slab;
According to EN1168:2005+A3:2011 clause 4.3.3.2tBe3shear capacity is:
» ultimate design shear tension capacity (designesalftd, Lpr):
\kd,simpiified= 116.8 kN per slab (simplified expression).

The slabs have been tested at ambient temperaitir@ wycles at 70% of the ultimate
design shear tension capacity. Then, the ultimapacity was approached with steps of max
10%. See Figure 3.7 for failure pattern.

When in Table 3.1l the results of 2011 are compavéH the results of 2010, it can be
concluded that the shear capacity did not chargy@figiantly as mainly the bond behaviour
and tensile capacity influences the shear tengeunlt. Therefore, the experimental capacity
is taken as an average of 10 experimental restgtsce:

» Experimental capacity dexp = 262,0 kN per slab, standard deviation = 25.5

kN/slab, coefficient of variance = 25.5/262.0 =97

» Ultimate design capacitypd = 126.4 kKN/slab> Vg exp/Vra = 262.0 / 126.4 = 2.07,

» Ultimate capacity (mean valueR\¥ 258.1 kN / slab> Vg exp/Vr = 262.0 / 258.1 =

1.015.
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Table 3.1l Test results of reference EN1168 Annists under ambient conditions

Slab # Test date Age [days] Direct test lga8hear capacity
F VR,exp
[kN/slab] [kN/slab]
#31 — left 15.11.2010 89 351.3 301,7
#31 - right 15.11.2010 89 285.1 246.3
#35 - left 16.11.2010 90 287.9 248.6
#35 - right 16.11.2010 90 277.5 239.9
#34 - left 17.11.2010 91 306.1 263.9
#34 - right 17.11.2010 91 333.7 287.0
#32 — left 05.09.2011 383 337.7 291.1
#32 - right 05.09.2011 383 319.7 275.6
#33 — left 06.09.2011 384 270.2 232.9
#33 - right 07.09.2011 385 270.0 232.8
Average per slab262.0 kN/slab
Average per m1 218.3 kN/m

Figure 3.7. Shear tension failure crack at ambiemperature in sla#31 at both sides

3.7. Firetest G1

On 15.11.2010 a fire spalling test was carried iouthe small furnace of CERIB,
France. In this furnace, the hollow core slab &pt up-side-down in the furnace, and is laid
just on the floor without any particular boundagnditions. The slab is heated from the top
side, see Figure 3.8. The test concluded that 2fteurs of ISO fire no spalling was observed
under unrestrained and unloaded conditions. One aftey the test vertical cracks were
observed in the core at the soffit and the topsidech seems normal for these tests, see also
Figure 3.8.
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Figure 3.8. Specimen G1: before test (left) andreZthour fire test (middle). Vertical cracks inreo
after one day (right) (Note that slab was turnedsigie-down in test so the soffit was facing upwjpards

3.8. Fire tests G2 to G7 with 120 minutes of ISO fire

In 2011 the three floor fire tests were carried iouthe Promethee furnace of CERIB,
France. The fire tests were executed with an ISOfi88 of 120 minutes. The exact spans and
loads to reach the required shear load are depictEdyure 3.9 and illustrated in Table 3.1II.
Appendix 3.B shows technical drawings of the suppetails of G2 to G7. One day before
the fire test, all the floors were shortly preloddat ambient temperature at 70% of the
ultimate design shear tension capacity. Hencefltloe was preloaded with a load in order to
obtain a shear force at the face of the supp®8dd kN/slab (78.3 kN/m).

In the fire test the shear load in the hollow cilwer at the face of the support was set
equal to 100% of the shear and anchorage capaaitylated with EN1168:2005+A3:2011
Annex G at 120 minutes of ISO fire. Table 3.1l gsvthe shear loads at the suppog,{),.

So, when with EN1168:2005+A3:2011 Annex G it isco#ted that at 120 minutes of 1SO

fire the shear and anchorage capacity is 48.7 ki3, this was applied as a shear load
Vsupportduring the 120 minutes fire test. From this sHead at the support, the magnitude of
load in the jacks was derived, taking into accdhatself-weight of the hollow core floor, and

including the self-weight of the steel beam usedlie distribution of the load (see also Table
3.11).

Figure 3.10.a shows the total load in the jackshentotal floor in relation to time. In
accordance with EN1363-1 [3.5] and EN1365-2 [3h€] lbad was applied at least 15 minutes
before the fire started. Further, in this Figur&03a we see that there were different load
levels during the fire test on the different flo@s the shear and anchorage capacities were
different. Also, we see in Figure 3.10.a that thedl level remained constant during 120
minutes of ISO fire. Figure 3.10.b shows the deitecat mid span of the floor in relation to
time. After preloading the linear deflection wastie order of 2 mm in the middle of the
span. But we clearly observe in the Figures 3.80é 3.10.b that with a constant external
load the deflection increased during the fire tEgtst, when the fire started at 0 minutes, the
deflections quickly increased. After 30 minutesflet#ions between 19 mm and 23 mm were
measured at mid span on the different floors. Thies,rate of deflection decreased and the
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deflections stabilized during the remainder of fire test. Finally, at 120 minutes the
deflections reached 35 to 41 mm.

Just after 120 minutes, the insulation () anddritg (E) criteria were checked and
subsequently the fire was stopped. In none of lberd a shear failure had occurred. Table
3.1V shows the REI granted to the fire tests.
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Figure 3.9. Loading scheme of slabs in fire tesieseG of G2/G3- longitudinal schematic view (up)
and cross sectional view (down)
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During the fire tests, many measurements were aiaduof which only minimum and
maximum measured values are given in the Tablest@.3/VIl (do note the scatter in real
measured values). Table 3.V gives measured valudsedemperature at half height in the
centre webs of the slab. After 60 minutes the teatpee at mid height reaches approximately
100 °C, while at 120 minutes the temperature vabietlveen 134 °C and 218 °C with an
average of 184 °C. Table 3.V also gives the th@maletalue calculated with Annex G at a
depth from the soffit of 132 mm. At 120 minutes,n&x G calculates 274 °C which implies
that the temperature calculated by Annex G is higfiren real measured (average) value. This
is mainly because a maximum allowed temperatutieeatop of the slab of 160 °C is assumed
at 120 minutes, and the temperature at half hésgbalculated by interpolation betweej.a
level and top of floor, see chapter 3.

Table 3.VI gives the measured temperature in ttangs. After 1 hour the temperature
reaches an average of 201 °C, while at 120 mirthee¢emperature varied between 167 °C
and 517 °C with an average of 382 °C. Table 3.%0 glives the theoretical value calculated
with Annex G at the axis distance of 50 mm (In An@strand is calculated 390 °C after 120
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minutes of fire). There is a very good agreemeitivben the measured temperature in the
floors and the temperature calculated by meansnofe& G in the strands at axis distance of
50 mm.

Finally, in Table 3.VII the slip in the strandsgien for G2 to G6. At 120 minutes the
slip was only between 1 to 3 mm. The slippage @oiflG4 with the 170 mm protruding
strands is not necessarily less than the slippadke floors without protruding strands (G2
and G3). The slip in G5 is about double the valtighe slip in G4. In G7 slip measurement
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was not possible due to the stand-up of the L-sthappport beam.

Table 3.11l Load in jacks based on calculatedastmpacities (Vippor)

Capacity

Fire Structural Shear | 120 Width
test topping | span min. of test #
ID L e thickness (2.5 )| Vggcsi Facks floor Fiacks | jacks Fiack

mm] | [mm] | [mm] [mm] | [KN/m] | [KN/m1]| [m] kN [kN] | kN/jack
G2 330Q 3400 - 662.5| 52.3 56.9 2.4 136.p 2 68.3
G3 330Q 3400 - 662.5| 48.7 52.5 2.6 136.4 2 68.2
G4 330Q 3500 50 787.5| 63.7 70.8 2.6 183/9 2 92.0
G5 330Q 3400 50 787.5| 40.7 41.8 2.4 1002 2 50.1
G6 334Q 3420 - 662.5| 48.7 52.3 2.6 136.1 2 68.0
G7 334Q 3420 - 662.5| 48.7 52.3 2.6 136.11 2 68.0
Table 3.1V Fire resistance results of fire teS&to G7
Fire date Start fire | Stop fire Fire loading R E |
test [time] [time] time [min] [min] [min]
ID [minutes]
G2 23-06-2011| 10:50:05 12:58:04 128 minutes 128 1p0 120
G3 23-06-2011| 10:50:05 12:58:04 128 minutes 128 1p0 120
G4 22 -09-2011| 09:39:00 11:40:18 121 minutes 121 0 12 120
G5 22-09-2011| 09:39:00 11:40:18 121 minutes 121 1p0 120
G6 21-10-2011| 09:47:35 11:50:04 122 minutes 122 1p0 120
G7 21-10-2011| 09:47:35 11:50:04 122 minutes 122 1p0 120

Table 3.V Temperature (min - max) measured hiest, Annex G calculation at 132 mm from soffit

G2 G3 G4 G5 G6 G7 | Annex GP
[°C] [°C] [°C] [°C] [°C] [°C] [°C]
30 min 36-70| 37-49] 35-45 38-58 51 -57 29 - 86
60min | 97-105| 96-104 94-99 91-100 98- 10094 - 99 179
90min | 101-174 120-158 99-138 114-193 1289| 107 - 13§ 229
120 min | 134-234 165-21P 158-197 169-218 -1B¥0| 149 - 186 274

1) calculated without a structural topping

81




-CHAPTER THREE -

Table 3.VI Temperature (min — max) measurexdrands, Annex G calculation at 50 mm from soffit

G2 G3 G4 G5 G6 G7 | Annex GP

[°C] [°C] [°C] [°C] [°C] [°C] [°C]
30min | 101-1200 101-146 67-174 100-104 1085| 100 - 104 110
60 min | 146-208 158-26Fy 119-3]14 147-255 2P89| 215 - 242 230
90 min | 245-315 251-37L 174-428 189-295 3BB0| 323 - 381 320
120 min | 322-398 335-46R2 301-517 167 -369 -3934| 408 - 480 390

1) calculated without a structural topping

Table 3.VII Slip of strands in middle slab
G2 G3 G4 G5 G6 G7

[mm] [mm] [mm] [mm] [mm] [mm]

30 min 06-13| 05-05 06-0383 14-08 -109 not possible
60 min 08-16| 09-09 13-08 21-1 1194 not possible
90 min 09-18| 10-10 14-1.0 3.0 19-14 not possible
120 min| 09-19] 11-1.1 15-1p 3.1 20-14 not possible

[

During the fire tests the strain in the25 longitudinal bars in G3 and G6 was registered.
After 120 minutes the strain in tté25 bars in G3 was approximately 2200/m and G6 is
1500um/m. Also, the strain in the reinforcement bar$2 of the longitudinal tie-beam was
registered. On average, at 120 minutes the stnained12 bars in G3, G4, G6 and G7 was
approximately 105@m/m.

3.9. Peak shear and anchorage capacity of floors G2 to/G

After the fire was stopped, just after 120 minuiéére, the floor was further loaded up
to shear failure. This took in G4 to G7 betweera@ 50 minutes due to the loading rate of
10 kN/min for the whole floor, and due to the fé#wat the second floor could only be tests
after the first floor. In test G2 and G3 the loadiime was about 80 minutes due to the fact
that a loading rate of 5 kN/min for the whole flosas initially chosen. At failure (between
150 minutes and 204 minutes), the measured tenyperiatthe strands was on average a little
bit higher than the temperature at 120 minutesleathe measured temperature at mid height
of the web was significantly higher than the terap@e at 120 minutes. Hence, although the
fire was stopped at 120 minutes, the floor wasestiposed to the accumulated heat.

Table 3.VIII presents details about the load applig means of hydraulic jacks and the
resulting peak shear load at the support, takitg &ccount the self-weight of the slabs and
the steel beam. The experimentally obtained peekrstapacity give rise to distinguish two
groups; G2, G5 and G7 have a shear capacity ofl32.56.3 kN and 87.8 kN, respectively,
and G3, G4, and G6 have a shear capacity of 1RN.5134.7 kN, and 125.0 kN,
respectively. The lowest peak shear capacity wdairdd in G5 (with 50 mm structural
topping), while the highest peak shear capacity wbtined in G4 (also with 50 mm
structural topping, and with protruding strandshe3e peak shear capacities were reached
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between 150 minutes and 204 minutes. Hence, althibigevident that the calculated Annex
G shear and anchorage capacity was resisted biptrdor 120 minutes, it is not evident that
this peak shear load would have been resisted doyhafiow core floor when it was loaded
over the 120 minutes of fire with this high sheaad. But we can conclude that there is a
significant reserve capacity after 120 minutesS® Ifire.

Load [kN]

G2 — (3 — G4 G5 = G6 —GT
450 B d - : = I

400

350
ISO firg exposure

300

A

250

200

[ 150
rl 100

start of [oading
0 T 50

ng up tp sheat failure

N 0 |

-30 DN 30 60 90 N0 150 180 210
start of fire fire stopped Time [min]

Figure 3.10.a Load — time diagram of fire teststGZ7
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-30 30 60 90 ‘ng 150 180 210
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Figure 3.10.b Time — deflection diagram of firet$eG2 to G7
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Figure 3.10b shows the time — deflection diagranthef six floors during the 120
minutes of fire, and during the time the floors eiémaded up the failure. It shows that after
the fire was stopped the deflection more or legs kecreasing. At moment of failure, the
magnitude of deflection rate increased significgnéind then test was stopped in order to
prevent the floor to fall into the furnace. Thealatltimate deflection varied between 49 mm
and 83 mm for the various floors.

One day after the fire test the furnace was opeaed,the floors were examined for
spalling and cracks. Explosive spalling did notwcduring the fire tests as no spots were
observed were the concrete had spalled. When ffieafdhe floors was examined, all floors
clearly showed a failure mechanism indicating skaar anchorage failure. Figure 3.11 shows
the failure patterns of the floor assemblies af@ilure. G2 and G5 do not contain a
longitudinal tie beam, and these floors clearlyvstibe inclined shear crack. These inclined
shear cracks initiate from a bending crack andAeeréical cracks due to thermal stresses, see
also Figure 3.1. G3, G4, G6 and G7 do have a neiatblongitudinal tie beam which gives a
bit unclear view of the failure crack as it hidke inclined shear crack.

During the fire tests the strain in the longituding5 bars in G3 and G6 was registered.
At failure the strain in th&l25 bars in G3 was approximately 220&/m and G6 was 1500
um/m. Hence, the tensile stress equals 0,0022x2160862 N/mni and 0,0015x210000 =
315 N/mnf in the 025 longitudinal bar, respectively. This leads teotal force in the 2
longitudinal bars of 2 x 490 nfix 462 N/mnf = 453 kN and 309 kN, respectively. On a total
floor area with A = (2x171750 + 2x100x200) nfre 383500 mrhthis gives a “blocking” of
1.2 N/mnf in G3 and 0.8 N/mfin G6. Also, the strain in the reinforcement bars2 of the
longitudinal tie-beam was registered. On averag&2@ minutes the strain in tfi€l2 bars in
G3, G4, G6 and G7 was about 10%0n/m. Hence, this gives a tensile stress of
0,00105x210000 = 220 N/nfnin the bar, which leads to a total force in theodgitudinal
bars of 4 x 113 mAx 220 N/mnf = 100 kN. On a total floor area of 383500 frifis gives a
blocking of 0.2-0.3 N/mrin G3, G4, G6 and G7.

Table 3.VIII Experimental peak shear capacitidsf derived from experimental load in jacks
Start Stop | Loading
test| loading| loading rate Fiacks | Width | Facks Vijacks Vseffweight Viest
[KN/min/
[min] | [min] floor] [kN] [m] | [KN/m] |[KN/m] [kN/m] [KN/m]
G2 | 184.2| 194.0 10 226.1 2.4 94.5 76/0 6.5 825
G3| 129.0| 204.2| 5and10 39714 26 1529 1238.0 6.5 2951
G4 | 1275| 151.3 10 422p 2.4 162.4 125.9 8.8 134.7
G5| 152.3| 163.6 10 2115 24 88.1 67(7 8.6 763
G6 | 1285| 152.6 10 382 2.6 147.0 118.5 6.5 125.0
G7| 153.6| 166.0 10 262.1 2.6 100.8 81}3 6.5 878
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N
G6 GT
Figure 3.11. Photos of failure cracks at the sidéthe floors after further loading up to failure
after the fire was stopped

3.10. Analysis of test results and intermediate conclusits

In Table 3.1X the results of the fire tests areegivin comparison with the calculated
capacities according to EN1168:2005+A3:2011 AnneO@rall observations based on the
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outcome of the fire tests show that:

e During 120 minutes of ISO 834 fire the floors G2G@ were capable of resisting a
shear load Yppot €qual to the calculated shear and anchorage ¢tap®&i,ic
according to EN1168:2005+A3:2011 Annex G;

» In all tests the peak shear capacitysVexperimentally obtained after further loading
after the fire was stopped at 120 minutes, is betwie6 and 2.7 times higher than the
shear capacity Mic calculated with EN1168:2005+A3:2011 Annex G at 120
minutes.

» The peak shear and anchorage capacitigso¥G3, G4 and G6 (125.0 to 134.8 kN/m,
on average 129.7 kN/m) are significantly highenttize capacities of G2, G5, and G7
(76.3 to 87.8 kN/m, on average 82.2 kN/m).

Table 3.IX Test peak shear capacitiegsf\¢ompared with EN1168:2005+A3:2011 Annex G
(VRracn) under fire at 120 minutes

G2 G3 G4 G5 G6 G7
Vra.c.120[KN/M] 52.3 48.7 63.7 40.7 48.7 48.7
Veupport [KN/M] 52.3 48.7 63.7 40.7 48.7 48.7
Viest [KN/M] 825 1295 134.7 76.3 125.0 87.8
Viest! Vraon [%] 158% 266% 211% 187% 257% 180%

Observations over the various floors based on tiveoone of the fire tests show that:

* G3 and G6 show that the 225 mm bars in combinatitim the peripheral tie beam
significantly increases the shear capacity;

» The difference between the shear capacities olstaineG2 and G3 cannot be
explained by the difference in position of the cection reinforcement (G2 in core,
G3 in joint) but by the restraining effect causgdie longitudinal tie beam and 225
bars, see also Table 3.X;

» G4 shows that when applying protruding strandsgthy and the peripheral tie beam
without the 225 mm bars the shear capacity ineseagnificantly;

» The difference in shear capacity between G4 andisGBainly attributed to the
longitudinal tie beam and the protruding strand&4h

* When comparing G6 to G3, it shows that a vertiaainection between the floor
system and the peripheral tie beam is not needed;

»  When comparing G7 to G2, G3 and G6, it is evideat tan L-shaped beam also is
capable of achieving a good shear and anchorageitap

The results of the individual failure tests of fBeseries could also be compared to the
total longitudinal reinforcement (converted to kbf) the support connections in cores or
joints, exterior bars(125, topping reinforcement plus additional anchordgges, and
protruding strands. For the latter, we have catedldéhe tensile capacity by the anchorage of
the strands in the support tie beam at the slab®mal classification of the tests according to
the quantity of longitudinal reinforcement is givienTable 3.X.
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Conclusions on the fire tests based on Table 3.X:

There is good agreement between the classificafidotal longitudinal reinforcement
and shear capacity. Classified in longitudinal fi@icement 1-3 also classifies in shear
capacity 1-3. And same for 4-6;

There is also a relation between longitudinal bllegkand shear capacity measured
during the test. Table 3.X gives information on tbagitudinal confinement and
classification of the test results. The longitudie&forts are calculated assuming
arbitrarily that the reinforcements crossing thppart section are mobilized to their
yield strains. This analysis does not take intooaat the influence of location of the
steel in the depth of the cross section;

The exterior bar§125 provide a longitudinal restraint of the therreapansion, and
are hence keeping the vertical cracks closed. $eBe demonstrate that the
longitudinal bars(125 are not needed for the shear capacity, but itfeyence the
final shear capacity in an important way;

The longitudinal connecting reinforcements are ipigyan important role in the shear
capacity of the HC floor, but in different ways:

The bars in the joints and filled cores are keepimgvertical thermal cracks closed,
and thus preserving thus the shear capacity ofléis;

The protruding strands are active in the anchocddbe prestressing at the slab ends
and improve in this way the shear capacity sigaifity;

The exterior bar§125 provide a longitudinal restraint of the therre&pansion, and
are hence keeping the vertical thermal cracks dlose

The vertical connections through stirrups in thppsrting beam are not needed, if
good detailing is provided (for example like tes6,Gection of 1.88 cm2/m of
connection reinforcement in each joint and a penightie reinforcement of (212
surrounding the whole floor structure).

Table 3.X Total longitudinal reinforcement apport compared to shear capacity

Test Shear capacity| Classification | Total longitudinal | Classification | Longitudinal
number [KN/m] shear capacity] reinforcement, longitudinal blocking
converted to kN | reinforcement| [N/mm?

G3 129.5 2 996 2 1.4

G4 134.7 1 784 3 0.2

G6 125.0 3 1027 1 1.0

G2 825 5 402 6 0

G5 76.3 6 473 5 0

G7 87.8 4 596 4 0.2
3.11. Shear capacity under fire compared to ambient temp@ature

In the Holcofire G-series research we have obtathedshear and anchorage capacity

(Vraisic) at 120 minutes of 1ISO 834 fire, the peak shear amchorage capacity £¥) after
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further loading up to failure, and the average sheasion capacity (Vexy at ambient
temperature as an average result of Annex J ®sth. Table 3.XI and Figure 3.12 present a
comparison with the different capacities. Note timatase of fire tests G4 and G5 also for
comparison with Yqic and Mes: the reference of the shear tension capacityywithout a
structural topping is taken. On the one hand, iergyas that in the different hollow core floors
the shear load during the fire test, which was ehas be equal to the Annex G shear and
anchorage capacity, ranged from 18.6% to 29.2%efhear tension capacity obtained from
Annex J tests at ambient temperature. During 12tutes of 1ISO 834 fire the hollow core
floors were capable of resisting this as a sheadl.l@he peak shear capacity, on the other
hand, ranged from 35.0% to 61.7% of the sheardansapacity obtained from Annex J tests
at ambient temperature.

Table 3.XI Annex G shear capacity{¥o and peak shear capacity£j compared with
experimental shear tension capacity () at ambient temperature and shear capacity cakeada
with simplified expression RV simpiiied

G2 G3 G4 G5 G6 G7

Vranie [KN/m] 52.3 487 63.7 40.7 487 487
Viest [KN/M] 825 1295 134.7 76.3 125.0 87.8
Vi exp [KN/M] 2183 | 2183 | 2183| 2183 21843 218.3
Vrasie! Vaoe [%6] 240% | 22.3% | 29.2%| 18.694  22.3%  22.3%
Viest! VR exp[%0] 37,8% 59,3% 61,7% 35,0% 57,3% 40,2%
V rd,simpiitied [KN/M] 97.3 97.3 97.3 97.3 97.3 97.3
Vrane! Veasmptiod [%0] 53,8% | 50,1% | 655%| 41,89  41,8%  50,1%
Viest! Vrd,simpiified [70] 84,8% 133,1% 138,4% 78,4% 128,5% 90,2%
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Figure 3.12. Shear capacity during fire tesk{¥) and peak shear capacity{y
compared to ambient shear capacity ()

In EN1168:2005+A3:2011 Annex G tabulated valuesgiven in Table G.2. In Table
G.2 we derive for a slab thickness 240-280 mm aBt 10 that Vg c i = 0.55 Vkd,c,cold AS
we have experimental results of both the shearaactiorage capacities under fire conditions
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and at ambient temperature, we can make a compagigb Table G.2. In this Table G.2 the
shear tension capacity r¥ccoid iS calculated with the simplified shear tension dedo
expression of EN1168:2005+A3:2011. In chapter\®as calculated that with the simplified
expression for the cross section used in G-seri@siniies = 116.8 kN/slab = 97.3 kN/m.
But in the Table G.2 the 55% tabulated value @f; M = 0.55 \kdccod IS based on an
example where ¥jsic is calculated with 1.88 cffm of longitudinal tie reinforcement and 70
mm support length. In our fire tests, G2 comprisel cni/m longitudinal tie reinforcement,
G3, G6, G7 comprised 0.94 &m longitudinal tie reinforcement, and G4 and G8 dbt
have longitudinal tie reinforcement at all. AlscetBupport lengths were different in the
Holcofire fire tests. Consequently, the calculatetles will be different than the tabulated
value of 55%. Accordingly, from Table 3.XI emerdbat the calculated value would be equal
to the shear and anchorage capacity that waseaedistring the fire test; this ranged for the
different hollow core floors between 41.8% and 66.®mf the shear tension capacity
calculated with the simplified expression. Thesegetages can be directly compared to 55%
from Table G.2 discussed earlier for the particeteample of 1.88 cffm of longitudinal tie
reinforcement and 70 mm support length. Becausep#ak shear and anchorage capacity
ranged between 78.4% to 138.4% afyMmpitied (=Vrd.c.cod We can conclude that the tested
hollow core floors had a significant reserve cagyadihis additional reserve capacity proofs
that EN1168:2005+A3:2011 Annex G is on the safle sind that Table G.2 gives a safe
lower tabulated limit of shear and anchorage capaci

3.12. Conclusions

It is concluded from the fire test that during Iihutes of ISO 834 fire the hollow core
floors were able to withstand a shear load equath® shear and anchorage capacity
calculated with EN1168:2005+A3:2011 Annex G. Theerimentally obtained peak shear
capacity is 1.6 to 2.7 times higher than the slaeal anchorage capacity calculated at 120
minutes by means of EN1168:2005+A3:2011 Annex Gis Timplies that in the tested
hollowcore floors there is a significant reservetia shear and anchorage capacity under fire
conditions. Hence, it is concluded that with theges of the shear and anchorage capacity
formula in the European product standard EN116&263:2011 Annex G the designed
hollow core floor is safe for ultimate limit stefter fire design.

The peak capacities of G3, G4 and G6 (on avera§er IN/m = 155.7 kN/slab) are
significantly higher than the peak shear capacitie&2, G5, and G7 (average 82.2 kN/m =
98.6 kN/slab). This can be explained by the tatagltudinal reinforcement (converted in kN)
that was present in the floors of G3, G4 and GZabse Annex G formula does not consider
explicitly the “system effect”, such as the usepefipheral ties beams or external blocking.
These effects influence the shear and anchoragecitappositively. From the parameters
investigated in the fire tests it is concluded tha&t Annex G formula safely predicts the shear
capacity of a single prestressed hollow core slatiuding parameters such as protruding
strands, connection reinforcement, and a structtopping. In addition, considering the

overall beneficial contribution of applying slabs & whole building system, the designed
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hollow core floor is safe for ultimate limit stafier fire design with EN1168:2005+A3:2011
Annex G.

Reference shear tests at ambient temperature shthaeédhe average shear tension
capacity of the slabs is 262 kN/slab (= 218.3 kN/&)omparison concludes that the peak
shear capacity after 120 minutes ranged from 33®%il.7% of the shear tension capacity
obtained by Annex J shear test (without toppingirabient temperature.

At the same time, the standardised fire test amavegt described in
EN1168:2005+A3:2011 Annex G showed that there @®mribution of the longitudinal tie
beam and @25 mm bar by virtue of blocking in londibal direction. The addition of a
longitudinal tie beam or @25 mm longitudinal bamiscessary in the fire test arrangement
when the general floor arrangement and connectamsure this longitudinal blocking.
Moreover, the longitudinal tie beam assures thet&sy effect” when performing a fire test
on a floor. But regarding the test set-up as desedriby EN1168:2005+A3:2011, it is
concluded that the longitudinal bdr®5 are not necessarily needed.
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Appendix 3.A - Hollow core slab cross section data

Concrete slab

Slab depth h =265 mm
Slab width b =1197 mm
Concrete area A =168467 mrh
Centre of gravity from soffit Z =134 mm
Total web thickness wb =326 mm
Level where web thickness is 50% of total width 5068 =58mm
Second moment of inertia e | =1447377000 mf
Section modulus, top W, =10781cm
Section modulus, bottom Mbitom= 11070 cm
Concrete slab with joint filling

Cross section A =171750 rim
Centre of gravity from soffit z =135 mm
Second moment of inertia | =1474200000°mm
Section modulus, top M =10889 crl
Section modulus, bottom Mom = 11374 criy
Concrete quality (target)

Concrete quality C = C45/55
Mean cylinder compressive strength Eurocode coa@@tdays & =53 N/mnf
Aggregate = silicious

Mean cylinder concrete compressive strength (reswdtfrom quality control)

28 days, recalculated to cylinder h300 mm, d150 mm fem2s  =50.0 N/mnA
121 days outdoor, recalculated to cylinder h300 @hb50 mm fn1ze = 67.3 N/mm

442 days conditioned, recalculated cylinder to h8®0, d150 mm naa2 =56.2 N/mn

Prestressing steel

Mean tensile strength prd = 1951 N/mnA
Mean 0.1% strength prfo19% = 1735 N/mm
Young’s modulus E  =196650 N/mrh
Initial prestressing Opmo =1100 N/mm
Type of tendon type = “strand”
Diameter of tendon & =125

Total area of tendon A =6*93=558mmh
Axis distance of prestressing reinforcement p Y =50mm

Design capacities

Design bending moment capacity rM =176 kNm/slab
Design shear capacity (shear tension, region moked in bending) M = 126.4 kN/slab
Design shear capacity (flexural shear, regionskerdin bending) Y = 84.3 kN/slab
Shear and anchorage capacity under fire conditions

Shear and anchorage capacity at 60 minutes of BIQi& VRd c.figo= 45.0 KN/m
Shear and anchorage capacity at 120 minutes o883Qire VRd.c.fi120= 35.5 KN/m
Shear and anchorage capacity at 180 minutes o8BEQire VRd.cfitgo= 27.0 KN/m

(Shear and anchorage capacity under fire conditimsed on following values: 1ISO 834, h = 265 mm, A
168423 mm, b, = 326 mm, g, = 58 mm, §, = 53 N/mnf, aggregate = silicious,f= 500 N/mni, A; = “no
reinfo”, ys = n.a.,op = 960 N/mm, strand, @= 12.5 mm, A=558 mn3, y, = 50 mm, a = 100 mnm, = 0,7)
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Appendix 3.B - Overview of support details of G2 td57; technical drawings
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Support detail
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Chapter Four
Flexible Supports

Shear resistance of hollow core slabs on flexible
supports under fire conditions

Keywords: Hollow core slab, flexible support beams, shezsistance, fire, EN1168 Annex G

Abstract. It is generally known that the shear resistant¢he hollow core slabs is reduced
under ambient conditions if the slabs are suppoligdon-rigid beams, the socalled flexible
supports. Under ambient conditions it is eviderattthe deformation of the beam initiates
composite action that alters the mode of behavadithe structure and introduces additional
bending and additional shear stresses in the trarsal direction of the slab. Both
phenomena lead to a reduced shear capacity undéiearnconditions for slabs on flexible
supports. Nowadays, there is still no design procedor flexible supports specified in the
European standard EN1168:2005 +A3:2011 for hollowvecslabs. EN1168 states only that
“in case of flexible supports, the reducing effetttransversal shear stresses on the shear
capacity shall be taken into account.” In some does however the design
recommendations set out in fib Bulletin 6 are uisedonstruction to design hollow core with
flexible supports. But most countries do not take account the flexible support effect under
ambient conditions, because for most practical mapions sufficient shear resistance
remains. This Chapter motivates that the decredshear capacity due to flexible supports
is not magnified by fire conditions. On the conyrathe thermal gradient over the cross
sections due to the fire compensates the negdfieet® of flexible supports. On the one hand,
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the underflange of the hollow core slabs expands$ ianunder compression such that the
additional bending stresses are compensated. Onother hand, vertical thermal cracks

occur in the webs of the hollow core slab such thathear tension failure cannot occur
anymore. As a result, the shear resistance “faleckd to the level of flexural shear

resistance. Accordingly, it is concluded in thisa@ter that for hollow core slabs on rigid

supports and flexible supports, EN1168 Annex G lbarused for determining the shear
resistance under fire conditions.
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4.1. Introduction

During the first decades when the prefabricationcoficrete structures was in full
development, hollow core slabs were commonly sugpgoon rigid concrete walls. Then, in
the 1980s, in Scandinavia in slim-floor structufesxible supports were introduced by
supporting the hollow core slabs on slender stealms. These slender beams (nowadays
either steel, concrete or composite) deflect upgemanent and live loading and are therefore
flexible supports [4.19]. Of these integrated be&nesbeam height is usually slightly greater
than the height of precast slab element such timatfloor structures are obtained, see Figure
4.1. The prestressed hollow core slabs are cuyrém most popular solutions for long span
floors (6- 20 m) in slim floor structures, and are suppodedhe wide lower flange. Mainly,
the fast erection, low self weight, and high stfs with relatively span-to-depth ration (I/35)
are decisive for their success. Also, interior walhd facades can be arranged freely, or even
replaced, since these walls have no load bearingtitn anymore. Finally, the flat soffit
gives freedom to arrange the electrical and watetvedbrk. A minimum slab weight is
obtained by the combination of high quality coneré€45/55 or C55/C67) and effective
prestressing, leading to 30 % less concrete an#lo36ss steel. The minimum weight also
affects also the supporting structure underneadhtfze foundation [4.13].

However, it is evident that due to flexibility dig support the hollow core slabs follow
the deflection of the support which reduces theasbeapacity of the hollow core floor [4.13].
When hollow core floors are supported on beamsdt#fermation of the beam will initiate
composite action between the floor slab and thembebhis action alters the mode of
behaviour of the structure and introduces additidmending and shear stresses in the
transversal direction of the slab. Depending onrideity or flexibility of the support beam,
the transversal stresses will affect to a certaberg the shear tension capacity of the floor.
The effect of the flexible supports on the loadrivgacapacity of the hollow core slabs was
investigated extensively at VTT in Finland in 19984, 4.2, 4.3]. Pajari observed in his six
tests that the shear resistance was only 40-70#tecthear resistance observed in reference
tests in which the slab units were supported oid sgpports. The reduction of shear capacity
is due to transverse deformation in the hollow cad units caused by the deflection of the
beam. Despite, at failure, the deflection of thpmuting beam was relatively small, typically
1/400 to 1/250 of the span of the beam.

In spite of the reduction in shear resistance diblwocore slabs due to the influence of
flexible supports, sufficient shear resistance ii@esméor most practical applications of precast
construction [4.4]. Accordingly, the practical ingation of this reduction is however limited
for two reasons. On the one hand, the shear tegsjoacity of the hollow core slab generally
does not govern the design. On the other hand,|dheé bearing capacity of the beam
generally limits the allowable load on the totaldit system rather than the hollow core slab
itself. [4.13]. But the question is whether theqtiGal implication of this reduction is also
limited under fire conditions, or that due to tive xposure additional stresses are introduced
that limit the shear capacity of the hollow comofis on flexible supports even more. There is
a belief that the thermal expansion during a fias la positive effect on the shear capacity
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because of the induced compression in the lower gfathe cross section as a result of
thermal gradient over the height. Fellinger mergibrsome words about this aspect in his
PhD thesis [4.13] on page 57: “Premature shearactorage failure can not be attributed to
the reduction in the shear tension capacity byibllexsupports if there exists any negative
effect of flexible supports on the fire resistarateall.” Accordingly, the objective of this
Chapter is to address whether the decrease of shpacity under flexible supports as stated
at ambient temperature, is magnified by the extrdime conditions, or that the flexible
support effect needs not to be taken into accauait ander fire conditions?

4.2. Flexible support and design procedure

Nowadays, despite the frequent usage of hollow states on flexible supports, there is
no design procedure or model specified [4.19] anBHuropean standard for hollow core slabs
EN1168:2005+A3:2011. EN1168 [4.11] states only lause 4.3.3.2.2.1 under the general
verification procedure for shear and torsion cdpattiat “in case of flexible supports, the
reducing effect of transversal shear stressese@aslthar capacity shall be taken into account.
However, this lack of design procedure in the stadichas been acknowledged, and flexible
supports will possibly be integrated in a new rewisof EN1168 by TG1 of WG1 of TC229.
Outside the European standards, a well known dgsigeedure is available in fib Bulletin 6
published in January 2000 [4.7]. This design praceds mostly used in the Northern part of
Europe, whereas in the Southern part of Europentieitiod is not used and the reduction of
shear tension is still ignored. But as the shepacity of hollow core slabs is not fully used in
many slim floor structures, a reduction of the shegacity by flexible supports may not be a
problem. In Italy for example, the shear tensiopacdty is not largely used since, due to large
use of continuity design of floors , shear is liitto flexural shear capacity. German
instructions [4.20] limit the shear capacity of ti@low core slab to 50% and the permissible
beam deflection to L/300 (at ultimate limit stavad).

As the slim floor structures were developed in Sla@avia, the first important work
was the Nordic research project carried out in 18993. In 1990, an experimental project at
VTT in Finland was carried out in which two fullae loading tests were performed for slim
floors made of 265 mm hollow core slabs [4.1]. Tkseults however showed that further
research was needed. Accordingly, a project orohwotore slabs on flexible supports started
in 1991. From that work in 1993 the first versiohte well known Code Card 18 was
published in Finland [4.6]. The support beams veegigned in such a way that the deflection
due to the test loading was equal in order to eehorsional moments from the hollow core
floor [4.5]. The work on hollow core slabs on filebe supports continued with series of tests
carried out at VTT Technical Research Centre irdrith up to the year 2006 by Pajari and
Leskeld. The influence of shear and torsional mdsanthe floor is extensively researched
by Broo, Lundgren and Engstrom in the Holcotorsjeubin period 2002-2004. Most
recently, Roggendorf [4.17] executed at RWTH AacBefull-scale tests on two-span floor
systems with a shallow steel beam (IFB) as middfgpsert. A peripheral tie beam was cast

around the floor to consider a systems effect asnoon in practice. Hence, considering the
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tests by Pajari and Leskela and Roggendorf, a databomprising 39 fullscale tests has been
established that was used by Roggendorf to derivenhanced design model to determine the
shear resistance of hollow core slabs on flexihlppsrts The design models by Pajari-
Leskeld and Roggendorf are not contradictory, htitar complementary to each other, since
they are based on the same experimental tests. \lowte main shortcoming of the model
by Pajari-Leskeld is the omission of the non-linetiects, for example cracks in the joint,
which the model by Roggendorf tries to take intocamt [4.19, 4.20].

wall beam wall

4. 777 A 3
sy S M/ - Them i
e W 0000000 [ 0000000 [ 0000000 ooooooo“/

| wall HJ beam HJ | wall

Figure 4.2. Rigid suppport (left); flexible suppomithout torsion (m) and with torsion (right) [4.5

4.3. Reduction of shear capacity under flexible supports

The analyses of the hollow core slab floor areeneagal based on 2-dimensional stress
distributions [4.7]. This is theoretically valid wh the slab is subjected to symmetrical and
uniformly distributed loading and is supported omigid support such as a wall or a deep
beam, under the assumption that the supports awmdlgbaand the angle between span
direction and support direction is 90° (Figure 41R) 1990, further steps were taken in the
application of steel beams to support hollow cdoers. Two floors supported by a newly
developed steel profile in Finland were tested He taboratory of VVT in Helsinki to
investigate the composite action between the iategrbeam and the hollow core floor. But
to the surprise of the researchers and the prosluberslim floor structure failed far before
the expected capacity was reached; not the inedjfadam but the precast hollow core slab
was decisive. This was the start of a wider re$edrScandinavia to the effects of a flexible
supported hollow core slab floors [4.1, 4.2]. Noagsl in many cases the hollow core slabs
are supported on steel, prestressed or reinforeagn® of moderate stiffness for rigid or
flexible supports, or a combination, see Figure 4.2

The effect [4.13] of the flexible supports on tregpacity of the hollow core slabs is
illustrated in Figure 4.3. Due to the limited stigks of the supporting beams, the hollow core
slabs will deform not just in the spanning direntiof the slab, but also in the transversal
direction which is the span of the beam. Dependinghe stiffness of the supporting beam
relative to the transverse stiffness of the hollmwe slabs, the load is more or less directly
transferred from the hollow core slab to the colemrhe beam and the slab will act together
as a composite beam, either intended or unintedigdunavoidable due to friction). This
composite action causes a lower shear capacitytal@glditional stresses, where the shear
capacity is based on the uncracked situation réispbcon shear-tension failure.
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Figure 4.3. Effect of flexible supports on the ballcore slab at two positions [4.17]

The additional stresses are depending on the positong the beam:

» At mid span of the slender support beam it intredliadditional transverse bending
stresses in the underflanges of the hollow core Elal3]. If the hollow core slabs
are supported so low on the beam that bendingeob#fam gives rise to transverse
tensile stress at the bottom of the slab, the tsoffithe slab tends to crack
longitudinally parallel to the strands [4.19, 4.2These tensile stresses can initiate
splitting cracks along the strands that reducestra between the strands and the
concrete [4.9]. As a consequence, a reduced anabamichored strands will reduce
the shear capacity of the slabs affected by crankshe underflange [4.13].
Longitudinal cracks also reduce the transverse ibgnstiffness of the slabs. But
this transversal bending phenomenon is not detémmitne lower shear capacity at
flexible supports.

* Near the stiff column position additional trans\eeshiear stresses in the webs of the
hollow core slabs are introduced. On the basiedés of experimentally full-scale
tests it has been shown that the failure of therfadways begins from the outermost
slabs. Hence, while the deflection of the beam cthe hollow core slabs are
supported only in the area of their outermost wWdhE9]. Due to friction between
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the hollow core slab and the slender beam alongdherete the support area, the
deformation at the support is hindered and a hot@dorce originated in the webs
of the slabs in transverse direction that indudesas stresses [4.5]. Due to the
additional shear stresses in the webs, shear teffigilure will occur at a lower
applied load than in case the hollow core slabssapported on rigid walls [4.13].
So, the edge slabs are subjected to shear deformathich is the main reason for
reducing the shear capacity. The lack of paratielis opposite ends of the hollow
core slab may result in additional stresses duersion [4.19].

Pajari developed design recommendations [2 in 40b3he basis of a composite beam
model that predicts the reduction of the shearid@nand anchorage capacity. In this model,
both the effective part of the hollow core slab dhd supporting beam are considered as
bending members, satisfying Bernoulli's hypothesiplane cross sections remaining plane.
The shear deformation of the hollow core slab dredlbngitudinal slip of the hollow core
units along the beam are implicitly taken into agddby an adjustment of the effective width
berr Of the hollow core slab contributing to the conideam. By variation of B, the
calculated transverse shear flow in the webs vaa@mrdingly. Torsional effects are not
explicitly taken into account in Pajari’'s model.d&ssive torsion is excluded by a limitation
of the field of application to composite beams tterhain linear elastic under the ultimate
load with limited curvature.

Partial composite action with the slab increasesstiffness of the support beam [4.4].
The ultimate bending resistance of the beam shigudre composite action because cracks
develop at the interface with the hollow core urlitewever, the design may take account of
composite action where mechanical shear conneetmsprovided and reinforcement is
placed across the beam and embedded in the hotioes ©r joints. The structural resistance
of the hollow core slabs on flexible supports carirbproved by [4.4]:

» Providing additional shear resistance, such asnfiirg the ends of the hollow
core units to a distance equal to the depth ofhbkow cores, or with in situ
toppings over the units with a suitable amounteaiforcement.

» Increasing the stiffness of the supporting bearoh &8 by developing continuity by
use of a continuous beam or through its connection®y choosing a heavier or
deeper beam than may be required for bending aesist

4.4. Recent tests on flexible supports at ambient tempature

The most recent thorough study on flexible suppers conducted in Germany by
Roggendorf [4.17]. The floor measures 10 m (sla@ngwo times 5 m) x 6 m (IFB beam),
see also Figure 4.4 for summary and photo of tesu. General conclusions from the
experimental research are:

* The test show that at beam deflections from L/1Q0200 the ratio of the shear

resistance on flexible over rigid supportg W, ranged from 52 - 78 %. The finite

103



-CHAPTER FOUR -

element (FE)-analyses show that an increase inr shestance occurs when the
beam deflection is limited significantly. The resuhdicate, however, that the range
of flexible supports extends to relatively stiffusttures. Further evaluation yields
that the shear resistance should be reduced ajmtedprfor any support with
deflections greater than L/3000 under service Ipads

» The tests show that slabs with slender webs obljigaach smaller ratios/V, as
expected in [4.1]. However, the ultimate load wastwmlled by the concrete tensile
strength and the total web width.

* The tests show that premature shear failure is Ignaattributable to shear
deformations of the edge slabs due to compositeragtith the beam. The FE-
analyses models confirm that the premature shélardzof hollow core slabs on
flexible supports is attributable to a transverseas flow and shear deformations.
They reveal that the load transfer and the cormdipg damage within the edge
slabs are not uniform but concentrate towards tliermost webs of a floor, where
failure is initiated.

« The FE-analyses show that the interaction propetietween the slabs and the
beam govern the occurring shear deformations. A degree of composite action
leads to greater beam deflections but enhancesdige slabs shear resistance.
However, even in the cracked state of the floor'suged joints a considerable
transverse shear flow through the webs appears.td$te show that an in-situ
concrete filling of selected hollow cores did natrease the shear resistance but the
results from tests 3 and 4 indicate that the rest& against shear deformations is
enhanced.

» Especially in the tests with the stiffer beam omlgrginal longitudinal cracking due
to transverse bending of the inner slabs withofiécts on the overall bearing
capacity of the floors occurred. The shear resigtaof the edge slabs was not
affected by longitudinal cracks in any test.

slab vo /v deflection
test parameters 3 of IFB
vpe F ] Uoe.y, [AM]
H e 56.2
1 A mbOOOOi 0.66 (L/107)
H| ] 3.4
2 B (L/191)
- 31.5
i A (L/190)
29.1
4 B (L 7206)
26.8
3 B (L1224)
349
6 A (L/172)
7 A 32.5

N e e s o (L/185)

s ® 0000000000008 [T osr 28

Figure 4.4. Table with summary of experimental ltesam Roggendorf and photo of test set-up [4.17]
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4.5. Previous tests on flexible supports under fire coritions

Several tests programmes on the shear resistan¢wliofv core slabs on flexible
supports under fire conditions were carried outhie past. All available fire tests on slim
floor structures are with steel beams as the stdelbtry was pro-active to test the slim floor
construction experimentally under fire conditiohs.the Holcofire database in total 18 fire
test results were collected [4.18]:

» Fire tests on hollow core floor supported on a beatn steel boot carried out at the

CTICM laboratory in France in June 1993 [Holcofitatabase H80] and November
1995 (Holcofire database H88, H89, H90, HI91: [418]

e Fire test on a slim floor structures carried outEAtH/EMPA Zurich Fire by
Borgogno and Fontana [12] in 1994 and 1995 (Hotedofiatabase H81, H82, H83,
H84, H85, H86, H87: [4.18])

* Full scale tests on hollow core floors at BRE byfPBailey of University of
Manchester [14] in May 2007 (Holcofire database BlaAad H144: [4.18])

» Tests on Fire resistance of hollow core slabs sdegoon non-fire protected
Deltabeams [15] conducted in Sweden in Novemb&928y Peikko (Holcofire
database H145, H146, H147, H148: [4.18])

A clear overview of the mentioned fire tests issgrgted in Figure 4.5 [4.18]. In the
table under test set-up, SYS means that the testpseas a system with 2 support beams,
SYSB that the slabs were supported on 3 beams;i&®lone single slab. Under failure type,
R means that the required fire resistance time rgashed. NO indicates that no failure
occurred. SA stands for anchorage failure, SB fbeas-bending interaction, DF for
deflection, OT for other type of failure. Combirmats of above mentioned abbreviations are
possible.

In all tests at CTICM some type of premature faloccurred due to incorrect test set-
up. The obtained fire resistance ranged from 320@ minutes. They would also have failed
with a concrete supporting beam.

Only the EMPA tests at ETH [4.12] had correct desigvith a reinforced topping and
stirrups connecting the hollow core slab to thepsup The test that did not fail gave more
than 100 minutes of fire resistance. The aim oftést was to check the fire resistance of a
slim floor construction with hollow core slabs. Téelarged bottom flange of the steel girder
was without fire insulation. The shear load ontib#ow core was Wax = 31.9 kN/m. The test
was stopped after 120 minutes ISO fire and after haurs of cooling down phase the slabs
were loaded up to failure. The maximum shear loafaidure was 79.1 kKN/m. From the
drawings and pictures in the test report, it cobéd concluded that the shear failure was
mainly due to normal shear failure, which is intfacconsequence of the absence of tie
connections between the hollow core floor and thpgperting beam.

In order to evaluate the effect of flexible supparh the fire behaviour of hollow core
slabs, the reduction of the shear tension cap#sgitthe flexible supports was calculated by
Fellinger [4.13]. He concluded that the flexibleesah tension capacity varied in these tests
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between 68-98 % of the shear tension capacity sporaling to rigid supported hollow core

slabs. The effect of flexible supports on the steat anchorage behaviour of fire exposed
hollow core slabs is overshadowed by the scattehénresults of fire tests on hollow core

slabs. Fellinger concluded that premature sheaneaage failure cannot be attributed to the
reduction in the shear tension capacity by flexsleports if there exists any negative effect
of flexible supports on the fire resistance at all.
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Figure 4.5. Table with summary of experimental efsam Holcofire [4.18]

The largest fire test is the BRE full scale firstten Cardington. The tests are actually
flexible support tests, but the flexible supportswent the subject of study. Two full scale fire
tests at BRE [4.14] were designed in a compartrokintternal plan dimensions 7.02 x 17.76
m?, with an internal floor to soffit height of 3.6 migure 4.6 shows the floor plan. The units
were supported on steel beams that were fire gemtegith fire board. The compartment was
formed using 100 mm thick blockwork, which was pated with 15 mm thick fire board,
with unprotected hollow core slabs forming the iogil One longitudinal block wall was
masoned inside the steel frame, whereas the oppwsit was positioned outside the frame.
In the latter case, the steel profiles were freal¢flect. The situation corresponded to a
flexible support structure.

The two fire tests were identical except for thel eestraint conditions to the hollow
core slabs. In the first test the slab units sagadly onto the supporting beams with the units
notched around the columns. The joints betweeruttiis, and the gaps around the columns
and the units, were filled with grout. In the sedtdest, 2 T12 bars per unit were placed in the
cores and around a 19 mm shear stud fixed to #e Beam. The cores with the rebars, the
end of the slab, the gap between the units andjdipebetween the units and steel columns
were filled with grout.

The natural fire concept was used, and assuminglébign for an office, the fire load
density was 570 MJ/m(80% fractile). All hollow core slab units perfoesh very well during
the heating phase of the fire, which was more setlean the standard fire curve during about
80 minutes. The floor, as a whole, performed algdl during the cooling phase of the fire,
see Figure 4.7. The applied load of 4.5 kR/was achieved using 60 sandbags (each
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weighing 1 ton) evenly positioned over the flooatpl This gave an applied load of 4.71
kN/m?. The self-weight of the units was 2.96 kN/roreating a total load of 7.67 kN/mand
an applied moment at the time of the fire of 56K¥m per with of unit. This gave a
load/capacity ratio of MyM s = 0.34 for bending ande¥V 44 = 0.26 for shear.

%1403 5 G 1403

s g % £ 4 e = =
= :
S y g 2 2
' Eal S
3 2 £ 3
i — —
5 x X 4
al | o
in iy e b
S
% it %
;
70 3930 6000 w5930 70
i G b

Figure 4.6. Plan of BRE full scale fire test in @argton [4.14]

[

Figure 4.7. View within the compartment after tine f the first test [4.14]

The last four tests from Figure 4.5 that were edriout on flexible supports research
the ability of a Deltabeam without fire insulatitm support hollow core slabs during a fire
situation [4.15]. The four fire tests had respediivfire exposures of two tests with 60
minutes, one test with 120 minutes and one test88f minutes. The span length of the
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Deltabeam was 3.915 m, and the span length ofdhevihcore 265 was 2.35 m (Figure 4.8).
The concrete filling of the voids in the hollow eaunits was 50 mm. The hollow core units
were connected to the Deltabeam with 1P in each longitudinal joint. The load was 48
kN/m at a distance of 675 mm (2.5xdg from the Deltabeam in the first and third test,66
kN/m in the second test, and 30 kN/m in the last t&ll four tests were successful, because
the floors maintained their load bearing capacitsirty the entire test periods.

Figure 4.8. Top view of flexible support test bykRe with Deltabeam [4.15]

The capacity of the shear load transferred frorh glaDeltabeam during 60 minutes of
standard fire plus 120 minutes of standard coglihgse was found to be 46 kN/m inclusive
dead load of the slab. This value corresponds t098%f the characteristic cold shear value
of the tested slab. The capacity of the shear toausferred from slab to Deltabeam during
120 minutes of standard fire plus 248 minutes afidard cooling phase was found to be 39
kN/m inclusive dead load of the slab. This valueresponds to 29.4% of the characteristic
cold shear value of the tested slab. The slab ées prepared to resist 120 minutes of fire by
increasing the bottom cover on the strands by 15. e capacity of the shear load
transferred from slab to Deltabeam during 180 ndsutf standard fire without a cooling
phase was found to be 26 kN/m inclusive dead Idatthe slab. This value corresponds to
19.8% of the characteristic cold shear value oftéfsted slab. The slabs and the Deltabeams
were in this test designed to resist 120 minutestarfidard fire. Due to the choice of typical
hollow core slab the test results can be assumée tealid for all normal hollow core slabs
supported on Deltabeams. The bearing capacityeirfitl situations is given as a fraction of
the characteristic bearing capacity in a cold desiguation.

Report 15] concludes that the Deltabeam was ablatry the load from the hollow
core slab during the four fire tests. [4.15] stdted the transfer of load from the hollow core
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slab to the Deltabeam did not happen through tpeat of the slab on the bottom flange of

the Deltabeam, as the bending capacity of the boftange in all the tests was practically

zero due to the high temperatures of the bottomg#a~ furnace temperature. The load
transfer must therefore rely on the compressiorthef slab to the inclined web of the

Deltabeam — a bow action — plus friction alongwleb surface. The compression arises from
tension in the joint reinforcement between thedwlkore slabs and possibly also from the
hindrance of the expansion of the slab structure.

4.6. Thoughts on hollow core slabs on flexible supporist fire

We can conclude that to date, and in comparisoh thi¢ flexible support tests under
ambient conditions, no comprehensive studies ds &® available on the fire behaviour of
hollow core floors with flexible supports to mak®tough conclusions. This could on the one
hand be attributed to the size of the testing feesaln order to study the flexible support
effect, longer spans of both the hollow core flaod the slender support beam are needed to
study the effect of flexible support. This is natspible in furnaces that measure 4 m x 6 m.
On the other hand, to conduct a unigue real fist like BRE is too costly to execute, but
knowing that most likely it will not yield to diffent information and different insights.
Therefore, in the following, the Holcofire authdherefore analyse by simple reasoning, the
positive and negative effects of a fire on the baha of a hollow core floor with flexible
supports. It is argued that the shear capacitg bbllow core floor with flexible supports
exposed to fire is influenced by several parametéish are explained hereafter:

a. Induced thermal stresses and vertical web cracking;
Thermal expansion of underflange;
Deflection of the supporting beam;
Continuous supporting beam;
Imposed loading;
Web width;
Tensile strength of the concrete;
Type of connection with the supporting beam;
Structural topping.

T ST@ "o aoo

a. Induced thermal stresses and vertical web cragki

Source [4.13] explains that vertical thermal cradevelop in the webs at regular
distance over the entire length of the slab withih16 minutes of standard fire exposure,
irrespective to the geometry, the prestress lewelhe loading configuration, see Figure 4.9.
The induced thermal stresses, acting in the lodgitd direction of the floor, are due to the
temperature gradient over the hollow core crossieseduring a fire. The phenomenon of the
occurrence of vertical cracks at regular distaneds not be influenced by a flexible
supporting beam. Hence, as is the case at rigigastg) shear tension failure by definition
cannot occur anymore because the webs are veytmaltked. Consequently, the situation of

vertical cracking will not be different betweenidgnd flexible supports. The negative effect
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on the shear resistance at fire can be annihithtedigh measures at the support keeping the
thermal cracks closed. In this way the shear capagil be restored through the interlocking
effect within the cracked webs.

ned 20 minutes \ =

VTV

Figure 4.9. Vertical thermal cracks in hollow ca@kabs due to temperature gradient over cross
section [4.14]

b. Thermal expansion of underflange

The temperature profile exists also in the transaledirection of the slab. Due to the
expansion of the bottom flange with respect to tibye flange, the hollow core units will
deflect in the transversal direction (Figure 4.1wever, the temperature gradient over the
cross-section will not be the same as in the lodgiial direction, because of the presence of
continuous voids. There will be compression intthye and bottom flanges, no tension in the
webs in the transversal direction, but shear steess the webs due to the differential
deformation of the top and bottom flanges (Figud®OX At the support zone of the slabs, the
transversal thermal deformation will probably notwlate with the transversal deformation
due to the deflection of the supporting beam, sipotlh phenomena are independent from
each other. It can be concluded that the fire S8dnawill not aggravate the transversal shear
stresses at the support. On the contrary, dueetintroduction of compressive forces in the
bottom flange in the transversal direction, thernghheven be a decrease of those shear
stresses.

In the same way as for rigid supporting beamsdhgitudinal restraint caused by the
blocking of the floor will restore the shear cappdhrough the interlocking effect in the
thermal cracks. So far there is no difference betwa rigid and a flexible supporting beam.
As far as the transversal blocking concerns, thestipn is whether the deflection of the
supporting beam affects the restraint of the floothe transverse direction. At the support
zone, there will be no negative influence, as adgul@ove under § a. Outside the supporting
zone of the floor span, there will probably be atiphaccumulation of the deflection of the
supporting beam and the transversal thermal déeftectf the floor. This phenomenon could
reduce the total blocking of the underflange by slerounding structure. Would this be
positive or not, depends on the situation of tiabslin the floor area.

In the middle of a large floor, the biaxial commies stresses are dangerous for
buckling spalling of the underflange. Any reductiohthose stresses will have a positive
effect on this phenomenon. At the edge of a fldwere will be much less accumulation of the
afore mentioned transversal deflections. In addjttbe restraint by the surrounding structure
will be small. Also here, it could be concluded ttlzaflexible support will not be more
unfavourable in the fire situation than a rigid gaf. Opposite, a flexible support introduces
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more flexibility that as a positive effect couldease the compression stresses in the soffit of
the floor.

OO RO IC I L]
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Figure 4.10 Idealized cross-section a of hollowecBioor subjected to fire; initial state (left) and
deformed state due to thermal expansion of theboftange (right)

c. Deflection of the supporting beam

The deflection of the supporting beam will probabiigrease during a fire, dependent
whether the support beam is protected againstitherf not. In a flexible floor structure with
a concrete beam, the latter is directly exposefitéo and will deflect. The behaviour of the
supporting beam in a slim floor structure with stesams is not directly affected by the fire if
the beam is insulated. In case of unprotected begahs, the soffit is directly exposed to fire
and will deflect thermally. Due to this deflecticemd dependent on the composite action, an
additional transversal shear flow will occur in th@low core floor. But due to expansion of
the soffit, there is also a shear flow in undeiglarthat works in the other direction and
compensates the shear flow due to flexible suppéténce, here also a positive effect is
found under fire of flexible supports.

MRdLﬁ Bending in fire situation

AL

MEd.ﬂ: “’Ed.hteff! B

_M Rd2 fi

. Bending in cold situation

R . Shear

Free moment diagram for uniformly
distributed load under fire conditions

Figure 4.11. EN1992-1-2 Figure E.1 indicating pasiing of free bending moment under fire, and
additionally showing the reduction of shear for¢gaint of zero moment §y1 = Vsq,)

d. Continuous beam

One point is favourable when considering the infleee of flexible support when this
support is a continuous beam. The bending capanaitye support is less affected by the fire
than the capacity at mid span. In consequencepdire of zero moment moves toward the
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axis of the span as shown in figure 4.11. This fgtlearly shows that the moments at the
supports of a beam contribute to significantly i@&the effects of shear due to the flexibility
of the beam during a fire. As the influence of fd& support is related to the value of the
shear at the point of the zero moment in the Pajadel, this, combined with the reduction of
the applied load (see e.), induces a significaotesese of the shear stresses.

e. Live loading

The design value of the live loading is much smglleequent load valuay; or ) at
the fire situation than at ambient conditions. Gapnently, the transversal shear stresses in
the hollow core floor with a flexible support wile smaller at fire than in the ambient
situation. The load level in shear defines the propn of the design shear resistance that
may be resisted in ambient conditions, and is @dfiby \sq / Vrg. Where the effect on
flexible supports is included in normal design atb&ent temperature, the design shear
resistance of the hollow core units is further @mtlito \kqrex Which also reduces the load
level of Vsg Hence, this reduces also the load level undercfimditions [4.4].

f. Width of the webs

The web width of hollow core slab is directly propenal to the shear capacity of the
floor. Slabs with large web widths will get a largghear capacity, also in case of flexible
supports. Hence, the width of the webs has nordiffeinfluence in case of flexible supports
compared to rigid supports.

g. Tensile strength of the concrete

The tensile strength of the concrete in the websctly depends on the temperature of
the concrete. In general the tensile strength blklightly affected during a fire, despite that
the webs are protected by the underflange. The deatyre increase can be calculated with
the help of 1992-1-2 Table A.2, and thus the rddndn tensile strength can be calculated.
Also here, in principle, there will be no significdadifference in the tensile strength reduction
between hollow core slabs on the rigid and flex#lpports.

h. Type of connection with the supporting beam

The shear capacity of a hollow core floor with fld& supports can be enhanced by the
type of connection between the floor and the befitimg of cores in the vicinity of the
support and continuity of the floor over the supp®his remains valid in the fire situation,
and no difference occurs between rigid and flexgupports.

i. Structural topping

A structural reinforced concrete topping will inase the fire resistance of a hollow
core floor on rigid supports [4.4]. There is noseato assume that this would not be the case
with flexible supports. The topping increases thetisn modulus of the floor and limits the
temperature rise at the top. But there also seebe tvome negative influences, so regarding
the structural topping one could conclude “you s@me, and you loose some”, but at the end

it will probably be the same.
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In this section it is concluded that the verticabacracks and the expansion of the
underflange are the factors that could influenee ghrformance at fire of hollow core slabs
on flexible supports.

4.7. Shear capacity for hollow core slabs at fire

EN1168 clause 4.3.3.2.2.1 states the general e&in procedure for the shear
capacity at ambient temperature. Shear failure adfow core slabs may occur in regions
cracked in bending or in regions uncracked by bendif a flexural crack arises within the
anchorage length of the reinforcement, an anchofaiigre can also occur. All the three
failure modes have to be considered at ambientdestyre:

1) Shear resistance in cracked regions shall be eaémilusing EN1992-1-1:2004

expression (6.2.a) and (6.2.b);

2) Shear resistance in uncracked regions shall beilesdc using EN1992-1-1:2004
expression 6.4, taking into account the additioshkar stresses due to the
transmission of the prestressing force. A procetuapply this calculation is given
in 4.3.3.2.2.2;;

3) Resistance against anchorage failure shall be lesdgclifollowing EN1992-1-1:2004
9.2.1.4.

The formula in Annex G, enabling the determinatidrthe shear/anchorage resistance
of a prestressed hollow-core slab, is an extensfothe formula for the shear capacity of
prestressed structural members given in EN1992-Ci1,6.2.2 for normal temperatures
[4.18]. The review by Walraven and Vrouwenveldef4ril8] states that on the one hand this
formula is quite practical, since it combines thear- and the anchorage capacities which are
often hard to distinguish in experiments. On tHeeothand it is inevitably empirical, like the
original equation (6.2.a) the real behaviour of #fehs subjected to fire, however, is very
complex, with thermal stresses leading to crackdchvmay act both in a favourable and in
an unfavourable way. This is neglected by the fdaswRestrained effects always seem to be
important, but also they are not a part of the fdemlt is also interesting to observe that one
needs to insert into the model some correctionemligharacteristic values and= 0.7) in
order to achieve a formula predicting the mearuealOn the other hand it has to be
estimated that a practical formula for the sheat anchorage bearing resistance is given,
valid for fire conditions. This enables a verificat of the structure under fire conditions
which is more extended than the limited verificatfor the bending capacity only as used up
to now.

The effect of the flexible supports under ambierd &ire conditions on the capacity of
the hollow core slabs is illustrated in Figure 4.2 ambient conditions, due to the limited
stiffness of the supporting beams, the hollow dads will deform not just in the spanning
direction of the slab, but also in the transvediegction which is the spanning direction of
the beam. The shear capacity at ambient tempera&ubased on the uncracked situation

respectively on shear-tension failure. This mehasthere is a plate effect, and depending on
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the stiffness of the supporting beam relative te ttansverse stiffness of the hollow core
slabs, the load is directly transferred from thdidwo core slab to the columns. In the
calculation rules, this is not dealt with by insigy the shear load near the columns. No, this
is taken into account by introducingand by reducing the tensile stress at the support.
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Figure 4.12. Under ambient conditions in stiff fidield the load is distributed towards stiff colom
(left), while under fire conditions when webs aracked the floor is less stiff and load is distitiéd
in longitudinal direction (right)

Under fire conditions the situation is differentuéto the temperature gradient over the
hollow core cross section, vertical cracks occuthi@ webs of the slabs, so now there is a
cracked situation. This means there is less “fateaviour” and the bearing model is more an
orthogonal beam model. In Figure 4.12 we can ¢jesgk the difference of load distribution
towards the support under ambient conditions (kft) fire (right).
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Figure 4.13. Flexible support effect at midspanemambient conditions (above)
and under fire conditions (under)
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At mid span (see Figure 4.13) of the slender suppeam it introduced additional
transverse bending stresses in the underflangésedfiollow core slab [4.13]. If the hollow
core slabs are supported so low on the beam timalirgp of the beam gives rise to transverse
tensile stress at the bottom of the slab, the tsoffithe slab tends to crack longitudinally
parallel to the strands [4.19, 4.20]. These tersdilesses could initiate splitting cracks along
the strands, but in a fire situation the underflaegpands, and the cracks are closed. As a
consequence, the strands will remain well ancharettie support which has positive effect
on shear capacity of the slab.

In Figure 4.14 the effect near the stiff column ipos is explained. The partial
composite action between the hollow core slab &edstender beam causes a compression
force in the upper parts of the hollow core slaff]i4Since the webs in the hollow core slabs
serve as connectors between the compression feEmmgiehe rest of the section, a transverse
shear force will act in the webs in the directiargllel to the beam axis. This causes a shear
flow in the hollow core slab transverse to the webkis shear flow causing transversal
stresses can be calculated assuming only contaateée the slab and the beam in the
supporting area. Thus the vertical joint betweenlitbam and the slab in span direction of the
slender beam is considered as completely crackedritionless [4.7]. The horizontal shear
stresses have to be combined with the vertical rshass, which will reduce the shear
capacity of the slab compared with rigid suppottetow core slabs. Due to the additional
shear stresses in the webs, shear tension failillrecgur at a lower applied load than in case
the hollow core slabs are supported on rigid wplld3]. This is not the case under fire
conditions. Due to the thermal gradient over thassrsection, the underflange expands and a
large compression force is introduced in the trarsal direction. This compression force
withholds the shear flow in the cross section stiat additional shear stressesare not
introduced. Also, the thermal gradient introducaggé tensile stresses in the webs in the
longitudinal direction such that vertical crackswcat regular distances. Consequently, shear
tension cannot occur anymore in the webs: the stegaacity falls back at the level of flexural
shear capacity under fire conditions.
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Figure 4.14. Flexible support effect at support @ndmbient conditions (above)
and under fire conditions (under)
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At ambient temperature At fire exposure

Rd ,shear tension

VRd,fire

VRd,c,fi t=0)

VRd,c,fi (tq)

de ,shear flexure

Wall Support Time at fire
support flexibility

Figure 4.15. Ambient shear resistance (left) angsshiesistance under fire (right)

With this clear situation we can now conclude thsithere is no shear tension due to
horizontal cracking, EN1168 Annex G can be applisb on hollow cores on flexible
support at fire. Finally this is explained moreHigure 4.15 depicting the shear resistance, on
wall and beam support (left) and when exposed te (fight). At ambient conditions,
depending of the selected detailing of the supfam or wall), the shear resistance point is
somewhere on the shear tension line. But for gusehigher when compared to shear flexure
capacity. (In some countries for flexible suppaateiays the lower limit of shear flexure
resistance is used). Further, the Figure indicatesthe right-hand side that the shear
resistance at fire has a starting pointsatt0 that is equal to shear flexure resistance in
ambient temperature. During the fire, the sheaacityp is reduced as is anticipated in the
EN1168 Annex G formula.

4.8. Annex G shear capacity for hollow core slabs on figble supports

Product standard EN1168:2005+A3:2011 [4.1] AnneprBvides a design method to
calculate the shear and anchorage fire resistdruallow core floors for fire conditions. This
design method is now also recommended for hollove aabs on flexible supports under
fire. According to this annex, the resistance rdoar shear and anchorage failure may be
determined by using simplified calculation methdsise [4.4] clause 4.2 and Annex B and
Annex D), but taking into account the following as®tions:

» Firstly, it is assumed that below the level on wahile total web width is equal to the
total core width (level 544, the temperature in the hollow core at a distanée®m
the exposed soffit is equal to the temperaturdéatsame position in a corresponding
solid slab (see Figure 4.16).

« Secondly, above that level a linear interpolatisriaken between the temperature at
that level and the temperature at the top of tlwrfl The maximum allowed
temperature for the insulation criterion is 160%@@°C + 20°C ambient temperature)
if no additional information is available;
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Thirdly, for a fire resistance classR60 this verification is not needed.
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Figure 4.16. Area where solid slab temperatures magassumed (grey area).

To determine the shear and anchorage resistaneeg firelconditions for rigid supports
and flexible supports, the formula (1) from AnnexsGised, see also Figure 4.17.

cast in situ

VRde.fi = [Ce.l +a, me.z] (b, Ll 1)

Cq1 coefficient accounting for concrete stress unaerdonditions:

Fr. ¢
015min(k, (6,)cp 20rc R’%ﬂ'p)
) @)

a 1+ f@ <20
k= d where d is in mm, 3

Cg2 coefficient accounting for anchored longitudingihforcement:

I:R,a,fi
3 058["m e fim
= 4 @)
bw total web thickness of the hollow core slab
effective depth at ambient temperature
X the anchorage length of the strand for the consiesection
(see Figure 4.17)

considered section

X connection reinforcement

Figure 4.17. Model for calculating shear and anchge resistance

(example without protruding strands)
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In the hereunder given Table three fire tests avengthat were recalculated in the
Database study [4.18]. The fire tests are fromBNEPA study and the observed failure type
was shear failure. It emerges when EN1168 Annes Geéd that the calculated capacity is in
all tests smaller than the real shear load. Hethéigjmplies that EN1168 Annex G is safe to
use. However, we could be doubtful about the flgikjbof the tests. The deflection of the
beam was between 1.8 mm and 7.5 mm on a 2.4 m spah/330, L/320 and L/1200,
respectively, for H83, H85 and H86. This is maiblgcause of the short span to be able to
conduct a fire test in a small furnace.

Fire test EN1168 Annex G
Shear Time to [Shear capacifyime to failure  Test/
TEST ID load failure [kN/m’] [minutes] | Annex G
[kN/m'] | [minutes] [%]
H83 |EMPA B2-2 [1995] 35.1 49 32,9 36 106.7%
H85 |EMPA B2-4 PL[1995] 35.8 75 29.6 37 121.4%
H86 |EMPA B3-1[1995] 28.6 97 15.1 30 189.4%

4.9. Calculation example

Finally, a calculation example is added in this @kain order to :
e Hollow cores with depth 315 mm with 5 cores castG#5/55 and no structural
topping;
e 12 strands 12,5 mm at 46 mm and 87 mm axis distande} upper strands at 277 mm
(X8X4-D4);
» The theoretical span of the slabs is 12180 mm (8D support length) and cores are
filled for 50 mm;
» Thickness of upperflange 40 mm and underflange #0 tatal web width 316 mm;
Support: beam THQ 320 with 7200 mm support lengthigid wall;
» Connection reinforcement216 per slab in 2 cores;
Loads: self weight = 4.15 kN/mtopping = 0 kN/rA dead load = 1.0 kN/mlive load
= 5.0 kN/nf.

Other data used igy = 1.2,y = 1.5,yc = 1.5, s = 144 mm, good bond(= 1.0).

99'9'9'9

Figure 4.18 Cross sections of hollow core 315 mith BHQ320 beam
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[Shear per slab widih Shear capacity Shear capacity
rigid support flexible support
Shear load Uncracked situation = shear tensiptncracked situation = shear tensipn
ambient conditions VRac=185.0 kN (EN1168) VRrac= 170.9 kN (fib 6)
100.1 kN Cracked situation = shear flexur¢ Cracked situation = shear flexure
Vrae= 147.5 kN (EN1992) Vrae= 147.5 kN (EN1992)
Vrdemin= 124.2 kN (EN1992) Vrdemin= 124.2 kN (EN1992)

Shear load Cracked situation (thermal vertical web cracksheas flexure
fire conditions 30 minutes: Wgci30= 106.8 kN (EN1168 Annex G)
120 minutes: Mg cfi120= 92.9 kN/slab (EN1168 Annex G)
59.9 kN
In capacity under fire 2716 connection reinforcement is taken into accoun

In the results presented above both the shear ladithe shear capacities are given. At
ambient it is given which formulas were used teedwine the shear capacity. From the above
given results can be concluded that the capacitijfratof a hollow core slab on flexible
supports is always lower than the minimum sheatufie capacity in a cracked situation at
ambient temperature. The two load combinationdflo and accidents are:

+ Fundamental combinationg g 1.2 G+1.5Q = 1.2 (5.15)+1.5 (5.0) = 13.7 kR/m

+ Accidental combination:gF 1.0 G+1.@,Q = 1.0 (5.15)+1.0*0.6 (5.0) = 8.2 kN7m

Live load (recommended values from EN1990:2002ENA®91-1-1:2002E, Category D) =
5.0 kN/nf, g, = 0.6). Then we calculate that®= 1.2*0.5gL is 100.1 kN/slab for ambient
conditions, and 59.9 kN/slab for fire. (Remark: gtress P is not considered as favourable
load, but as capacity).

4.10. Design and execution recommendations

It is assumed that the design at ambient conditafnfiexible supporting beams and
hollow core floor components is done in a correaywo cope with the additional shear flow
in the webs. In addition, for fire for longer rdsisce periods, detailing measures [4.4] are
increasingly important in order that the shearstasice of the hollow core slabs do not
decrease more rapidly than the bending resistafige. fire resistance of structures with
hollow core slabs is improved by:

* The use of tying reinforcement, in the form of srsgion or other tie reinforcement,
to provide alternative load paths;
» Infilling of the hollow cores to strengthen thetslacally, and to permit placement of
tie reinforcement. Figure 4.19 shows a possibliatism with filled cores;
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* A reinforced concrete topping to control the effadt cracking and to provide
additional tying action for integrity reasons;
» The effect of protection of the beam support toltblbow core slabs.

Fig. 4.19 Recommended solution for hollow corerfamith flexible supports, exposed to fire

The safety of building structures with respectite is achieved by specifying some safe
value at the loading side (duration of the firecombination with the recognition that fire in
itself has a low probability of occurrence [4.18]he global performance of building
structures in real fires is better than that of sitreictural elements considered in isolation
[4.4]. This is because:

* In-plane compressive forces are generated duestoang to thermal expansion,

which may increase the effective shear resistahtteedloor plate;

* Real fires are often localized, and the surrounditigcture may offer restraint to

the localised part of the slab affected by the fire

» At large deformations tensile membrane action cceurich provide an alternative

method of load transfer in fire.

4.11. Conclusions

It is generally known that the shear resistancthethollow core slabs is reduced under
ambient conditions if the slabs are on flexiblemants. Under ambient conditions it is evident
that the deformation of the beam initiates compoadtion that alters the mode of behaviour
of the structure and introduces additional bendamgl additional shear stresses in the
transversal direction of the slab. Both phenomesaal Ito a reduced shear capacity under
ambient conditions for flexible supports. But mastuntries do not take into account the
flexible support effect, although for most practiegplications sufficient shear resistance
remains. In some countries however the design rewmdation set out in fib Bulletin 6 are
used in construction to design hollow core witkxitiée supports.

Under fire conditions the decrease of shear capamit flexible supports is not
magnified by the fire. On the contrary, as the edrgradient over the cross sections due to

the fire compensates the negative effects of flexibupports. On the one hand, the
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underflange of the hollow core slabs expands andinder compression such that the
additional bending stresses are compensated. Gatliee hand, vertical thermal cracks occur
in the webs of the hollow core slab such that astension failure cannot occur anymore. As
a result, the shear resistance “falls back” tol¢iel of flexural shear resistance. Accordingly,
it is concluded in this Chapter that for hollow ecslabs on rigid supports and flexible
supports, EN1168 Annex G can be used for detergitive shear resistance under fire
conditions.

Nowadays, there is still no design procedure fexillle supports specified in the
European standard EN1168:2005 +A3:2011 for holl@ne cslabs. EN1168 states only that
“in case of flexible supports, the reducing effetttransversal shear stresses on the shear
capacity shall be taken into account.” It is recegnoed to include in the next revision of
EN1168:

* A calculation method to determine the reduced shesmistance at ambient
conditions of hollow core slabs supported on fléxibupports due to the reduction
of shear tension capacity as a result of the amfgitishear flow in the webs;

e The conclusion of this Chapter that for flexiblepparts under fire conditions
EN1168 Annex G can be used to determine the simebarachorage capacity.

» As advised in the research for G series, EN1168eAr®& does not explicitly state
what value to describe the bond conditions shoeldidedn; = 1.0 (good bond) or
N1 = 0.7 (bad bond). In the Holcofire research ingdes calculationg; = 0.7 was
used, in the above given example= 1.0. It is recommended to explicitly state in
EN1168 Annex G what (implicit) value to use foradations, also in consideration
of rigid supports and flexible supports.
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Chapter Five

Fire Case Rotterdam

Fire case parking Lloydstraat, Rotterdam
Retrospective view, new insights and outlook

Keywords: real fire, facts, open parking garage, hollow ewslab, floor structure, horizontal
cracks, restraints, explosive spalling, delaminatio

Abstract. On the i' October 2007, in the early morning a fire broket u the 2,100 th
parking garage under the Harbour Edge apartmeniding in Lloydstraat, Rotterdam, The
Netherlands. No people were injured. The hollowecfioor of the parking garage did not
collapse and did comply with the integrity and liasion criteria. However, significant local
explosive spalling was visible on the precast facadd ceiling near the fire, while about 70
m2 of the underflanges of hollow core slabs halgfiatiown by delamination. In the six years
after the fire many investigations were conductadThe Netherlands, leading to the
publication by the Dutch precast Industry of intediate measures in 2009 and new
measures in 2011. This Chapter addresses in redage view this fire case and related
research as well as shed a light on the playinglfie which this happened. Mainly in order
to inform the international reader about the fads the Rotterdam fire, as it is felt by
Holcofire that these facts are not commonly knowd #hus not fully understood in Europe.
From new insights it emerges from FDS5 simulatitivag the fire was more severe than 2
hours of standard ISO 834 fire, and was dramaticatlifferent than calculated by
Efectis/TNO. The FDS5 simulations on the Rotteraam park fire conclude that at 20

123



-CHAPTER FIVE -

minutes into the Rotterdam fire (at 04:23h) whem ithaximum temperature above car 1 was
reached, 33% higher temperature (900°C compared6®®°C) and 3 times higher
temperature increase rate (44.7°C/min compared3@&°C/min) were calculated compared
to the standard temperature—time curve obtainedating to 1ISO834 of EN 1991-1-2:2002.
On the basis of the regulations and guidelineseniith this size was not to be expected. This
Chapter further presents in successive steps thHemieation initiated by spalling and
horizontal cracking due to (internal and externaBstraints. It is illustrated that the
underflanges felt down only when the anchoragedadr strands were ruptured, but the floor
did not collapse by virtue of redundancy in theoflstructure. In the outlook Holcofire
addresses the good experiences with past perforenahtollow core slabs under fire, and
expresses their concerns on the international impéthe Rotterdam fire. Also, it expresses
that the measures taken after the Rotterdam fieedisproportionate compared to the local
damage and size of the problem.

Review. The valuable contribution of the CaPaFi and FDs8hulations in background report
by Dr. Andreea Muntean of Consolis Technology ghlyi appreciated. This background
report [5.31] entitled “Further analyses of Efecfiise scenario 1 with softwares CaPaFi 2.0
and FDS5” was reviewed by Dr. G. Rein of Imperiall€ge London. The integral review
text is published in Appendix 5.C of this chapter.

= . 5 e et =

. = s 4 =

Figure 5.1. Building Harbour Edge in the Lloydsttaster fire (left). Level 3: intact floor abovegh

fire where cars were removed the day after (righp,). Level 2: locally damaged ceiling above burned
car on the level where the fire took place (ridhdttom) [5.4]
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5.1. Introduction

On the ' October 2007, in the early morning a fire broke iouthe parking garage
under the Harbour Edge apartment building in Lldsadst, Rotterdam, The Netherlands (see
Appendix 5.A for a short structural descriptiontb& building). Six cars were burned and
both the surface of the precast concrete facadehensboffit of the hollow core concrete floor
were heavily but locally damaged (see Figure 5ff-hiend side). During 5 years many
investigations have been conducted on this sodtdiRmtterdam fire” case with particular
focus on the hollow core floor structure. As a tesif these investigations, additional
measures for hollow core floors were publishedd@2and 2011 in The Netherlands. These
new measures basically prevent a floor design agdtesigned in the Harbour Edge building.
Nevertheless, after 5 years, the Dutch “Rotterdagi s still affecting the good image of the
hollow core slab, also internationally. The reasonthis is twofold. Firstly, the facts and
details about the fire case are actually not wetvin to many people. As an example, most
people think that the floor collapsed after theefibased on lack of information, or even
misleading paper context such as “structural irite@f the floor and the entire building was
jeopardized” [5.6]. On the contrary, the floor didt collapse (see Figure 5.1 right-hand side).
There were even four cars parked on the floor abiba were removed the next day!
Secondly, because the damage to the hollow com thas never been explained in a
satisfying manner and a clear understanding howletl with such local failures is still
lacking.

Holcofire decided to write this Chapter on the Batam fire case. It summarizes clear
facts on the Rotterdam fire case in order to inftminternational reader. And it looks back
on the research activities that were conducteddmuisions that were taken in order to give
the international reader an understanding aboupttbgress in this area. It also addresses how
it was handled by the legislative and advising bsdin the Dutch administration. In addition,
the Chapter gives Holcofire’s viewpoint on the lodamage that occurred during the fire by
sketching the delamination process in successegsst

5.2. Fires prior to Rotterdam that affected image and adhinistration

In the years advancing the Rotterdam fire, hollosvecslabs were already under
discussion due to premature shear failures in &boy fire tests on hollow cores. The
discussions started in France and Switzerland thitstudy on slim structures in which a few
cases of premature failure in standard fire tesgeweported by CTICM in 1995 [5.14],
Borgogno in 1996 [5.15] and Andersen in 1999 [5.185 a consequence, it led to
international discussions, although in practicalli@mations shear hardly governs floor design
[5.17]. As well as there are, even after a thorostgldy, no known cases in practise where the
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shear mechanism occurred. The question was rdisieid premature failure constitutes a real
structural problem for this type of floor, or whettthe reason lies in a lack of understanding
of the behaviour of hollow core floors during fir@sulting in poor design, particularly for
shear and for small-scale laboratory test set-ups.

It was concluded by industry and academic world thare knowledge was needed on
the shear capacity of hollow core slabs under diomditions. Accordingly, in order to
systematically study shear failure under fire, méatyoratory fire tests were conducted in
Belgium by Van Acker in 2003 [5.18], The Netherlary Fellinger in 2004 [5.17], Denmark
by Jensen in 2005[5.19]. And even in UK by Bailey 2008 [5.20] two fire tests were
conducted on real building structures exposednataral fire. These fires have been reported
on, however, their publications lacked a good dindeto design for shear and anchorage.
Only recently, in 2011, the European Standardisdtistitute CEN published rules in Annex
of EN1168:A3 [5.21] that provided a formula to dgsifor shear and anchorage for single
span hollow core slabs without shear reinforcenexpiosed to fire. Despite, the laboratory
fire tests on hollow cores and the related disamsson the market and in the academic world
affected the good image of the hollow core slabrgrmients in some European countries.

The Rotterdam fire shows a similar history; aftdoeal damage the (semi-)academic
world initiates research in the area of hollow soie order to clarify problems, but at the
same time enlarges those. But in order to also stated the circumstances in which the
related discussions were held with the Dutch aitiesrfollowing the fire of Rotterdam, it is
relevant to sketch the administrative playing field The Netherlands regarding
responsibilities towards fire losses. For thate¢hreal fire cases [5.14] are relevant, all
without the use of hollow cores. But these fireesaswisted the fire discussions into a
political and administrative discussion that heaviaffected the sentiment in the
administration and thus the measures taken afeRditerdam fire.

The change of the general administrative mood eddagctually in 2001 with the
“Volendam-New-Years-fire” on New Years Day 2001.eTlire was in a (wood-constructed)
café in the Dutch town of Volendam and caused #wttdof 14 young people. There were in
all 241 people admitted to hospital, 200 of whickffered serious burns. The fire was
qguestioned intensively by media and politicians.wNadministrative regulations were
introduced for decorations in cafes, nightclubs atier venues. The owner and managers of
the building were indicted for culpability. As astét of the inquiry, the Mayor of Edam-
Volendam resigned his position.

Then, in 2004 in the official Prime Ministers higtoresidence the “Catshuis-fire”
caused the death of a painter carrying out renowatiork while the fire destroyed much of
the ground floor. Initially, the fire was blamed t¢ime use of illegal thinners used by the
painter, but later the public prosecutor’'s offidd €ind that the civil servant had failed to
obtain the necessary permit for the work in thddmg, which would have stipulated that
materials used were fire resistant. Hence, admatish was blamed again.

Finally, the biggest impact on administration cafmen the “Schiphol-fire” that took
place on 27 October 2005. A fire erupted in the ikgnof the steel-constructed immigration
detention complex at Schiphol airport, resultinghe death of 11 detainees and 15 injured
from foreign countries. From the start, doubts wared on the organisation of the involved
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government agencies. On 21 September 2006, thes€btor Public Safety presented the
final report on the problem in the Schiphol prisdhe report explicitly stated that “fewer or
even no casualties” would have occurred if the gowent had upheld the legal safety
standards. Consequently, the Judicial Authority aBdilding Authority (Rijks-
gebouwendienst) were found co-responsible for ittee Hence, the Justice Minister and the
Environment and Construction Minister resigned irdrately, as well as the Mayor of the
municipality Haarlemmermeer who issued permits sntesponsible for the fire service at
Schiphol airport.

These above described three real fires cases iariadpof 7 years advancing the
Rotterdam fire lifted the fire discussion up todifical and administrative level. Although no
people were found death or were injured during Ret¢terdam fire, the administrative and
political reaction in The Netherlands on this fikas already set: governmental authorities
were looking for governmental security to be backedby building permits and building
regulations. This clearly affected the applicatidrhollow core slabs that were already under
discussion for the last 15 years.

5.3. The fire at Lloydstraat, Rotterdam, on 1* October 2007

On the ' October 2007 in the just newly-constructed apantrbeilding Harbour Edge
in the Lloydstraat Rotterdam, a fire in level 2tloé parking garage was reported at 04:16 h by
the occupants. The presence of an alarm instaillatmuld have contributed to a faster arrival
of the fire brigade. Figure 5.2 visually suppotts following facts taken from [5.1] and [5.3].
At the arrival of the fire brigade at 04:22 h theodfrom the elevator shaft to the garage was
already broken. At first, the fire brigade tookeaf the safety of the people that were still in
the building. The fire brigade and occupants regzbit the garage bangs like in fire works. In
the following 15 minutes 60 people were evacuaté@out any injuries. At 04:25 h the fire
was reported as a big fire. At 4:28 h from 3 windopenings flames of about 2 to 2.5 m
without smoke were going outside the building. A&23h smoke also developed that became
dark black. From that time the evacuation was hiedi®y the smoke coming from the broken
door from the garage. At 04:32 h the fire brigatkxitto enter via the garage door, but due to
the black smoke it was too dark. The fire brigageea with water for the red glow which
was visible through the dark smoke. Then, at 4:4igetfire brigade had to withdraw because
of the loud bangs which were heard inside and detdie building. This withdrawal resulted
in the use of a fire boat at 04:48 h. The firebg@ashed with all 3 guns 35,000 litres water
per minute on the first, second and third windowtloe East side of the building. At the start
of the deployment the fireboat spouted right thiotige building resulting in fire fighters
becoming wet at the front of the building. There thirection of the radius of the fire boat was
adjusted; it is standard to splash against thetsaffthe ceiling to cool the structure and the
fire. At 05.01 h the fire was under control. Theefbrigade evaluated that no people were
killed during the fire, and no people were injured.
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5.4. Observation after the fire was extinguished

It was observed that during the fire in level 2tloé parking garage, a total of 5 cars
were completely burned, while a sixth car was bdrfue 75% and a seventh car had some
scorching and melting damage. At first, it is im@ott to conclude that the floor structure of
level 3 had not collapsed. It was even orally regbithat in the morning after the fire the 4
cars that were parked on level 3 were removed.6A®h the first photos were taken in the
burned parking garage level. Around 08:55 h momqdhwere taken and reported in [5.1]. It
appeared that at the ceiling of level 2 five arithli prestressed hollow core slabs had cracked
horizontally through the webs, separating the siala upper and lower half (comprising the
prestressed strands) [5.6]. When the photos df60é:are compared with the photos of 08.55
h, it appeared that the underflanges of three amalfaslabs had almost completely separated
as a consequence of these horizontal cracks bej6ré6 h, while from two slabs
underflanges separated in the hours after the Finether, on the ceiling just above the cars
the hollow core slabs showed extensive spallingoAhe inside surface of the external facade
showed extensive spalling (see Figure 5.3).

It was observed that of the total parking area,2@ nf for 60 cars (designed as one
fire compartment), 110 frof the floor and about 25 Tof the facade was affected by the
heavy car fires. Report [5.3] mentions that the tmustable damage was the excessive
cracking in the hollow core slabs. This includethiibe horizontal crack formation from core
to core as well as the vertical crack formatiorthef cores to the soffit of the slab. Of about 70
m? of the 110 rh (5 ¥ slabs) the lower parts of the floor has fal®wn due to horizontal
cracking (see Figure 5.4). On about 49 ewplosive spalling was clearly visible (see Figure
5.3). Also, prestressing strands were detached fhenstructure and had fallen down. Heavy
explosive spalling had also occurred on the fagashe the fire (see Figure 5.3). The mild
steel reinforcement of the facade has been exposed large areas and even spalling
occurred behind the mild reinforcement. At a lardistance from the fire, explosive spalling
on the hollow core slab had occurred to a spatliegth of several centimetres, in many cases
up to the cores (see Figure 5.3). Much further afvayn the fire the hollow core slabs
showed some superficial surface spalling. The loltore slabs are supported at the facades
on steel L-shaped angles that are connected toutee wall. The steel angle was intact after
the fire [5.1], and the fire protection was onlytly present after cooling, see Figure 5.4.

5.5. Initial studies in 2007 and 2008

After the fire of Rotterdam, some short articleshie newspapers about the fire were
published. The first report on the fire was cominissed by Veiligheidsregio Rotterdam and
published by Efectis Nederland in December 2007][5This report shortly described the
parking garage and structure, and gave an exteasagsis of the fire development that took
place in the parking garage. It concluded thatittigation of the fire most probably was
04:03 h, and 13 minutes later at 04:16 h it wasplesl and reported. The fire load was due
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to the sequential burning of the cars. Based an dievelopment models for cars, two fire
development scenarios have been assumed and tedcéda Rotterdam. Most probably fire
scenario 1 took place, in which the total maximura foad was 22.5 MW (Figure 5.6). It
seems that the temperature in Rotterdam at thieofttire fire was higher than the normalized
ISO 834 curve. The duration of the fire correspogdio the fire load on the structure was
shorter than the duration of the fire load accaydio ISO834, but on the basis of the
regulations and guidelines a fire with this sizeswat to be expected.

The Efectis report [5.1] also states that accordinghe actual regulations in 2010 for
the calculation of the fire resistance of concegtactures, the floor is calculated only for the
bending moment. It is then assumed that the cressos heats up (including prestressing
steel) and the material strength decreases. loalalation of the bending moment capacity
the concrete cover on the pre-stressing strandsssssed, because this cover forms the
insulating layer between the strands and the fitee greater the concrete cover, the less
heating of the prestressed strands, and the lahgecalculated bending resistance to fire.
Such an approach is in principle valid when theecaemains intact (no spalling) and the
bending moment is the governing failure mechanidthe concrete cover present in
Rotterdam was 40 mm, and a total of 10 stradd®.5 mm per slab were used at an axis
distance of 46 mm in the slabs consisting of 5€ore

TNO Bouw and Ondergrond published the second reporthe fire in January 2008
[5.2]. This report contained a 2-dimensional finiement (FEM) analysis conducted with
DIANA with a main focus on the transversal direntidwo variants were examined (Figure
5.5): a hollow core slab (without a structural tiogp that can deform freely in transversal
direction, and a hollow core slab with structugdging by which the horizontal deformations
in transversal direction are fully hindered. Thatfivariant matches a situation on a standard
fire test on hollow core slabs, while the secondavd is a simulation of an extreme situation
in which the slabs are horizontally fully restradn& transversal direction and contain a
structural topping. TNO Bouw en Ondergrond conctuie[5.2] that the FEM calculations
clearly explain the premature failure; in varianvdrtical cracks occur, while in variant 2
within 30 minutes horizontal cracks occur in thebweresulting in separation of the
underflange from the upper floor structure. Butentitat up till now FEM calculation has
shown that it remains difficult to successfully siate buildings or building parts, in which
edge effects or influencing parameters are coyrgettameterized.

T3 FIRE
Deformaton =20

— 2 ¥
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Figure 5.5. FEM simulation of hollow core with tapg; unrestrained (variant 1, left) and
fully restrained with thick topping (variant 2, hg) [5.2]
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Figure 5.7. Maximum occurring temperatures as afiom of location based on fire scenario 1,
cars are visualized [5.3]

The publication of the two investigation reportslf5and [5.2], and some news articles
did not lead to spectacular discussions. This cetajyl changed in March 2008, when the
Dutch precast flooring association BFBN receivddtter from the Minister of Environment
and Construction. This letter notified them thatompvarious signals regarding the fire
resistance of precast concrete flooring produces Nhnistry would conduct an orienting
inspection. These signals were mainly based ontéists in Italy on filligran slabs with
polystyrene blocks. The result of the test shothed it is possible to use polystyrene for void
formers as long as the precast concrete plateseaferated or provided with vents to prevent
fire-induced pressure build-ups by the trappedigabe volume originally occupied by the
polystyrene. However, one floor in the fire tesplexled after 20 minutes, and a Dutch
competitor of another precast system sent photbgrapthe exploding floor to the Ministry.
As a consequence, the Ministry urged for coopematiih the Dutch industry and BFBN to
investigate the fire safety of filligran slabs wblystyrene voids.

131



-CHAPTER FIVE -

In the same cooperation, the Minister of Environteard Construction talked with the
Dutch Industry about the fire resistance of holloeve slabs due to bad performance in the
Rotterdam fire. This interest was mainly becauseBtilding Authority under the Ministry of
Environment and Construction was developing a nelade of Justice in Amsterdam named
“IJdock.” This Palace of Justice also containedqus like Schiphol, and the Minister wanted
to have proof that buildings with hollow core slaése safe with respect to fire. In the
discussions that followed with the Dutch industigt mny answers to the questions of the
Ministry was good enough. Then the Ministry conedctheir own fire test in order to
investigate the behaviour of hollow cores undes;fihe outcome of the fire test investigation
was not published, nor was it communicated to titustry. Nevertheless, it is a fact that
hollow core slabs were applied substantially inrtbevly build “lJdock” Palace of Justice.

5.6. BFBN study in 2008 and 2009

In order to further clarify whether the horizontahcking observed in Rotterdam was an
isolated incident or whether the applicable regoitest were lacking in this respect, BFBN
commissioned in 2008 a study by a consortium of THEf2ctis NL and Expertise Centre for
Building Regulations, and reported Part A of thedgtin July 2009 [5.3].

With regard to the temperature development duriegfire the conclusion in [5.3] is
that this heat development with respect to time spate has not been exceptional. The report
states that at 30 minutes the maximum temperatuees reached, and that the total fire took
about 45 minutes (from 04:03 h to 04:48 h) afteiclwtthe (heavily forced) cooling down
phase started as a result of the way of extinguishihe first 30 minutes the real fire was not
significantly different than the 1SO 834 fire. Frgu5.7 shows that based on fire scenario 1 it
is seen that the maximum temperatures acting tiirabbve the burning cars ranges roughly
between 800 °C and 1020 °C. Most probably locaptature differences due to uneven
heating have influenced the stresses in the hotiorg slabs. The Figure also shows that the
temperature at some distance from the fire quickdgreased, and that at a few metres
distance the temperature on the ceiling alreadysgasral hundred degrees lower.

With regard to the development of the damage thertd5.3] concludes that horizontal
cracking of the webs of the hollow core slabs wiaigated during heating, so between 30
and 45 minutes. However, this is not confirmed bgesvations from the fire brigade; it is not
clear at all from the talks with the fire brigadd@ether underflanges of the hollow core slabs
felt down during the fire. Nevertheless, with cérta it is stated that directly after the
(heavily forced) extinguishing with the fire boatnse under flanges of several slabs had
fallen down. It is also certain that for slabs #id #8, despite that the webs were horizontally
cracked over a large part of the slab, the undegits had fallen down a long time after the
fire was extinguished (see photos C1 and C2 of,[ar®] also Figure 5.16).
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Figure 5.8. Plan overview of level 2 of parking gge with location of cars on floor
and damage on the ceiling
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Figure 5.8 shows the plan of the parking level whih position of the burned cars and it
gives by arrows the viewpoint of photos taken after fire. Further, it has numbered the
hollow core slabs in the ceiling, and it has nureldethe openings in the external facade in
order to have a better understanding of the phmibsished in [5.3].

On the basis of these photos [5.3] it could bevaeriwith the soot deposed in the cores
and on the crack surfaces whether the horizontalksr were already present at the time of
smoke development, so before the fire was extiguais Indeed, black cracked surfaces
indicate that the cracks were already present dutire fire, whereas not black cracked
surfaces indicate that they appeared after extamgoéent of the fire. Sooty crack surfaces are
more or less present in the cores of all hollowecglabs that were horizontally cracked. At
the slabs #8, #9 and #11 the soot deposits indresare mainly in the zone directly above
the fire, while in the slabs #7, #10 and #12 thislmost over the full length in the cores. In
addition, in the slabs #7, #8, #9 and #10 soot siep@re more or less present on the
horizontal crack surfaces, usually near the fing, d&t slab #7 also over a large part of the
length. Note that the water drainage holes areiegppit some distance from the hollow core
support and thus this can not be the cause ofatttetliat the soot deposits are generally the
worst near the end of the slab [5.3].

The damage and soot patterns show that the hoaizorstcks initiated and opened at a
time when yet a significant smoke development eglisso when the fire was still in progress.
However, the initiation of these horizontal cradid not in all cases led directly to failure of
the underflanges. This is for example shown at #lgbwhereby on photos it is observed that
the lower flange has fallen just a few hours affter fire, but nonetheless both the cores and
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parts of the horizontal crack surfaces have sopbsies [5.3]. Also [5.1] concluded that it
seems that during the cooling process the cradkirgiabs still continued, as some parts of
the floor slabs had fallen indeed only a few haafter the fire was extinguished. When the
damage that has occurred is compared with the lesdclitemperature distribution (Figure
5.7), it emerges that the degree of spalling damag¢he hollow-core slabs generally
corresponds to the degree of heating; the majofigpalling occurs in the most heated area.
Also it emerged that horizontally cracked slabsenseparated over the entire length, even
though heating was mainly local. It can be seen tha horizontal crack surfaces have
slightly undulating shape in many places, but héeotocations straighter [5.5].

It is unknown to what extent extinguishing with ematan cause damage to concrete
structures. The report commissioned by the Veiliggregio Rotterdam [5.1] described that
the fire brigade withdrew from the (second) comnaitinbecause they heard loud bangs and
cracking from the structure. Although some expbgbeve that during extinguishing mostly
spalling damage occurs, this has never been rémzhrexperimentally under controlled
conditions [5.1]. And it is not excluded in the TN@port [5.3] that the pressure from the
35.000 I|-per-minute water spray coming from the fioat contributed to the final local
damage to the soffits of the hollow core slabs.

A few other conclusions were drawn in the reporT O [5.3]. At first, regarding the
horizontal cracks in the webs of the hollow corabs| it is concluded by TNO that these
cracks are more frequently observed, both in rigal ds well as fire tests. The horizontal
cracks as found in the Lloydstraat in Rotterdang #nus not exceptional, and are more
common. It is however noted that the presence edethorizontal cracks does not directly
need to lead to the collapse of the floor structimeRotterdam, while large parts of hollow
core slabs had fallen down, the floor structuresash however did not collapse; it had only
local damage. Secondly, it is concluded that tleerflstructure as applied in the parking
garage is not in itself an exceptional floor stauet although the thickness of the applied
structural topping is somewhat on the thick sidee Tiollow core floor consisted of a 7 cm to
9 cm structural reinforced topping. In addition,asphalt layer was applied in order to drain
the water. This asphalt layer is 12 cm thick atekeernal wall, and reduced till about 7 cm at
a distance of 1 to 2 m from the elevator. A pla#tit was designed between the structural
topping and the asphalt layer, but cores drilledmfrthe floor structure (29.11.2012)
disappeared so the presence of a plastic sheeheva&s confirmed. Thirdly, it is concluded
that the load on the hollow core floor was reld§iview during the fire; only 7 cars were
present. In the design of the floor the total dieadl was 6.70 kN/f while the extreme live
load was 2.0 kN/mwith a frequent or quasi-permanent value of 0.7d Ainally, it is
concluded that in the concrete mix of the applietlov core slabs limestone was used as
coarse aggregate. It is known that concrete witieditone has a lower fracture energy than for
example gravel concrete. But it is known that ceterwith limestone is less spalling
sensitive.
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5.7. Temporary measures published by BFBN in 2009

To summarize, all the investigation reports [5[8]2], and [5.3], and the discussions
with the Ministry of Environment and Constructi@at! to a focus on the behaviour of hollow
core slabs and fire. BFBN felt that they had toredsd this by an intermediate communication
advising temporary measures that would limit theliaption in order to show that the
industry took their responsibility. Hence, basedta final report [5.3] BFBN published a
letter with temporary measures on 19 November 2088. measures were also published in
Dutch Cement [5.4]. Basically, the target of thenperary design rules was “that the
Rotterdam floor could not be designed again”. Thengorary measures dictated extra
requirements for REI > 60 minutes, namely:

1. The hollow cores need to be supported on rubbeirgestrips (3 mm x 40 mm);

2. The connection reinforcement at the support shall be placed above half the
thickness of the hollow core slab (connection @icément may be placed in the
joints or in recesses);

3. The thickness of the structural topping can notoee than 50 mm in the middle of
the span, due to camber the thickness will be tagthe support;

4. The reinforcement in the structural topping closdhe support may not be more
thanJ6-150 mm in length direction.

Further, it was advised to already take into actdbhe design rules for shear and
anchorage according to the in 2009 published d@ftiment EN1168:2009 Annex G [5.22].

5.8. Subsequent studies in 2009, 2010 and 2011

After the publication of BFBN’s temporary measuies2009, the average structural
engineers did not really understand the designsrale they felt that they needed more
reinforcement for stability (diaphragm action) afa durability (crack widths). As an
example the limitation of the amount of connectiemforcement in the structural topping is
given. Although the limitation of reinforcement fd6-150 mm increases locally the safety
under fire (less blocking for hollow core undegejithe structural engineers indicated that it
reduces the overall safety of building. Accordingly come to better conclusions for the
structural engineer, a new research group waspsét 2010. This so called “Korte termijn
Actie groep” (Short Term Action Group, abbreviateith KTA) had a short term focus. The
main issue of the KTA-group was to re-evaluate eéhsgsecial design rules, as it was felt that
these measurements were not the solution to priegelnorizontal cracking such as observed
in Rotterdam. This KTA group consisted of TNO, Eied\ederland, Adviesbureau J.G.
Hageman, ERB and DGMR, with representatives froenDhtch hollow core industry.

The short-term study focused on the force transféollow core slab floors as a result
of elevated temperatures and the possible initiatib horizontal cracks in the webs of the
hollow core slabs. The group focussed on the bebavnh the transversal cross section. The
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longitudinal direction was explicitly excluded frotine research as it was argued that there is
hardly any effect on horizontal cracking in thisredtion. The study (see Figure 5.9)
encompassed collecting information from availalie fests performed on hollow core slabs;
numerical analyses on the behaviour of hollow &aés, a few fire tests, and a detailed look
at the regulations and Eurocodes. The few firestestre conducted on slices of hollow core
slabs with and without structural toppings. Theadled “orienting fire tests” did contribute to
the understanding of horizontal cracking on elemiewel; but the translation to floor
structures at building level was not part of theesrch. The sophisticated finite element
analyses were carried out with mechanical-trangientlinear models in order to model the
phenomenon, while a simple truss model with linglastic elements had been developed in
order to approach the problem simpler. Althoughhbmiodelling types do give direction to
finding causes, due to the limitations of the medkky cannot provide the answers.

Figure 5.9. Experimental studies of part of holloore slab with and without topping,
restrained conditions and FEM

Figure 5.10. Numerical studies with simple trusalgsis, shear stiffness validated with experiment

At the same time of the work of the KTA-group, Préfleinman of Eindhoven
University of Technology [5.7] carried out individuresearch on a simple truss model
consisting of only linear elastic elements (Fighir&0). For that, he conducted two shear tests
on parts of hollow core in order to derive the sheteength at ambient temperature. For fire
analysis, he very much simplified a linear firetbe soffit. He concluded from a parameters
study that for expansion of the bottom flange dyidnfire, preventing the deformation of the
upper flange of the hollow-core slab has a veryatieg effect on the fire resistance of the
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hollow-core slab due to (shear) cracking through thebs. When the thickness of the
structural topping increases cracks through thesvieitiated earlier in the fire. On the other
hand, increasing the height of the hollow core shaproved the fire resistance of the hollow
core slab. In the article Prof. Kleinman proposelditions such as omitting some cores in the
current cross sections, or adding pre-cuts in dffi ¢ order limit the expansion.

5.9. New measures published by BFBN in 2011

In June 2011 the BFBN published a letter [5.8] vitlese new measures for hollow
core slabs under fire conditions. The conclusimmmtilated by the KTA-group on the basis
of the study were published in Dutch journal Cenibrf, 5.10]. The main conclusions of the
study and outcome are given hereafter:

If due to a thick topping or finished screed lafleoth referred to as the “topping”) at
elevated temperature the topping is not able tordefsufficiently, horizontal cracks can
initiate in the webs of the hollow core slab agsuit of which the under flange may separate
prematurely. This is because the behaviour inrduestverse direction of the hollow core slab
is more dominant than the behaviour in the longitalddirection. For this reason, measures in
the longitudinal direction no longer make sense tmsefore limiting the reinforcement in
the structural topping in the longitudinal directis not necessary.

See Table 5.1. If the thickness of the toppingeisslthan 50 mm, problems with the
under flange are expected to be negligible. In dase, it may be assumed that the under
flange will not collapse. For toppings thicker th&hmm, there are indications that horizontal
cracks in the webs may initiate, which may subsetiyeesult in the separation of the under
flange. If the thickness of the topping is betw&nmm and 70 mm, horizontal cracking of
the webs and possible separation of the bottongéarould also be possible. In both cases,
the additional measure “A” is needed as clarifieéFigure 5.11.

If the under flange of a hollow core slab floor bews separated due to fire, the
(remaining) hollow core slab with topping may stitieet the requirements of the building
regulations in some cases. For example, this ic#ise if it still can be proven that with the
reinforcement in the topping the floor will not tagdse when exposed to an accidental load
combination in combination with fire (a socalleteahative load path).

Compliance with the building regulations does tio¢refore, mean that the occurrence
of damage is excluded. Besides, this applies toydead bearing structure in fire conditions

With regard to hollow core slab floors, a distinctimust be made between separation
of the under flange only, the local collapse opéat of) the floor field and situations in which
disproportionate damage occurs to the entire stredn terms of the Eurocode. Only the
latter situation is not permitted according to tetch Building Regulations. Exceptions are
hollow core floors that form part of the fire comjmaent, and fire- and smoke-free escape
routes for which local damage may not occur witthie fire-resistance requirement of thirty
minutes.
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Table 5.1. Advice on when to apply measure “A” a@siaction of topping thickness and consequence

classes

t =< S0 mm 50 mm < i = 70 mm t> 70 mm
b A
3 A

Hollow core floor
with thick topping

Prevent separation
underflange by limiting

Assess consequences of
separation underflange

temperature
[ [
| I | |
. . Alternative Appl Other temperature
Risk analysis pp Y . P
loadpath sprinkler reducing measures

Figure 5.11. Measure “A”: proposed approach for lml core floors with thick toppings

The new BFBN measures were received now much bieftéhe structural engineers.
Despite this, two engineers openly started lobbyagginst the new measures in a contra-
article in the Dutch journal Cement [5.11] in Ded®mmn 2011 saying that the new measures
were not satisfactory as the authors had two pnableFirstly, their opinion was that the
measures of November 2009 and June 2011 were ogpesich other as the temporary
measures of 2009 addressed the longitudinal dimgctivhile the new measures of 2011
addressed the transversal direction. Secondlyheim bpinion the new measures did not give
an answer on how to deal with secondary load pahmoposed by the measures as an option
when the structural topping is thicker than 7 dm.January and February 2012 the BFBN in
co-operation with Verenigde Nederlandse Construst@united Dutch Structural Engineers)
organized four evening-discussion meetings witlucstral engineers to explain on and
discuss the measures proposed by BFBN. The stalctagineers expressed that they had
enough confidence in designing hollow cores acogrdo the new measures. The 50 mm
topping limitation was accepted by authorities lumtid 2014 as an “intermediate solution”.
Until then the Dutch industry has time to come ughwinore answers and solutions.
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5.10. Compartimentation and openings in Lloydstraat buildng

Compartmentation [5.24] has traditionally been medi according to the concept of fire
resistance, with reference to collapse (R critgrifire penetration (E criterion), and excessive
heat transfer (I criterion). But in the case of Betterdam fire, judging on the criteria R, E,
and | that were all met, one should conclude thatcompartmentation requirement was met.
The purpose of subdividing spaces into separate dompartments is twofold. Firstly,
compartmentation prevents any rapid fire spreat wauld trap occupants of the building.
Secondly, compartmentation restricts the overa# sif the fire. The compartment area of the
Rotterdam parking garage was equal to the sizeeofarage, namely 2,10F nnvestigation
report [5.1] concludes that this is not in accomamith the Dutch Building decree which
demands a maximum compartment area of 1,00However, the Building decree says that
sizes of fire compartments may be enlarged wherspiaee is not private, so that it can be
assumed that during a longer time frame rescueeatidguishing activities can take place.
And [5.1] states that together with the generatlyepted principle that in a parking garage no
more than 4 cars can burn at the same time, tlsigngstion is a way to enlarge a fire
compartment. The accepted principle of four cais I;1e with the statistics from some cities
of Europe drawn up by CTICM in 2001 [5.1], that #28 of the fires in underground garages
remain limited to a maximum of 4 cars. There are fines registered in underground garages
where 7 cars were involved in the fire. In abovegib parking garages no cases are
registered involving more than 3 cars [5.1]. Thesence of an alarm installation would have
contributed to a faster arrival of the fire brigadlhis would have resulted in a less severe fire,
and also less damage to the concrete.

In the Dutch building decree two sets of guidelirees addressed for designing car
parks with a proper fire safety level. These guitkd can either focus on closed
(mechanically ventilated) car parks, or on semirofaturally ventilated) car parks [5.28]. In
the latter case, there is a correlation betweenatheunt of open facade area and the fire
safety level. Most car parks have fire compartmauitis an area larger than 100§rand thus
do not meet the prescriptive requirement for maxifire compartment size in the Dutch
building decree. The decree allows for this dewiatas long as it can be shown that an equal
level of fire safety is obtained in terms of the®. This is where the guidelines for naturally
ventilated car parks are applicable, for whichdhepark standard NEN2443 [5.25] is mostly
used in practice. The openings in the Rotterdarkipgmarage have been designed with this
Dutch standard NEN 2443 for parking of cars in gas Efectis report [5.1] stated that
Rotterdam parking garage had fulfilled these resagnts. This guideline basically consists
of three requirements. However, if these requirdmeenerally result in a sufficient fire
safety level for safe deployment of the fire brigakdas never been systematically investigated
[5.28]. First, at least two opposing facades muastehan opening. Second, in order to avoid
heat development, the openings in the outer facaded to be at least 1/3 of the total wall
area that form the envelope of the fire compartment in one facade of two opposing
facades the openings need to be at least 2.5%eofrbss floor area of the compartment.
Third, the openings should not be located more 8ameters from each other. Depending of
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the layout of a parking, each of these requiremenigit result in the governing requirement
on openings in the outer wall. The first and thigduirements are met in Rotterdam, however,
not the second requirement. Moreover, the wall paave the open windows to the ceilings
prevented the heat and smoke evacuation of théske Appendix 5.A level 2).

A recalculation on the second requirements by Holeshows that of the approximate
1,300 nf external wall area (height of 12.05 m, and circemafice of 108.5 m) of the fire
compartment of the parking garage levels, the afemenings is about 300°niThis is 23%
and thus not more than 1/4 of the total wall aré#he fire compartment envelope. TNO
report [5.3] also mentions this openness of 23%.tBel other second requirement shows that
the openings in one facade of the opposing facades8.5% of the gross floor area which
actually fulfils the second requirement of at le2$i%. Regarding opening and practices in
other countries, a praxis used in Sweden basednoeridan full scale tests stipulates that the
walls must have at least 30 % permanent opening table to consider the building as an
open structure with respect to fire developmenprdxis in Germany states that at least 5% of
the gross floor area should be kept as open iw#ilearea at one side of opposing walls.

5.11. Smoke and heat development and temperatures of figcenario 1

The fire scenario 1 simulations performed by Efedtr the Rotterdam Rijnmond
Safety Region [5.1] give results on the heat dguakent and magnitude of temperatures at
the ceiling above the fire. Efectis used for thedations the software CaPaFi 2.0, an MS
Excel program developed at European level dedidateshalyse car park fires. Although the
CaPaFi calculations in the Efectis [5.1] and TNQZ2]5reports seem advanced, many
questions can be raised on the fire calculationdopred. Ofcourse, a model is a
simplification of reality, but it is believed thabnclusions have been drawn based on a
modelling that has been approached too simple.irst, in the Efectis CaPaFi analysis the
outside wall is not accounted for, as the programsdnot foresee in that feature, while the
wall is in reality for 78% closed. And, more in geal, the configuration of the car park is not
taken into account in the simulation. Secondlyurety ventilated (semi-open) car parks are
different from mechanically ventilated (closed) qazarks, since they are affected by the
influences of wind. The wind is not taking into aaat in the CaPaFi calculations, as the
program does not foresee in that feature. From heeaeports on Rotterdam is was found
that the wind velocity was 3.5 m/s. Thirdly, repfstl] and [5.3] make, on the basis of the
CaPaFi simulation of scenario 1, a comparison betwé¢he heat development and
temperatures of scenario 1 and the standard IS@@&34. In the conclusions of both reports
contradictory statements are present about therisewé the fire compared to the standard
ISO curve.

More advanced than CaPaFi is the program Fire Digga8imulator 5.5 (FDS5) based
on computational fluid dynamics to model the Ratten fire case (Figure 5.12). This FDS5
simulation is as accurate as possible based onpl¢ data given of fire scenario 1 of Efectis
[5.1] and TNO [5.2]. In the background report onF9[5.31] at first under question 1 and

guestion 2 scenario 1 by Efectis/TNO (see Figurd . an open space was recalculated. In
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principle, the assumptions in the FDS5 simulatiogrevidentical to those in the CaPaFi
simulation, like the heat release rate given irurégs.6. It was concluded that the results of
both programs are comparable.

S S1 AN A

Figure 5.12. Geometry Parking Rotterdam and HRRPlé smoke snapshots at 30 minutes
simulation in fire scenario 1 [5.31]

In order to have a more sophisticated spatial aiglyf the fire development, and to
include wind in the fire scenario development, fieenario 1 of the Rotterdam fire case is
recalculated with FDS5 and reported in [5.31] urgigestion 3. See Appendix 5.B for FDS5
data [5.31]. Figure 5.12 illustrates a visualizatiof heat release rate per unit volume and
realistic smoke movement from the inside of the gartment to the exterior at 30 minutes of
fire (at 04:33 h). Fire is coloured in a dark shadeorange wherever the computed heat
release rate per unit volume (HRRPUV) exceeds WK, The visual characteristics of fire
are not automatically accounted for. At this paintime, the cars 1, 2 and 3 have burned and
the first maximum HRR peak is finished. In the figuve can clearly see the three cars
burning and flames and smoke developing. After 38utes from the fire ignition, the layer
of smoke covers the whole compartment and the ogsnare insufficient for the smoke
evacuation. This corresponds well with the visubkeyvations of the fire brigade that
indicated that at 4:29 h smoke developed that beadank black. Clearly we see flames and
dark smoke coming out of the windows. The fire adg reported that from that time the
evacuation was hindered by the smoke coming frarbtioken door from the garage. And at
04:32 h the fire brigade tried to enter via theagardoor, but due to the black smoke it was
too dark.

Faster and darker smoke is closer to the seateofitth, and thick, dark grey smoke
“pushing” out of a structure suggests a larger,anotense fire [5.29, 5.30]. “Black fire” is a
good phrase to describe smoke that is high-voldanbulent velocity, ultra-dense, and black.
Black fire is a sure sign of impending auto ignit@and flashover. In reality, the phrase “black
fire” is accurate: it acts as a vehicle for spragdire and the smoke itself is doing all the
destruction as that flames would cause like chgyrireat damage to structures, and content
destruction. Black fire can reach temperatures @fenthan 1,000°F and is likely to be toxic.
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According to NFPA921, Paragraph 3.6: “Smoke colsurot necessarily an indicator of what
is burning. While wood smoke from a well ventilated fuel controlled wood fire is light
coloured or gray, the same fuel under low-oxygervemtilation-controlled conditions in a
post-flashover fire can be quite dark or black.cklamoke can also be produced by the
burning of other materials including most plasticsgnitable liquids.” Hence, petroleum and
petroleum-based products produce black smoke, laok lsmoke might also indicate under-
ventilated conditions. Incomplete burning causel@amdensity or smoke thickness. In
essence, the thicker the smoke, the more spectahal#iashover or fire spread.
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Figure 5.13. Evolution in time of the gas temperatabove car 1 to car 7 and ISO 834 curve [5.31]

In background report [5.31] under question 4 thauits of the simulation with FDS5
are compared with standard 1ISO 834 curve. For thatbasic principles of fire development
of a natural fire will be used. A natural fire stw growth phase after ignition. Fuel,
compartment geometry and ventilation are the madtofs that determine the growth phase
and the shape of the fire curve. Then there ipa taansition stage called flashover between
the growth phase and the fully developed fire. lkdagr is defined as the relatively rapid
transition between the primary fire which is esidiytlocalized around the first item ignited,
and the general conflagration when all surfacebiwithe compartment are burning. Mostly,
flashover takes place when the upper smoke laymhes temperatures of about 500-600°C.
In one car fire study the start of the burn peilimdefined as the time when the heat release
rate reaches 10% of the peak, because thereiigeavariation among tests of the fire growth
delay from the start of the tests, i.e. time of lepion of the ignition source, to the time
when the heat release starts to rise beyond that the ignition source. The standard fire
curve does not consider the pre-flashover growtisphlt starts at the moment of flashover
and the increase in temperature over a couple ofites is huge. Figure 5.6 gives the heat
release rate of fire scenario 1. It is evident frilve graph that just after 10 minutes the 10%
value of the peak value of 22.5 MW is exceedednfFFigure 5.13 it is evident that after 10
minutes the temperature above car 1 is in the rah§@0-600 °C. Accordingly, the standard
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ISO 834 curve as sketched in Figure 5.13 is assumstart at 10 minutes. The observations
in Figure 5.13 are (temperatures are thermocougded):

The fire up to 10 minutes can be considered asgtiosvth phase of the fire.
Temperature above car 1 is around 500°C and abawv@ s above 200°C, while at
other location the temperature is lower.

At 10 minutes flashover is assumed, after whiclthm Rotterdam fire case the fully
developed fire acts. The standard 1SO 834 curvsiders only a fully developed fire
and is assumed to start at 10 minutes. After 21utas the 1SO temperature is 500
°C. The temperature above car 1 and car 2 calculatth FDS5 takes 10 minutes to
heat up to 500°C and 250°C, respectively.

After 500°C, the temperature calculated with FDS5nore severe that the standard
ISO curves. While the standard ISO curve indicatésmperature of about 678°C at
20 minutes (at 10 minutes of ISO fire), the FDSkwdation gives temperatures of
about 900°C. Hence, more than 200°C higher tempexstare calculated and the heat
with FDS5 is 33% higher than that of the stand&®@ turve.

After 500°C, the temperature increase rate caledlatith FDS5 is more severe that
the standard ISO curve. See Figure 5.13. Whil@ankutes the standard ISO curve
indicates a temperature increase rate of 15,6 tC/thie FDS5 calculation gives
average temperature increase rate of 44.7°C/mimcéleat 20 minutes the
temperature increase rate calculated with FDS5 tisn8s higher than the standard
ISO curve. Above car 2 and 3 the temperature isereate is even higher.

The temperature above car 3 follows the standa@l ¢8rve more or less up to 25
minutes, but then the temperature calculated wiliS% is approximately 150°C
higher than the standard ISO curve. For car 3 th&imum temperature is about
893°C at 30 minutes, while the ISO curve is ab@®°T at 30 minutes. For car 4 the
maximum temperature is about 567°C at 30 minutédslewthe ISO curve is about
782°C at 30 minutes (20 minutes of ISO fire). Tamperature measured above the
5th car remains below the standard curve up to #iutes when the maximum
temperature of 903°C is reached and exceeds theéasthfire curve.

The temperature above the cars 6 and 7 remaing thelstandard fire curve. For car
7 a maximum temperature above the car of about®6&°obtained due to wind
influences (car 7 did not burn), while above cah& maximum temperature is only
about 418°C.

Hence, the FDS5 — ISO comparison in the Rotterdanpark fire analysis mainly concludes
that at 20 minutes more than 200°C higher temperatand 3 times higher temperature
increase rates can be observed with FDS5 compart tstandard temperature — time curve
ISO834 obtained according to EN 1991-1-2:2002. Ake ceiling area influenced with
FDSS5 is much larger than the ceiling area influenbg a CaPaFi calculations due to wall
effects and wind influences. This explains well libgations of severe damage of the fire case
Rotterdam.

143



-CHAPTER FIVE -

Figure 5.14 shows the floor plan of the Lloydstiaatking garage. On the plan, thermal
isolines of fire scenario 1 are plotted as caladaty [5.2] with CaPaFi (black lines), and as
calculated with FDS5 and illustrated by Smokeviegd(lines). There is a dramatic difference
in results between the CaPaFi calculation and th&85-calculation. The influence of the
outer wall can be clearly seen; while the CaPaFdehgives the same high temperatures
outside the building as inside, the FDS5 simulatipres higher values of the temperature
only inside the building. It is generally known thihe accuracy of the CaPaFi model
decreases with increasing distance to the fire. Wimdl was also not accounted for in the
CaPaFi model, but has a significant influence entimperature distribution at the ceiling.

Thermal lines
by fire

scenario 1
simulation

t 20 minutes (04:23h) 1 30 minutes (04:33h)

Thermal lines
by fire

scenario 1
simulation

Figure 5.14. Fire scenario 1 as calculated by CaP&F1] (black lines — thermocouple temperature)
and as calculated by FDS5 after 20 and 30 minugesh@wn in Smokeview (red lines — gas temperature)
plotted on floor plan [5.31]
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In the FDS5 simulation it can be noted that maxintbermal isolines corresponding to
approximately 900°C move from above car 1 and cém 2bove car 3. Also, the thermal
800°C isoline from FDS5 reaches much further tostingport at the other side. This is not the
case in the CaPaFi model that is very local. Hefexgle temperature variations can be
recorded throughout the entire compartment at #iveestime. This behaviour cannot be
recorder with CaPaFi since the temperature is densd to be uniform in the whole
compartment at any given time. The backgroundngpdl1] was reviewed by Dr. G. Rein
of Imperial College London, see Appendix 5.C fdegral review text.

5.12. Explosive spalling

Although in the analyses of TNO [5.3] explosivelBpg is mentioned a few times, it is
not part of the main conclusion for the cause dbtife; horizontal cracking is explained by
thick topping or thick finished screed layer. Repf&.3] states that spalling could be of
influence on the stresses in the concrete and lggsaliso on the tensile stresses that are
present in the webs. But from the photos (see Embrl, 5.3, 5.4 and 5.8) it is evident that
explosive spalling did play a role in the occurrenaf horizontal cracks in the fire of
Rotterdam. Due to the high moisture content indlads explosive spalling was inevitable.
Above cars #1, #2, #3 and #4 where the heat dev@opwas higher than 900°C, the cores
opened due to explosive spalling. The parking gamags an open parking, meaning that no
indoor climate was present but a sheltered outdiimate. Also, a plastic foil was present on
the topping: the slabs and the topping could omly @aut from the hollow core soffit (see
Appendix 5.A). As a result, the moisture contenttioé concrete is likely to have been
relatively high, which is particularly unfavourabier the spalling behaviour and indirectly
for the occurrence of horizontal cracks in the wigh3]. According to Eurocode EN 1992-1-
2:2004 [5.27] explosive spalling is unlikely to acavhen the moisture content is less then 3
% by weight (recommended value). In the produchddad EN1168:2005+A3:2011 a
moisture level of maximum 3 % by weight is recomaehwhen making fire tests.

From the Rotterdam building no concrete samplem fumaffected parts of the floor
structure were taken to determine the moistureectniThe moisture level at the time of the
fire was most likely significantly more than 3 %he slabs were produced in October 2006.
In October 2007 the fire broke out, so the floousture at the time of the fire was 12 months
of age, which is relatively young. The structurgpping (70 — 90 mm) casted on site was
according to the drawings covered by a plastic. foliis results in a moisture transport
through the hollow core to reduce the initial disition of moisture in to a distribution in
equilibrium with the yearly variation of relativaimidity in Rotterdam, which has an average
of about 83% (statistics from Rotterdam the Hagygoat). Most likely it would take 5 - 10
years for the slab to reach a yearly average ogpthcdbf 30 mm into the underflange. In the
concrete mix of the hollow core slabs that wereliedplimestone was used as coarse
aggregate material. It is known that calcareousieia has lower fracture energy than for
example siliceous concrete. This could have a negaffect on the growth of cracks in the
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sense that the crack growth was faster. But itse known that calcareous concrete is less
spalling sensitive, whereas horizontal crack ititia could be influenced [5.3].

Generally speaking, explosive spalling is not eifd}i taken into account in the design
of concrete structures. This is evidenced by a ceninfrom Dutch fire design standard
[5.26], that the equilibrium moisture content inlbungs is expected to be low in such a way
that the risk of spalling is limited [5.1]. Efectisported in [5.1] that they have the practical
experience from fire tests and from damages of fiezg that spalling of concrete occurs in
many cases in situations where according to thelDiite standard [5.26] this would not
occur. In the opinion of Efectis, the probabilit§ gpalling must therefore be greater than
expected on the basis of the standards. For aratethstructure (and in particular a structure
exposed to the outside air as the present strudf)reit is also doubtful whether the
mentioned conditions are met. In buildings the Eopim moisture content is normally in the
range 2 — 3 % by weight when the concrete strachas reached a state of moisture
equilibrium with the inside environment with a yigaaverage relative humidity 40 - 50 %.
For a concrete structure exposed to outside comditirelative humidity 83 %) higher
moisture contents can be expected. The concraietste is in fact throughout its lifetime
exposed to an average humidity, so that the pdré®aoncrete will contain more water.

5.13. The successive phases of delamination of underflaegin Rotterdam

Based on the new insights gained in the Holcofigget, Figure 5.15 illustrates five
successive phases of delamination. These five phalestrate how the fire and
accompanying local damage progressed in the fire:

a) The parking garage is a socalled open parking gamsigh natural ventilation
resulting in a sheltered outdoor climate. As a lteshe moisture content of the
concrete is likely to be relatively high. For unkro reasons a fire ignites in the
garage. Due to high moisture content of the slaln@mnexplosive spalling starts on
the ceiling in the soffit of the hollow core slgst above the growing car fire.

b) At 10 minutes flashover takes place and car 2 gsiesetially ignited. Then, the fire
abruptly transforms into a fully developed fire lwihcreasing release heat rate. Due
to the highly intense fire with high temperaturel dnigh temperature increase rate,
and restraints (thick topping and floor field), tzontal cracks initiate in the webs
just above the cars. Due to high temperature gnadieer cross section, spalling
continues over a larger area and more deeply h@asoffit of slabs such that open
cores are visible just above the seat of the Ate20 minutes black smoke start to
develop.

c) The fire is now travelling to car 3. As more care aurning, the maximum heat
release rate is reached at 30 minutes. Due to EvNAE the temperature at the
ceiling even reached 800°C at the other supportaAssult, the horizontal crack
initiates further through the webs of the slab esathes the other support. But the
growth of the horizontal crack does not lead tdufei the strands remain covered

by (a part of) the concrete cover (as is repomd8.il] and [5.3]) and the strands
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| Due to high moisture content in the slabs explosive spalling starts in area above the growing fir4

Slab #9
a)
5 minutes of fire

Growth phase in car 1
Low heat release rate

Explosive spalling continues over larger slab area and open cores are visible inthe slab 7~
area above the fire. Horizontal cracks initiate in webs due to intense fire and restraints

20 minutes of fire
Fully developed fire
Increasing heat release rate
Car 1,2 and 3 burning

Black smoke develones

b)

800C

27 minutes of fire

C) Fully developed fire

Maximum heat release rate

Cars 1 to 5 burning, car 2 maximum HRR
Black smoke fills compartment

- In the course of time, the underflange deflects further downwards. The anchored strands at ~j=j "~
both sides hold the underflange, so it functions as a heat shield for the upper part of slab

d) 45 minutes of fire

Decay phase

Decreasing heat release rate
Start fireboat to splash soffit

“Anchored strands ruptured or pulled out from support, and the underflange felt down, but due
to redundancy in the remaining floor with structural topping collapse did not occur

2 hours after fire was extinguished
no heat release

e) black smoke evacuated

Figure 5.15 Successive phases during the Rottefdtarof slab #9 above car 2 (KIA Sportage) (note
that photos on rigl-hand side are meant to be illustrative and areted from other location
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keep functioning as a tie for the cross sectiorthef hollow core slab. Also the
redundancy in remaining floor contributes to anilgium state during the fire.

d) In time into the fire, the prestress in the underfle decreases and the underflange
deflects further. But the well anchored strandsadh sides of the supports hold the
underflange in place. The underflange actually fions as a heat shield that
protects the upper part of slab against the hdease of the fire. This state is kept
as long as the anchorage of the strands functionsas long as the strands
themselves do not rupture. At 45 minutes of firedbat starts extinguishing the fire
by splashing the soffit.

e) Finally, in the heat of the fire the strands ruptuor the anchorage of the strands
fails and the strands are pulled out from one sttpmnsequently, the underflange
falls down on the car and the ground. As a redutedundancy of the floor with a
thick reinforced topping, in the accidental sitoatthe floor with the thick structural
topping did not collapse. Situation e) was fourrectly after the fire.

It should be emphasized that extinguishing theWiith the fire boat most probably has
influenced the final phase of delamination of timelerflanges so that they fell down on the
floor. The fire boat was deployed at 04.48 h. Tinebbat splashed with all 3 guns 35.000 |
water per minute through the open windows; it endard procedure to splash against the
soffit of the ceiling to cool the structure and iegtiish the fire. The force generated by
35.000 | of water per minute is huge, and the abcopling down of concrete parts should
also not be neglected. A simple consideration shthas if the fire brigade is delivering
35000 liters/minute using 3 guns together, this lloasult into a force of about 11 kN as an
average value. This estimate is based on the liattthe fire brigade spouted through the
building resulting in fire fighters becoming wet tae front of the building. Hence, using a
velocity large enough to have the waterspout pdsatstom one side to the other, roughly 20
m long with maximum height 1.5 m, results into atoselocity of the water of 19.06 m/s
(vertical velocity 5.48 m/s and horizontal veloci8.25 m/s). Accordingly, if all guns points
at the same position, the force would be 35000"3/8@is 11.1 kN. Theoretically, this is the
force developed if one is hitting a target andwhaer velocity change to zero. This is quite
large force, acting horizontally on the bottom fanof hollow core slabs. On top of this
force, a dynamic influence of force variation degieg on the strategy used by the fire
brigade has to be considered.

Hence, the exact moment and cause of falling dowheosoffits of slabs #9, #10, #11,
and partly #12 remains unclear. But do note on feigu3 that a part of slab #11 is still
hanging on the ceiling, which is also seen in tmalkpicture at d) in Figure 5.15. It is also
evident that the underflanges of the slabs #7 &nohty felt down several hours after the fire,
as proved by the photos C1 (taken at 06:46 h) @hftaken at 09:01 h) in report [5.3]. This is
for clarity sketched in Figure 5.16. The photo @100 h shows that the slabs #7 and slab #8
came down somewhere between 06:46 h and 09:01 todbe failure of the anchorage of the
strand at the side of the support near the fire. gthall photo in Figure 5.16 shows the end of
the strands that were pulled out of the suppors. éistimated that after the fire about 200 mm
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of anchorage length remained at the support, whiek after some hours not enough to
secure the anchorage of the strands of the slabsvdre delaminated.

Assumed situation on photo C1 taken at 06:46 h
? —\ﬁ

slab #7

Situation on photo C2 taken at 09:01 h

upper part slab #7

Failed anchorage

underflange slab #7

Figure 5.16. Slab #7 felt down several hours latee to anchorage failure, situations
at 06:46 h and 09:01 h

5.14. Accidental actions by the Eurocode

Fire is an accidental action. Eurocode EN1991-5-23] deals with accidental actions,
amongst others with accidental actions due to isedlfailure from an unspecified cause.
Localised failure is defined by Eurocode as that p&a structure that is assumed to have
collapsed, or been severely disabled, by an ac@tesvent. Annex A gives rules and
methods for designing buildings to sustain an exéénocalised failure from an unspecified
cause without disproportionate collapse. It deslatteat it is an acceptable strategy if a
building is designed such that neither the wholddmg nor a significant part of it will
collapse if localised failure is sustained. Theimumm period that a building needs to survive
following an accident should be that period neetef@cilitate the safe evacuation and rescue
of personnel from the building and its surroundin@onsequence classes have been
introduced to categorise building types/occupanciesed on these consequence classes,
strategies are recommended to provide a buildirg till have an acceptable level of
robustness to sustain localised failure withoupiportionate level of collapse.
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» For buildings in consequence class 1 no specifigsiceration with regard to
accidental actions is necessary provided thatstbeen designed according to the
rules given in the Eurocodes.

» For buildings in consequence class 2 effectivezonitial and vertical ties should be
provided, while in class 2b the building shoulddiecked to ensure that upon the
notional removal of each structural element théding remains stable, and that any
local damage does not exceed a certain limit.

» For building in consequence class 3 a systematlc assessment of the building
should be undertaken.

Eurocode EN1991-1-7 Annex A is informative, and hasbeen used in the design of
the Rotterdam parking garage. Nevertheless, hadat@nd vertical ties have been clearly
considered and applied in the building for robussn®ased on Eurocode EN1991-1-7 Annex
A, BFBN elaborated more in detail in the letter afne 2011 in the Appendix on their
conclusion #5. They concluded that with regard ttlolw core slab floors under fire a
distinction must be made between the following¢thrases:

1. Local collapse of only the under flange of holloare slabs during a fire that does
not lead to the overall failure of the floor. This in principle not an issue of
building regulations, but plays a role in the fravoek of Health & Safety issues for
the fire brigade.

2. Local collapse of one or more floors during a fiteat does not lead to
disproportional damage in relation to the causbiwithe legal admissible fire time.
In case the hollow core floor form part of the feempartment or part of the fire-
and smoke-free escape routes this local damageatsaynot occur within the fire
resistance requirement time of 30 minutes. Eurodei&991-1-7 Annex A states
that the indicative acceptable limit of localis@ddre for building structures is 100
m? or 15% of the floor area, whichever is less, on awjacent floors caused by the
removal of any supporting column or wall. This iisely to provide the structure
with sufficient robustness regardless of whetherdemtified accidental action has
been taken into account.

3. Disproportional damage to one or more floor fiedahsl or superstructure in relation
to the cause within the legal admissible fire time

Case 3 and case 2 are not applicable to Rotterd@ihere was only local damage by
separation of the under flange. Floor level 2 waspart of the compartment envelope, nor
was the floor part of the escape route. Even thaerilanges of slabs #7 and #8 separated
after the fire was extinguished. Finally, the saped floor area of about 70%was less than
15% of 700 rf, or 100 M, whichever is less, so less than the limit of axibie failure
according to Eurocode EN1991-1-7. The FDS5 — IS@parison concludes that 33% higher
temperatures and 3 times as high temperature semsde can be observed with FDS5 in the
case of Rotterdam car park fire analysis compaoetthé standard temperature — time curve
ISO834 obtained according to EN 1991-1-2:2002. Ake ceiling area influenced with

FDS5 is much larger than the ceiling area influenbg a CaPaFi calculations due to wall
150



-FIRE CASE ROTTERDAM -

effects and wind influences. This explains well ibeations of severe damage of the fire case
Rotterdam.

In Rotterdam case 1 was applicable, as only loo#dmse of the under flange occurred
that did not lead to the overall failure of theditoThis implies that in the Rotterdam fire the
building regulations are not an issue, but the tHe&l Safety of the fire fighters. This is
actually confirmed by two recommendations in rep@itl]. One recommendation is to
investigate in what way the safety during the dgmlent of the fire brigade can be improved
in open parking garages with natural ventilatidre second is that the fire brigade has to
consider the possibility that for several hourgmfhe fire in a concrete building during the
cooling down phase stresses can be build up aradrasult deformations or displacements
(read local failure) can occur. Safety of fire figts was indeed the main issue.

5.15. Conclusion

In precast concrete floor construction the hollavecslab has been a very successful
product for residential and non-residential buitdstructures, both in concrete structures and
steel frames. This success is largely the resuthefhighly efficient design and production
methods, flexibility in use, surface finishing astductural efficiency. Yearly in Europe about
20 to 25 million square metres hollow core floore arected. The estimated total stock of
installed hollowcore floors nowadays in Europe antsuto 1,000 million square meters.
Experiences with past performance of hollow comoi$ confirm that hollow core floors
under fire conditions have excellent fire resis&fic12].

On the ' October 2007 in the just newly-constructed apantnimiilding “Harbour
Edge” in the Lloydstraat Rotterdam, a fire at le2edf the parking garage was reported. After
a thorough research no cases are known where étienjprary collapse of the hollow core
floor led to disproportional damage, or even calmwf a building structure. Despite, the
Rotterdam fire case has affected the image of tilva core slab on international level.
Also, unjustified, in floor designs where no topgpior a limited topping are applied. In most
cases, Holcofire experiences that people are takbout the Rotterdam fire, but do not know
the real facts. Holcofire has given facts in thisa@ter in order to inform readers about the
facts on the Rotterdam fire, but also to explam @atmosphere in which the discussions were
held. Holcofire has also given their own view witbw insights about the successive phases
of delamination of the hollow cores in Rotterdame ficase, and recognizes the role of
restraints and explosive spalling. Despite, it &idved that the measures taken and the
international impact are disproportionate compatedhe local damage and size of the
problem.

Fire scenario simulations performed by Efectis [®fad TNO [5.2] have resulted in
reports on the heat development and magnitudengbeeatures to the ceiling just above the
cars. Although the CaPaFi calculations in the Eef$.1] and TNO [5.1] reports seem
advanced, many questions can be raised on thediicalations performed. Ofcourse, a model

is a simplification of reality, but it is believelat conclusions have been drawn out of the two
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studies with great impact based on a modelling tlatbeen approached too simple by using
CaPaFi calculation software.

Computer—-based models are in widespread use tadpgraof fire safety design. The
program Fire Dynamics Simulator version 5.5 (FDS&3ed on computational fluid dynamics
was used by Holcofire to simulate the Rotterdam ¢iase. FDS5 gives very good insight in
the fire heat development and temperatures devedopduring the Rotterdam fire. The rate
of heat release (RHR) and ignition time were assupgal to fire scenario 1 of Efectis to
model the fire of the Rotterdam fire case. Alsogleemetry and compartment openings were
considered, as well as exterior conditions as teatpee, relative humidity and wind.
Naturally ventilated (semi-open) car parks areedéht from mechanically ventilated (closed)
car parks, since they are affected by the influsnoke wind. It emerges from the more
sophisticated FDS5 simulations that the fire wasersevere than 2 hours of standard ISO
834 fire. The simulations conclude that at 20 mésunto the Rotterdam fire (at 04:23h) when
the maximum temperature above car 1 was reachedy Bgher temperature (900°C
compared to 678°C) and 3 time higher temperatuceease rate (44.7°C/min compared to
15.6°C/min) were calculated with FDS5 comparedh® standard temperature—time curve
obtained according to 1ISO834 of EN 1991-1-2:200B0Aemperatures higher than 800 °C
were calculated at the other side of the suppotti@tceiling, which were not at all calculated
by CaPaFi.

In fire design regulations the standard fire hasb® considered in the whole
compartment, even if the compartment is huge. Batdtandard fire curve is a normative
curve; it takes into consideration only the fullgvetloped fire and does not have a descending
branch. All differences recorded between the aralysade with FDS5 can be justified by the
fact that standard 1SO curve does not take intowatcthe parameters like compartment
geometry; boundary properties; environment congéicnumber and position of the burning
cars; heat release rate; and fire surface. Themitdgree therefore with the conclusion drawn
by Efectis [5.1] on page 47 that “the fire devel@mhdoes not match the base of the
regulations and guidelines. In particular, the bagk regard to the fire load of a car and the
applicability of the standard fire curve are doubtfOn the basis of the regulations and
guidelines a fire with this size was not to be eted”.

Finally, a risk analysis in the design phase oflihi#éding should have led to the use of
an alarm installation as in Europe car park firesuo more often. The presence of an alarm
installation would have contributed to a fasterivatrof the fire brigade. This could have
resulted in a less severe fire, and also less daraaiipe concrete structure.
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Appendix 5.A — Description of structure of the buitling

“Harbour Edge” was in October 2007 a moderatell nalw building in the street Lloydstraat,
Rotterdam. The twelve storey building is used fousing on the levels 4 bis 11, while the lower part
of the building (levels 0 bis 3) contain a open park for 60 cars; level 2 had 10 parking placdse T
parking garage consists of 7 floors that with aghedifference of about 1.5 m are situated on dffie |
hand and right-hand side of the lift shafts. Thiglfieof the ceiling in the car park is about 2.4The
floors O bis 3 consisted of hollow core slabs, wlife floors of 4 bis 11 consisted of filligranshel
parking is a socalled open parking garage withmahizentilation. The full 2100 frof the garage was

one fire compartment.
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The hollow core floor consisted of 5-core hollowealabs with 70 mm tot 90 mm structural
reinforced topping and a finishing asphalt layerl@ mm to 70 mm. The hollow core slab was
prestressed with 10 strand of 12.5 mm, A930 mm) with an axis distance of 46 mm. Two top
strands were applied in the slab. In the buildiegpt of the building it was required that the ball
core floor had a fire resistance time of 120 misy®j. In addition, the floors are part of the ler
structural system as it assures the cooperatiomeleet the load bearing external walls and the cbre o
Ejhe buil%ing [3]. The fire took place on level Zdathe ceiling of level 2 (floor of level 3) was

amaged.

The supplier of the hollow core slabs made thecttral calculations of the hollow core slab. The
span was about 10.5 m. A structural topping of 78 was accounted for. The following loads were
taken into account:

«  structural topping: 1.80 kN/m
+ Hollow core slabs 260-5: 3.70 kNIm
+  Finishing: 1.20 kN/f
« Total dead load: 6.70 kN/m
+ Extreme live load: 2.00 kN/m
« frequent/quasi-permanent value: 0.7

At the location of the fire, the hollow core slaliere supported by a steel L-section. This steel L-
section was protected against fire with fire-resistplates of 12-15 mm Hl]. The structural topping
ranged between 70 mm to 90 mm [6]. On the struttopping an asphalt layer was applied in order
to drain the water. This asphalt layer is 120 mioktlat the external wall, and reduced till about 70
mm at a distance of 1 to 2 m from the elevator.ldstic foil was desinged between the structural
topping and the asphalt layer [3]. It is unknowretVter this was applied.

tie reinforcement

. structural topping Rebar connection
Plastic foil system [112-250

x e demy JON0-GG/MB0xESS
- e g b a4 - * 2020- N6/ M20TTO

Hollow core slab L200x200x20 recast facade

mountedto "
precast facade
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Appendix 5.B — FDS5 simulation

The Fire Dynamics Simulator version 5.5 (FDS5) sedito simulate the fire development for the sder@nsidered.
FDS is a computational fluid dynamics (CFD) modefigf-driven flow developed and maintained by thmetican National
Institute of Standards and Technology (NIST). Thdecsolves numerically a form of Navier - Stokesaipns appropriate
for low-speed, thermally-driven flow with an empisasn smoke and heat transport from fires. The édation of the
equations and the numerical algorithm are contaimé&dre Dynamics Simulator (Version 5) — TechniBaference Guide.

Compartment geometry and computational domain

The fire compartment was considered the area imtingh part of the parking garage, from axis 1 talihensions of
24.84m x 20.70m — with two large openings (ramgs}.@0m wide x 2.73m height and one door of 2.15itkewx 1.95m
height in the south part of the parking garage.i@givas also modelled but for visualisation purpidsell not be shown in
the snapshots presented. Also, all the openin@dif©wide x 1.94m height) from the exterior wallsreveaken into account.
Another assumption made in the input file was toatonsider the doors from the lift shafts openeuinfthe beginning,
based on the observations that these had brokeedrately after the fire had started. Hence threditiatial opened doors
with the dimensions of 2.15mx1.95m were modellethe computational domain was modelled as one grghmof
20x20x20cm3 cell sizes for the entire fire companm

Environment conditions

Another important parameter considered in the irfieifor the scenario 1 simulation is the wind.ribyg the Rotterdam
fire, an intensive wind blew from the ENE directiah an angle of 60 degrees, with 3.5 m/s mean igloerom the
beginning until the end of the simulation, the sammed velocity (3.50m/s) and exterior conditionggfrt temperature T=8°C
and relative humidity RH=90% [7]) were consideretleThext Figure presents snapshots of the wind mememside the
compartment.

Slice wind velocity [m/s] snapshot at the beginmifigimulation Fire / burner

The same burning conditions as in the case of tieetiE and TNO CaPaFi calculations for fire scendriovere
considered in the FDS5 simulation. The followirigufe present the input heat release rate considerihe model and the
output HRR given.
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Table. Properties of the materialuisehe FDS5 model

Property Value
concrete (_.‘,ommnon Air
brick
Density (kg/m3) 2500 1600 1.264
Heat conductivity
EN1992 — eq. (X 0.69 0.0249
(WImK) eq. ()
Specific heat capacit
1. .84 1.
(IIkgK) 00 0.8 005
Emissivity 0.70 0.90
220 (for concrete wall)
Thickness (mm) 250 (for precast wall) 100 50
330 (for slab)

Temperature development above car 1
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Appendix 5.C — Integral text of review by Dr. G. Ren of Imperial College

Review on background report [31] “Fire case RotendLloydstraat: Further analyses of
Efectis fire scenario 1 with softwares CaPaFi 2@ BDS5”

Department of Mechanical Engineering

Im erial COI Ie e Imperial College London

_ p g Mechanical Engineering Bldg, Room 711
F [P South Kensington, Exhibition Road

M Ol \(’Jf; ) London, SW7 2AZ

LOoNnaon Tel +4t (0207 594 7036

g.rein@imperial.ac.uk
www.impetial.ac.uk/people/g.rein

2 Dec 2013 Dr Guillermo Rein

Senior Lecturer

| have been asked by BIBM HOLCOFIRE through CERIB to provide an independent review of
the following report:

Fire case Rotterdam Lloydstraat
Authored by Wim Jansze, Andreea Muntean, Arnold van Acker, Bruno Della Bella, Ronald
Klein Holte, Gosta Lindstrom, Hermann Benhoefer, Jean-Paul Py and Matthieu Scalliet, from
BIBM Product Group Hollow Core, 25 September 2013, Document: CNSDM #12817620.

This report studies the accidental fire that took place in Harbour Edge building at Lloydstraat,
Rotterdam, on 1% October 2007. It happened overnight and involved five vehicles stationed
inside a semi-open, concrete, car park. The report studies the severity of the fire conditions
generated on the concrete elements of the ceiling.

This letter states my views and recommendations.
Independent views on the report:

1. The report poses four questions that it aims to answer. It is my opinion that the four
questions were answered reasonably, transparently and with a justified approach.

2. The first question revisits the previous modelling studies of this fire conducted by Efectis
and TNO, and estimates the input data used in their model. It is my opinion that BIBM
found reasonable input data that reproduces correctly the previous modelling work. This
should further be confirmed with Efectis and TNO since they have published their
modelling results in a scientific conference, and scientific work must be reproducible.
Hence, Efectis and TNO should be open to provide the full input data to their simulations
and double check on the findings of BIBM.

3. The second question compares the modelling results of a simple analytical model that
assumes a local fire (CaPaFi) to the results of a comprehensive model based on
computational fluid dynamics (FDS). The comparison of both models shows that the
differences are not dramatic but fall within comparable bounds for the peak temperatures.
FDS provides more details of the thermal environment and is in general more accurate
and reliable than CaPaFi.

4. The third question investigates the effect of a more realistic and correct scenario for the
fire modelling by introducing the actual wall layout of the car park and wind conditions.
The results show a dramatic effect of these scenario improvements, which led to a much
larger area of the concrete structure being exposed to fire severity. The importance of
introducing these scenario improvements is shown to be vital to understand the fire at
Lloydstraat. The lack of these improvements in the earlier work of Efectis and TNO
severely dismissing the reliability of their previous results.

5. The fourth and last question attempts to compare the thermal conditions during the
Lloydstraat fire to those during a standard ISO 834 furnace test. This comparison is much
sought after since it would allow translating furnace test results to the real scale of a
building, but unfortunately, the current state of the art of fire safety engineering does not
allow reliably to make such translation. Time resistance in furnace testing cannot be
translated to time resistance to real fires because the conditions in a furnace are very

Imperial College of Science, Technology and Medicine
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different from the conditions in a fire (in time and space). Moreover, the Lloydstraat fire
affected a whole structural system, whereas furnace testing only affects an isolated
structural member. It is well known in fire safety engineering that the response of one
single isolated member differs significantly from the response of a whole structure. This is
a shortcoming faced by all fire safety communities. The BIBM report does a good job
attempting to compare the fire conditions to test conditions but it is my opinion that this
comparison cannot be made reliably at the present moment by only looking at the fire
temperatures.

6. However, having said this last point, it is my opinion that based on the very high and rapid
temperature increase predicted by the models (peak temperature ~900°C in 20 min), the
duration of the fire (>45 min) and the very large area of the concrete structure affected
(seen when wall and wind effects are considered) that it is likely that the fire was more
severe, extensive and mechanically more onerous to the ceiling structure than a 120 min
of ISO 834 furnace testing on an individual element.

Recommendations for future revision of the work:

1. Calculate the resulting temperature of the concrete elements, not just the fire
temperatures.

2. Calculate the structural response of the concrete structure to this heating. This will allow
understanding the reasons for the failure, and differentiate whole-structure response from
individual-element response.

3. Use only the gas-phase temperature to discuss the fire conditions. Do not use the
adiabatic surface temperature, and do not compare this to the gas-phase temperature so
to avoid misleading comparisons.

4. Extend the number of scenarios under consideration to five or so, including different
resulting fire power, car fire sizes, and spread rate of the fire to different cars.

5. Conduct a sensitivity analysis of the wind conditions (velocity and direction).

6. Investigate the role of the water jets used for suppression by the Fire Service. In
particular, the very rapid cooling (flash chill) of the hot concrete elements might have
played a significant role in the local structural failure of concrete members.

Sincerely yours,

Dr Guillermd Rein
Imperial College London

Imperial College of Science, Technology and Medicine
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Chapter Six

Restrained Conditions

Fire tests to validate the load bearing capacity
under restrained conditions

Keywords: fire tests, floors, restraints, horizontal wekacking, buckling spalling

Abstract. In the 2007 Rotterdam fire case local damage @ldmination of the underflange
of a part of the hollow core slab floor took plack. research conducted by Holcofire
concluded that both horizontal cracking and budklispalling are attributed to high
restraints in the floor. In order to understand wer the fire resistance of the floor is
assured, four fire tests were conducted with higkrhal floor restraints in order to provoke
buckling spalling and horizontal cracking to undersd the phenomena better. In addition,
the fire tests should also give more information the fire resistance time after these
phenomena occurred, and additional information loa tapacity of the floor after a fire time
of 90 minutes. Four fire tests were conducted; &RR3 spanned in the length direction of the
furnace (5,9 m), while R4 was spanning in the sHorction of the furnace (3,9 m). R1 and
R2 were conducted on 255 mm and 260 mm deep shsipgctively, with 200 mm topping. In
R2 horizontal jacks were used to simulate the oait of the floor. R3 was conducted with
200 mm deep slabs and a 50-70 mm topping. R4 vesmiexd with 265 mm slabs without a
structural topping. Due to the high restraints &etsupports in all test set ups, buckling
spalling occurred in all fire tests. Horizontal ales were initiated in R1 to R3. Nevertheless,
the fire test results showed that with a desiga lnad of 1.4 kN/fa fire resistance time of
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90 minutes can be achieved. Even the bending dgpstdl equalled the theoretical bending
capacity at 90 minutes as a result of structuraliedancy. In fire test R1 the live loading
with 13.3 kN/riwas high in order to obtain the same bending marirethe test as in the
Rotterdam fire. This however led to a shear-bendbgraction failure at 37 minutes. In fire
test R4 at 56 minutes in one slab an open holeroadun the top flange, and the fire test was
stopped as El was not fullfilled. Buckling spallingok place in one slab due to high
restraints in the R4 floor, but the other slabstfe floor were hardly affected by the fire.
Overall it was concluded that high floor restraintisie to internal restraints (structural
topping and support beam) can lead to buckling Isgaland horizontal cracking, but these
are concluded not to be failure mechanisms, as wraeidental design loads the fire
resistance time is still met by virtue of strucfuedundancy in the hollow core slab floor.

6.1. Introduction

Considering the past overall performance of thal testimated stock of installed hollow
core floors nowadays in Europe of about 1000 nmilkguare meters, precast concrete hollow
core floors possess a high fire resistance andge lpassive redundancy to fire because of
their robustness and their capacity to redistritibeeacting loading. No cases are known to
the authors where hollow core floors structuradlijefd within the required fire resistance time
with losses of life. One fire case heavily discasi&ethe fire that broke out orf' Dctober
2007 in the parking garage under the Harbour Edgartfent Building in Lloydstraat
Rotterdam, The Netherlands. Although the fire did lead to collapse of the floor, the inner
surface of the precast concrete facade and thié ebfthe hollow core concrete floor were
locally damaged. This local damage of concrete fethsas a problem in the society, as could
be noticed by articles and discussions. Concrgteriseived fire resistant and damages should
not occur as that could hazard the health andysafethe fire men during a fire fight. In
design practices, safety with respect to fire isieced by specifying some safe value at the
loading side (duration of the fire) in combinatiaith the recognition that fire in itself has a
low probability of occurrence.

Fire cases with the local damage like Rotterdamrare, and the phenomena of local
damage are rarely observed in fire tests. The Hiodcdatabase on prestressed hollow core
fire tests that covers a period of 45 years frorf610ntil 2010 [6.1] contains only 5 fire test
in which explosive spalling led to failure or a @dh the slabs, and 4 fire tests on hollow core
slices in which horizontal cracking occurred. Tlegiew of the Holcofire database by Prof.
Walraven and Prof. Vrouwenvelder states that “thiectusion in the BIBM report is that the
majority of the models describing common failurégegsatisfactory results. In spite of the
large selection of tests with a wide scope of irfiiial parameters, some questions remain
open. This refers especially to the mechanismsooizbntal crack formation and explosive
spalling. In the report it is recommended to foousthe effect of restrained deformation on
horizontal cracking and of explosive spalling ircaming research.” This Chapter addresses
four fire tests R1 to R4 with restrained deformasi@onducted under the R series, and should

be read together with Chapter 7 [6.8].
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6.2. Obijective of Holcofire test series R

The local damage in the Rotterdam fire case is tdua combination of negative
influences: local severe travelling fire; restrdimm thick topping; restraint from blocking of
longitudinal and lateral thermal deformations (d&gure 6.1); restraint from important
hogging moment due to heavy connecting reinforcérmetween the wall and the floor at the
level of the topping; young concrete with high noeis content; and decrease of the
mechanical characteristics of the concrete atiteeekposed bottom flange. Moreover, after
45 minutes a fire boat with high water capacity waed to extinguish the fire from outside
and forced the structure to cool down quickly.

e longitudinal blocking transversal blocking

Figure 6.1 Blocking of the thermal expansion ofoarf by structural topping
and surrounding structure

But when looking at the damages after the realdase of Rotterdam, it is a fact that
local damage is visible by open cores and partlgrdmation. It is believed that these open
cores and delamination are a combination of expdosipalling, buckling spalling and
horizontal cracking through the webs induced byragsts under fire conditions. Blocking in
span direction will have a positive effect on thear behaviour (conclusion Holcofire G
series), but a certain high level of restraintdransversal direction could cause a negative
effect on the compressive stresses in the bott@ngé of the hollow core. All these
phenomena and influencing parameters need to loéedtunore in details in order to make
firm conclusions. Hence, like an elk test crashanindustry, the R series has to provoke in a
fire test local damage in the slabs to enable rebBean horizontal cracking and spalling.
Hence, the objective of fire test series R is te@sgtigate the influence of restrained conditions
in hollow core floors under fire conditions andpimvoke spalling on the soffit and horizontal
cracking through the webs. The restraint is sinealaby horizontal transversal blocking in
function of some design situations, i.e. floor latostiffness of support beam, structural
topping thickness, type of edge structure, agdatiss shrinkage of concrete, etc.
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6.3. Fire resistance according to EN1992-1-2:2004 and
EN1168:2005+A3:2011

EN1992-1-2 considers only bending and spalling, &Nil168:A3 [6.3] considers
bending, shear and anchorage, and spalling. Thdirmgercapacity of a hollow core slab
exposed to fire may be calculated by using sinedifcalculation methods according to
EN 1992-1-2 clause 4.2, or can be assessed byatebutlata given in EN1992-1-2 [6.4].
EN1168 contains the informative Annex G that gigesance to calculate the resistance to
fire of hollow core slabs. Regarding spalling, niiBN1992-1-2 can be used as a reference.
In this design standard in clause 4.1 it is writtiest spalling shall be avoided by appropriate
measures, or the influence of spalling on perfomearequirements (R and/or El) shall be
taken into account. In clause 4.5 it is indicatedt texplosive spalling is unlikely to occur
when the moisture content of the concrete is leas k % by weight: the recommended value
of k is 3. It may be assumed that where membersdasigned in accordance with the
requirements for exposure class X0 and XC1, thestuua content is less than k % by weight,
where 2,5< k < 3,0. Above k % a more accurate assessment of uneisbntent, type of
aggregate, permeability of concrete and heating stould be considered. [Note: This
statement is not valid for hollow core floors onhyt also for other concrete elements in
precast and cast in-situ. Parking garages wher@sexe class XC3 is applicable (high
humidity) have a moisture content above k.] EN1392-clause 4.5 states further that for
floors, if the moisture content of the concretarisre than k % by weight, the influence of
explosive spalling on load-bearing function R may dssessed by assuming local loss of
cover to one reinforcing bar or bundle of barshe tross section and then checking the
reduced load-bearing capacity of the section. ioied that where the number of bars is large
enough, it may be assumed that an acceptableribdigin of stress is possible without loss
of the stability (R). This includes solid slabs lwieévenly distributed bars. Falling off of
concrete in the latter stage of fire exposure shallavoided, or taken into account when
considering the performance requirements (R ariljor

6.4. Experimental design of Holcofire fire test series R

The Cerib Promethee furnace measures 4 m by 6 theoimternal dimensions. Four floor
assemblies R1 to R4 with specific boundary cond#ticare tested. The standardized
configuration of the test set-up described in EN8LAB is used as a basis for the test series R.
For fire time, 90 minutes is targeted in R1 to RBjle 120 minutes is the target in R4. The
load on the floor is normal (R2, R3, R4) to highLl{RThe load is applied by 1-point, 2-point
or 3-point loading scheme. The transversal suppesin was insulated during the fire in R1
and R2 in order to have higher restraints in trarsal direction, but unprotected in fire R3
and R4. All four tested floors are connected toghpporting beams with 1 tie bar g 12 mm
anchored in each longitudinal joint.
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The following fire tests have been designed foreRes. More details are given in Figure 6.2
and Figure 6.3. Table 6.1 overviews the fire telig, chosen parameters and their values in
order to study the restraints:

Fire test R1: This fire test consists of a flooseaably with 255 mm deep slab (10 x
12.5 mm strands) with 5 cores and finished with0@ Inm structural topping. A
peripheral tie beam is cast around the floor witHL@ (support) and212 (lateral tie
beam) mild bar reinforcement. In order to simulateme blocking in transversal
direction, the support beam is insulated. The flassembly is freely supported by 4
columns in each corners. The precast support beaasumes 300x400 nfiriThe load
on the floor is such that an equal bending momieuat 80% higher shear load) as in
Rotterdam was used; for that the live load by jasisals 13.3 kN/f

Fire test R2: This fire test consists of a flooseambly with 260 mm deep slab (8 x 9.3
mm strands) with 7 cores and finished with a 100 stmctural topping. A peripheral
tie beam is cast around the floor with 20 (support) and212 (lateral tie beam) mild
bar reinforcement. In order to simulate full blawiin transversal direction, the
support beam is insulated and hydraulic jacks @@ied on the lateral tie beam
simulating a continuous floor field in cold situati For reasons of execution, the
longitudinal tie beam is increased in height withrém, see Appendix 6.B. The floor
assembly is freely supported by 4 columns in eachars. The precast support beam
measures 300x400 minThe live load on the floor by jacks equals 1.4rkR

Fire test R3: This fire test consists of a floosseaably with 200 mm deep slab (8 x 9.3
mm strands) with 7 cores and finished with a 50 fdie to camber 50 mm at
midspan but 70 mm at support] structural toppingpdtipheral tie beam is cast
around the floor with 210 (support) and 212 (lateral tie beam) mild bar
reinforcement. In this fire test, the support beiamnmot insulated in order to reduce
blocking of the support beam. The floor assemblfyesly supported by 4 columns in
each corners. The precast support beam measure4@@0mnt. The live load on the
floor by jacks equals 1.4 kN/m

Fire test R4: The fire test consists of a flooreasisly with 265 mm slabs, spanning in
the width direction of the furnace. The 265 mm twlicore has 6 x 12.5 mm strands
with 5 cores and is without structural topping. Tiest floor is surrounded by a

peripheral beam reinforced with 4 barsl0 mm. The whole floor assembly is

supported by 6 columns, of which 4 in each correand, 2 in the middle of the support
beam. The precast support beam measures 300x360antis not insulated. In R4

the shear load equals the calculated shear reststari20 minutes. R4 was performed
as the first fire test and was earlier numbere@@dut in final publications renamed

to R4.
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Table 6.1 Fire tests and parameters (nominal vajuetHOLCOFIRE test series R

Fire test R1 R2 R3 R4
Parameter
length of tested floor [m] 5.9 5.9 5.9 3.9
width of tested floor [m] 3.9 3.9 3.9 5.9
Height of slab [mm] 255 260 200 265
Strands [mm] and axis distance 10x12.5/50 BAYA 8x9.3mm| 6x12.5mm
Upper strands [mm] axis distange 2x5/205 5282 2x5/165 -
Structural topping in mm 100 100 50 (50-70 0
Reinforcement topping @7.0-150/190 @&7.0-150/150 OABO/150 -
Protruding strands in mm 0 0 0 0
Connection reinfo per slab 0 2010 1912 0
Shape connection reinfo @12 barin @12 barin @12 barin @12 barin

joint joint joint joint
Support beam [mf 300x400 300x400 300x400 300x300
Vertical stirrup at support @8-150-30( @8-150-300 @8-150-300 | @8-150-30
Transversal tie beam [nfin 200x355 200x410 200x300(320) 200x264
Transversal tie beam bar [AnY | 2010 + 1312| 2@10 + 1812 2010 + 12012 3014
Lateral tie beam [mfh 150x355 150x410 150x300(320) 200x264
Lateral tie beam bar [mfh 2012 20912 2012 4710
Type of load on floor 2-point 3-point 3-point 1-point
bending bending bending shear

Moment Mg c 00 [KNM/slab] 300 119 77 118
Annex G kg, 190 [KN/slab] 94.4 77.9 66.3 52.0

1) shear reinforcement in lateral tie beam consigiéstirrups g6-200 mm

6.5.

The hollow core slab cross sections used in tleetéist are depicted in Figure 6.3 (see
Appendix 6.A for more details). The slabs were @@t concrete grade C55/67 and C45/55
and siliceous and calcareous aggregates. The falipmean cylinder strengths are calculated
with 0.833 transformation factor: R1: 57.6 N/fafter 27 months; R2: unknown; R3: 42.4
N/mn? after 11 months; and R4: 67.5 N/fafter 4 months. The hollow core slabs were first
stored inside the factory and then transportethédite test laboratory. There, the slabs were
further stored under controlled conditions (20°G%65RH). The test floors were assembled

Hollow core slabs and floor assembly

one month before test date in order to enabledimting material to harden. After the floor

was assembled, test floors were further storedondmder 20°C, 50% RH in the climate

room. The following moisture contents have beeermeined on identical slabs:
R1: 5 July 2012: 1.7%, 1.5%, and 2.4% at centemadierflange;

R2: 22 November 2012: 2.2%, 1.5%, and 1.7% at cemtgerflange;
R3: 14 December 2012: 1.8%, 3.4%, and 2.8% at cehtederflange;
R4: 16 December 2010: 3.0% and 2.9% in underflaBd®6 at web, and 3.2% at

upperflange.
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The concrete grade used for the joints and toppiag C25/30, the maximum diameter
of aggregate 8 mm, and slump classification S5¥8#ation was not used. The floor topping
and the peripheral tie beam were a C25/C30 congratge, with [ax = 16 mm and slump
classification S3 (normal concrete). Vibration waed. The @12.5 and &9.3 strands used for
the hollow core slab are of FeP1860 quality. Therabteristic value of the steel
reinforcement bars was assumgd=500 N/mn.
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Figure 6.3 Hollow core cross sections used in thestésts R1 to R4
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6.6. Fire tests R1 to R4 with ISO 834 fire

The fire tests were executed in Cerib on the falhgndates: R1 on 5 July 2012, R2 on
22 November 2012, R3 on 12 December 2012, and Rbdbecember 2010. One day before
the fire test the floor assembly is preloaded ideorto settle the specimen, and to initiate
cracks where the tensile strength is exceededrtolate usage. For preloading the same load
as in the fire test is used.

Fire test R1: In fire test R1 a load of 280 kN wasd on a floor of 3.9 x 5.4%nwhich
induced a live load of 13.3 kN/nThis high load was choosen in order to have traes
order of magnitude bending moment and (30% loweegas load as in Rotterdam fire case.
The fire in the fire test was stopped at 37 minitesommon deliberation. At 37 minutes the
floor was not able to withstand the 280 kN load] &#me maximum deflection as defined by
EN1363-1 was exceeded. At about 14 minutes a hutakarack grew through the web at the
location of core camera 2. Between 23 and 37 mintltis crack opened further, and led to a
shear-bending interaction failure at 37 minuteskigure 6.4 one can see that the soffit was
delaminated from the floor. But after a thoroughual analysis it emerged that the failure
type was by shear-bending interaction. This wattated by a horizontal crack in the second
web, but led subsequently into a combined sheadibgncrack at the level of the strands
leading to a separation of the lower part of tlerflfrom the top part with topping. It can be
concluded that shear-bending interaction was tiheréamechanism.

Fire test R2: Opposite to fire test R1, in firett&2 on the floor the real load of
Rotterdam will be applied: 0.7 x 2.0 = 1.4 kN/rin addition, to simulate external restraints,
horizontal jacks were used. The test set-up hasach longitudinal side 6 jacks with spacing
of 1 m. The capacity per jack used is 250 kN aradlilogy was at half height of the 45 mm
underflange. In the execution of the load in thezumtal jacks, a different scheme was used
anticipating on the results during the test. 30uteéa before the fire tests started 5 kN per jack
was applied (30 kN on the floor). Then, at 10 misuthe horizontal loading was increased.
But due to horizontal cracking in the test, it wdexided at 21 minutes to decrease the
horizontal load from 300 kN (50 kN/jack) to O kNh& horizontal displacements were also
registered. The fire in the fire test was stoppe&laminutes in common deliberation. The
floor was still able to withstand the live loadgkie 6.4 shows the soffit of the test floors
after the test. After the initiation of horizontatacks at about 12 minutes, the floor
delaminated further into the fire test. A part bé tunderflange of the hollow core slab had
fallen down at the end of the test. The floor dad oollapse and the fire criteria R, E and |
were met at 91 minutes. In one slab not all thensts were anchored anymore in the support.
This slab is seen clearly in Figure 6.4; the sadfibpen, and the strands have been exposed to
the fire. At all other locations the strands aii# store or less covered by concrete and are
still anchored into the support area. The anchooddiee strands at the support is important in
order to sustain the load during the fire testeAthe end of the fire test, the vertical load
only in the centreline was built up between 91 288 minutes from 30 to 291 kN. The floor
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reached the ultimate capacity at 291 kN at 132 teswwith bending moment at midspan
157.3 kNm/slab. The calculated capacity from lovetrands and top strands is 118.7
kNm/slab and 21.8 kNm/slab, respectively. Hences tlapacity at 132 minutes was
157.3/140.5 = 112% larger than the theoretical gndapacity at 90 minutes. It can be
concluded that buckling spalling and horizontaktkiag are not failure mechanisms.

Fire test R3: Like R2, in fire test R3 on the flaotoad of 1.4 kN/fis applied. In the
fire test R3 there were no horizontal jacks placBdt horizontal displacements were
registered. In contrast to R2, also the displacesnanthe support beam were registered. The
fire in the fire test was stopped at 91 minutesammon deliberation. The floor was still able
to withstand the live load. Figure 6.4 shows a phot the soffit after the test. After the
initiation of horizontal cracks at about 13 minytéee floor delaminated further into the fire
test. A part of the underflange of the hollow celagb had fallen down at the end of the test.
The floor did not collapse. The fire criteria RaRd | were met at 91 minutes. Note that all
the strands were still fully anchored in the suppAfter the end of the fire test, the vertical
load in the centreline was built up between 91 Ah2l minutes from 30 to 119 kN. The floor
reached the ultimate capacity at 119 kN at 112 teamwith bending moment at midspan is
78.3 kNm/slab. The calculated capacity from lowtearsds and top strands is 76.6 kNm/slab
and 5.4 kNm/slab, respectively. Hence, the capaatit¥12 minutes was 78.3/82.0 = 95% ,
which is slightly lower than the theoretical bamglicapacity at 90 minutes. It can be
concluded that buckling spalling and horizontakkiag are not failure mechanisms.

Fire test R4: Fire test R4 had a shear load, likeG-series. One line load is applied at
2.5h distance from the theoretical support. At 2dutes after the start of the fire test a loud
bang was heard, but the test continued. At aboutitfutes cracks were observed in the
second slab on the top side in transversal directi@. perpendicular to the span. At 56
minutes again a loud bang was heard and an openololrred in the floor. A shear failure
did not occur. The fire in the fire test was stapé 56 minutes in common deliberation: as
the flames passed through the floor, due to saétgons the fire test was stopped. The floor
was still able to withstand the 52.3 kN/m lineloldt in one slab a hole was present through
the slab (Figure 6.4). Some edges at the soffittlér slabs also showed some edge spalling,
but nothing more. It was decided not to load theoiflto failure, but to investigate for
horizontal cracking. For that, after one day tle®flwas dismantled, and all slabs were sawn
in order to investigate whether there were horiabotacks. It was however concluded that
the other slabs did not have any other horizormedking. Accordingly, it is believed that the
other slabs would have easily succeeded in 120tesriire resistance time, but as said, due
to safety reasons the fire test was stopped. Bedritbe concluded that buckling spalling is
not a failure mechanism.

Figure 6.4 shows the local damages at the soffiv@four tested floors. The maximum
deflection at midspan of the floor for the respefire tests is given here. But as the fire tests
consisted of various parameters, it is difficultni@ake a conclusion on the deflections of the
floors.
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The deflection during the fire tests at certaingtiist
e R1:15 min =30 mm, 30 min = 78 mm;
e R2:15 min =20 mm, 30 min = 32 mm, 60 min = 41 @ min =51 mm;
* R3:15 min =46 mm, 30 min = 68 mm, 60 min = 93 MM min = 125 mm;
e R4:15 min =15 mm, 30 min 21 mm, 56 min = 25 mm.

R3 R4
Figure 6.4. Photos of local damage at the soffitheffloors one day after the fire test was exatute

Table 6.1l Temperatures in the strands in time

R1 R2 R3 R4 Theory

50 mm axis 44 mm axis 44 mm axis 50 mm axis 50 44
distance distance distance distance mm | mm

Time Temperature Temperature Temperature Temperature | T T
[min] [°C] [°C] [°Cl [°C] [°Cl | [°C]
15 50, 50, 63, 69 73, 104, 40, 64 38, 86, 97,54| 0, 53, 55 65 79

30 | 92, 98,100, 122 74, 308, 166, 272 224, 283108 | 105, 120, 155| 110 137
(37) | 93,98,97, 124

(56) | x 200, 205, 400
60 | x 117, 407, 463, 554 320, 500, 255, 31X 230 | 272
90 | x 678, 652, 591, 659 647, 577, 400, 48% 320 | 365
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Table 6.1l Temperature at h/2 in the web of steb

R1: R2: R3: R4: Theory
127 mm 130 mm 100 mm 132 mm 125 | 100
from soffit from soffit from soffit from soffit mm | mm
Time | Temperature | Temperature [°C]| Temperature [°GQ] Temperature T T
[min] | [°C] [°C] [°C] | [°C]
15 25, 26, 27, 28 21, 21,21, 20 26, 30, 27, 28 25 45 45
30 57, 65, 70, 71 59, 83, 68, 63 74,78, 90, 87 , 35 44,69 69
48,56,78, 95
(37) 76, 79, 82, 85
(56) 97,97,99,98,
182,221
60 151, 140, 202, 150 128, 175, 205, 185 159 159
90 X 415, 369, 485, 819 236, 381, 404, 40X 210 | 210

During the fire test the temperatures in the stsamdre monitored, see Table 6.1I. From
this Table can be concluded that at 15 minutestéhgperature measured is in line with
theory. For R1 this changed after the moment tled Shiled, up to 37 minutes the
temperatures are in line with theory. Due to shmarding failure at 60 minutes there are
differences compared to theory. In R2 and R3 thg@atures in the strands with 552 °C and
500 °C were much higher than theory at 60 minutestd horizontal cracking. The average
temperature at 90 minutes of R2 is 643 °C, whilRdthis is 527 °C. A general conclusion is
that due to delamination in R1 to R3 the strandptnatures are higher than theory. In R4
only at one location the temperature was with 4D@rfuch higher.

During the fire test the temperatures at half hegfhthe webs were monitored, see
Table 6.11l. From this Table can be concluded #ta30 minutes the temperature measured is
in line with theory. Only from 60 minutes on at satocations the temperature is about 35%
higher. At 90 minutes in R2 and R3 the temperatatesid height of the slabs are significant
higher, about double the theoretical value. Theage temperature at 90 minutes of R2 is
522 °C, while in R3 this is 356 °C. It can be caowgd that due to delamination the
temperatures at half height of the webs are hititear expected to theory.

In all slabs the temperature at the top of thesstaia top of structural topping remained
under 160 °C. Only in fire tests R4, although ne&sured there locally, the temperature must
have been higher after the occurrence of the linle.to the open hole flames came out of it,
and for that reason the fire test was stopped.

During the fire tests also the temperature in thegitudinal bar of the connection
reinforcements between the slab and the supponnbeare measured. In all tests the
connection reinforcement temperatures are below@%6inforcement bar temperature such
that the tensile strength does not decrease. InnRhe longitudinal bar at 37 minutes a
temperature of 95 °C was measured. In R2 at SQitesrntemperatures of 21, 22, 297, 245° C
were measured. In R3 47, 50, 377, 330 °C was measir90 minutes. Finally, in R4 the
measurements indicated 58, 60, and 93°C. The texypes in the meshes applied in the
structural toppings of R1, R2 and R3 were measureR1 in the mesh at midspan at 37 min
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a temperature of 27 °C was measured. In R2 at 90ites the measured temperatures were
49, 41, 39, and 36 °C, while in R3 these were 85,103, and 94 °C. In R4 a structural
topping and thus a mesh were not present.

In all fire tests in some slabs at some specifiafimns the slip of the strands was
measured. The locations were randomly selected,dandot give the real reflection of all
strands, but just give an indication. All slip mesnents seem acceptable for fire tests:

* In R1 at 20 minutes the slip measured at 4 locatiwas 4.5 mm, 5.5 mm, 5.5 mm,

and 7 mm.

* In R2 at 4 locations the slip was at 30 minutesrd, @ mm, 1 mm, and 1 mm. At 90
minutes these hardly increased to 4 mm, 3 mm, 1 amd, 1 mm. But at 130
minutes (after the fire test was stopped and tiefltaor further loaded up to failure)
sensor 3 and 4 increases from 1 mm to 12 mm amdni3espectively.

* In R3 the slip measurements at 3 locations inditate30 minutes a slip of 6 mm, 7
mm, and 12 mm. At 60 minutes this was 8 mm, 10 namg 18 mm. At 90 minutes
the 18 mm slip increased to 21 mm.

* In R4 the slip measured at 56 minutes was 0 mr, r#n, 2,3 mm, and 4.5 mm
measured at 4 locations.

6.7. A closer look at horizontal web cracking and bucklng spalling

During the fire tests cameras were installed atifipdocations in the cores in order to
study the initiation of horizontal cracks more thaghly. From outside the furnace cameras
were installed at several positions to monitor tiye side of the floor. And at the furnace
cameras were installed to study spalling at théitsdhis section gives some photos of R2
and R3 and observations of horizontal crackingspadling during the fire test.

From fire test R1 it emerged that for camera 1 tettan the %' core (at % span) at 6
minutes a crack in the underflange of the core initiated. But then at 10 minutes this crack
in underflange closed, and no further cracking wiaible in this core. In camera 2 in th& 1
core next to joint (at %2 span) at 12 minutes tlitgaiion of a vertical crack was observed. But
then horizontal cracks developed between 14 mirartdsl8 minutes. This crack fully opened
at 37 minutes at failure due to shear-bending actésn. In fire test R2 in the"2core with
camera 1 (at ¥2 span) at 18 minutes the start dfcakrcracking was observed. But at 20
minutes horizontal cracks were initiated, that digwed to a large horizontal crack at 22
minutes. In the core with camera 2 located Srcdre next to joint at ¥ span at 12 minutes a
crack initiated in the underflange, see Figure B116 minutes a horizontal crack initiated,
that grew at 18 minutes to a large horizontal craele Figure 6.5. Nevertheless, the floor was
able to resist 90 minutes of fire. In fire test R3he 2 core where camera 1 was located at
midspan, at 13 minutes the start of horizontal ldrec was observed, see Figure 6.6. At 15
minutes this was a large horizontal crack, seerEigu6. In the T core next to joint where
camera 2 was located at ¥4 span at 15 minutes & laogizontal crack had initiated.
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Nevertheless, the floor was able to resist 90 memuif fire. In floor R4 only 1 camera was
located in the first full slab in the first corecalt 90 cm from the end of the hollow core head.
No horizontal cracks were observed in this slabl®minutes vertical cracking as in G series
initiate in lower part of core at support, and deped to 30 minutes further in the span. At 56
minutes there was an open hole in the adjacent atabthe fire test was stopped.
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Figure 6.5 Core camera 2 in R2 at 12 minutes anmé camera 2 in R2 at 18 minutes
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Figure 6.6 Core camera 1 in R3 at 13 minutes ané camera 1 in R3 at 15 minutes

The soffit of the floors was filmed with cameraerfr outside the furnace. Sketches of
the soffit of the floors are given in Figure 6.7ctdally, only thermal spalling occurred at the
edges of the slabs in R1. In the sketches of tladlisp sequence of floor R2 and R3, we
observe that in R2 part #1 fell off at 12 minuté$.13 minutes #2 fell off, subsequently
followed by #3 to #8 up to 22 minutes. In R3 pattsand #2 fell off at 13 minutes. At 14
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minutes #3 fell off, subsequently followed by #4#9 up to 20 minutes. After 60 minutes
parts #10 to #15 fell off. Figure 6.7 finally showe soffit of R4. In slab 3 severe spalling
took place, but in the slabs #2 and #1 only spaliinthe edges can be observed.
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Figure 6.7. Sketches of spalling at the soffithef tested floors registered the day after
the fire test was executed
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Earlier it was described that in R2 at 16 minuteloaizontal crack occurred and
described that in R2 at 12 minutes buckling spaltiecurred at the soffit — big pieces were
pushed away from the soffit. Also, it was descriltedt in R3 at 13 minutes a horizontal
crack occurred, and described in R3 at 13 minuteklimg spalling occurred at the soffit.
From these observations in time it must be conduttat both horizontal cracking and
buckling spalling are the result of the same phestam, and thus that horizontal cracking
and buckling spalling are somehow linked phenomémaR1 this relation is not so clear:
spalling occurred between 8 and 14 minutes, wholeézbntal cracks were initiated between
14 and 18 minutes. But there were only 2 core caspegherefore in another core horizontal
cracking could have started earlier. Spalling invds also not buckling spalling, but more
explosive spalling (small pieces). Also it is clélaat in R1 spalling was only at the edges of
the slabs near the joints (see also Figure 6.4) déhnot take place at large parts of soffit as
in R2 and R3. In test R4 the camera was not lodatéte specific slab with local damage and
in which the hole in slab occurred, so no conclusican be drawn. But it is evident that
spalling started in R4 at 16 minutes in the spedfab as visible in Figure 6.7, while the
others do not show spalling.

6.8. Restraint quantified in tested floors

In both floors R2 and R3 horizontal displacementsl aotations are measured to
observe the expansion of the floor, see Figurea6dB6.10. Note that in R2 the support beam
was insulated, but not in R3. In these graphsnthasurements at the locations “left” side and
“right” are reworked in order to get the expansidrihe floor at centroid of underflange. For
example, the measurements at location #1 and #@waeked and combined and represented
in Figure 6.8 and Figure 6.9 as (1+6). At first, both graphs one sees that there are
differences between measurements left and rightchwimdicates that the floor as a whole
displaces.

It can be seen in Figure 6.8 in R2 that at thet sththe fire the expansion near the
(insulated) support beam (1+6) and (5+10) is lbss tthe expansion near the middle field.
After 15 minutes we see a clear influence of tlogeon the floor as the expansion decreases
for (1+6) and (5+10). After 45 minutes the expansi$ the middle field (2+7), (4+9) and
(3+8) remains more or less constant. The expamsanthe support beam still increases up to
90 minutes. For the middle span the total expandenved from the displacement between
measurement #3 and #8 at 30 minutes is 8.06 mmvadth of 3.90 m. At 0.95 m this is for
(1+6) = 6.44 mm, and (5+10) = 5.81 mm. At 1.95 onirsupport this is (2+7)=7.56 mm, and
(4+9)=7.44 mm at 30 minutes of ISO fire. These aspan values are visualized in Figure
6.9. Note that the expansion at the support beaatitm was unfortunately not measured in
fire test R2.
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Figure 6.8. Relative displacements of floor R2 (68 mm — 100 mm topping) at centroid of
underflange
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Figure 6.9. Expansion of the floor R2 at 30 minugesl calculated restraints at centroid of
underflange

From the graph R3 it is clearly seen that the esjoemof the floor at the (not insulated)
support beam is significantly less than the exmansif the floor beyond the support beam.
We observe that in approximately the first 15 masuthe displacements grow rapidly to 6
mm and 8 mm expansion at mid span, but only abd#l7 mm at the support. For the
middle span the total expansion deduced from thiative displacement between
measurement #4 and # 11 at 30 minutes is 11.69 menwidth of 3.90 m. At 1.95 m from
the support the expansion is slightly less, narBed@ mm and 8.81 mm. At the support the
expansion is significantly limited to 2.25 mm an®3 mm at both sides. These expansion
values are visualized in Figure 6.11.
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Figure 6.10. Relative displacements of floor RZ(®@0 mm — 50/70 mm topping) at centroid of
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Figure 6.11. Expansion of the floor R3 at 30 miswdad calculated restraints at centroid of
underflange

In order to quantify the restraint in the testembfs R2 and R3, imagine a free hollow
core that is not connected and thus unrestrainedcé] as a result of a fire at the soffit, the
whole cross section of the hollow core will actetger. As a result of the fire, the hollow
core will expand and curve due to temperature iadwstresses build up in the hollow core in
order to deal with the increase of temperature.usetake the cross section of fire test R2. A
calculation with the Holcofire Frame Model [6.8]osts that without a topping and without
restraint the centroid of the underflange displa225 mm at 30 minutes of ISO fire. On the
way, some cracks occur in the underflange andltojgé. Now, we apply a only topping on
the slab, and no adjacent hollow cores are prestarice, a calculation with the Holcofire
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Frame Model shows that R2 with a 100 mm topping aittlout restraint the centroid of
underflange displaces 2.683 mm at 30 minutes offI&OWhen we compare this with a free
hollow core without topping, the restraint of tlepping on the centroid of the underflange of
the cross section is only (2.725-2.683)/2.725 =%l.&t 30 minutes. According, we can
conclude that only on the cross section of one, stebhorizontal internal restraint at the level
of the underflange of a structural topping is ngigle. But the topping decreases the
curvature of the cross section and could provokizbotal cracks. For R3 the expansion at
centroid of underflange is 3,178 mm at 30 minutéhout topping, and 3.125 at 30 minutes
with topping of 70 mm at support without externkddking.

Earlier it was calculated that for one free slatRid centroid of underflange displaces
2.725 mm at 30 minutes; this is 8.86 mm for a 3i@ewloor without restraint. For R3 this is
10.33 mm for the 3.9 m unrestrained wide floor. Sthevalues are also visualized in the
graphs in Figure 6.9 and Figure 6.11. Then, we cadaulate back by subtraction what the
restraints at the measured locations were. We cadlude the following about the restraints
in R2 and R3. At midspan the floor is hardly reisted, while at the support this increases
significantly to above 80% of an unrestrained cresstion. About 1 m from the support it
ranges between 7% and 34%. The 200 mm slab wiff0BOmm topping and support beam
300x665 mrf is less restrained than 260 mm slab with 100 mppitw and support beam
300x765 mrf. Note again that in R2 the support beam was itedijdut not in R3.

With the Holcofire frame model we can calculate th& restraint spring is in order to
get the restraints measured in the test. When wsesashe floor 1 m from the support, on
average we have an expansion per element of 1.88015(5.81+6.44)x1.2/3.9). Hence, in
R2 we have then a restraint of 200 N/mm. At midsgenderived magnitude of blocking is
about 40 N/mm. But horizontal cracks already dfarinitiate. In R3 we get no restraint at
midspan while 1 m from the support the restrainessimated at 100 N/mm. With these
restraints near the support we get initiation ofizamtal cracks. This approximates the
expansion in the test at the supports. Henceetteaint is estimated to be 500-750 N/mm at
the support region, about 100-200 N/mm at 1 m feupport, and 0-50 N/mm at midspan in
R2 and R3. For recalculation of the restraint tiests R4, Chapter 7 [6.8] concludes an
overall restraint of 400 N/mm. One can then askthirethere is a critical level of restraint.
Chapter 7 [6.8] concludes that in practice underlX&vironmental conditions shrinkage
cracks occur, and thus horizontal cracking and lngkspalling cannot occur under ISO
fires. In case of these fire tests, the test has ldone one month after assembling, while the
slabs were 7 to 20 months old. And as drying slagrekis a function of migration of the water
through the hardened concrete, one can assumaddying shrinkage cracks were present
in the tested floors.

6.9. Retrospective view on some fire test results in Hobfire database

Chapter 2 on the Holcofire database [6.9] conclutieti 5.5% of the fire test results in
the database could not be fully explained. Thi®bdpnsisted of 9 fire test results related to
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explosive spalling and horizontal cracking. Thessts as a whole are commented in this
Chapter in retrospective view.

The fire tests with explosive spalling were H5, H&B0, H103 and H136. In fire test
H5 and H57 at about 40 minutes a hole occurrechénstab that very much resembles the R4
tests where at 56 minutes a hole occurred. Therpmume of a hole was preceded by
significant spalling at the soffit and some operesoln fire tests H93/H94, H101/H102 and
H138 also open cores occurred due to spallingjrbthiese tests the fire resistance time was
granted.

The fire tests with horizontal cracking were H1H1,53, H154 and H159. These four
tests were either on double web element or crosSosal slices, and have therefore no
practical relevance. H153 had a 300 mm thick toppand H154 and H159 not only had a
300 mm respectively 100 mm structural topping, Wwete also cast in from the sides creating
unclear boundary conditions. The restraints arealistic and unknown in absolute value, but
seem high enough to provoke horizontal crackinggsghtypes of restraints cannot be found
in practical application.

Fire test H103 is the most typical one in this e2idf the mentioned 9 fire test; these
slabs were used three times in fire tests. Thd fiie test was stopped at 23 minutes due to
extreme spalling and longitudinal cracks that rddesymuch the fire tests R2 and R3 (despite
that the test set up had it§ 8re test). From the technical report of the fiest emerges that
the floor consisting of two slabs was highly reisteal. Therefore, the mentioned spalling
must have been buckling spalling, and the longitadicracks must have been horizontal
cracks, and the phenomena come close to the phe@owigserved in the R-series and
Rotterdam. It is therefore believed that despigeltital damage of the floor in H103, the load
bearing capacity was not exceeded yet at 23 miwites the test was stopped.

Regarding explosive spalling in practical applica$ in relation to standards, reference
is made to standard EN1992-1-2. In section 4.5glosive spalling is addressed and it states
that explosive spalling is unlikely to occur whére tmoisture content is less than 2.5% by
weight in exposure classes X0 and XC1, while otisav@% by weight should be taken as
critical moisture content. If the moisture contémtmore than 3% by weight, R may be
assessed by assuming local loss of cover of somBmeement. This is mostly the case in
parking garages where high humidity is present;dtauld then be accounted for in for all
types of concrete floors. Regarding buckling spglland horizontal cracking in practical
applications in relation to standards, the samereeice could be made to the principle stated
in EN1992-1-2 section 4.5.1: The limit for moistw@ntent has no meaning in this respect.

6.10. Conclusions

To investigate the influence of restrained condgi@n hollow core floors, four tests
were conducted within the R series with the gogirtmvoke buckling spalling and horizontal
cracks in order to investigate the phenomena.tEseR1 was conducted with depth of slabs
of 255 mm to research the influence of a 100 mroktidpping and internal blocking. Fire

test R2 was conducted with depth of slabs of 260tmnesearch the influence of a 100 mm
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thick topping and internal/external blocking. Fiests R3 was conducted with depth of slabs
of 200 mm to research the influence of a 50 to T thick topping and internal blocking.
Fire test R4 was conducted with depth of slabs @& thm to research the influence an
untopped but stiff floor field with internal bloakg. The fire tests have been executed one
month after assembling, and the floors were assmimbihen the slabs hardened 7 to 20
months. And as drying shrinkage is a function afmaiion of the water through the hardened
concrete, one can assume that no drying shrinkesygks were present in the tested floors
during the fire test which increase the internatnant. In addition, in R1 and R2 the support
beams were protected against the fire with insafatvith the purpose to increase the restraint
at the support.

The main objective was to study buckling spallingl dorizontal cracking. For that,
cameras were installed at the cores to study thelalement of horizontal cracks. Cameras at
the soffit followed the spalling sequence at thifitsof the floor. In the fire test R1, R2, and
R3, horizontal cracks initiated between 13 and 2@utes. In all cases this was accompanied
with spalling of the soffit: in tests R2 and R3rthevas a clear visual relationship between
spalling and horizontal cracking. Fire tests R1 Rddfailed prematurely at 37 minutes and 56
minutes, respectively. The fire tests R2 and R¥&wentinued until 91 minutes. Then the fire
test was stopped and the floors were loaded futth¢o bending failure.

In R1 the cause of ultimate failure was shear-b@mndhteraction due to the high live
load of 13.3 kN/ri and selected load configuration (2-point load)isThigh live load was
applied in order to simulate the same order of ritage of the bending moment in the test
floor as in Rotterdam. In R2 and R3 the loads wawemal and load configuration was
changed to 3-point load. After the fire tests Rd &3 were stopped at 91 minutes on request
of sponsors, and further loaded to failure, it egadrthat the bending capacity at failure was
at the level of the theoretical capacity of thessreection as a result of structural redundancy.
It can be concluded from R2 and R3 that bucklingllsgy and horizontal cracking are not
failure mechanisms. In R4 in one slab severe spplitbok place due to the transversal
restraints, and consequently a large hole occurrdéde slab. The other slabs were however
not affected, which can be explained by the faat the restraint in the floor was released
immediately when in the mentioned slab bucklinglsgaoccurred. But due to safety fire test
R4 was stopped on request of the sponsor at 56tesinhe floor was not loaded up to
failure, but the floor was thoroughly investigated horizontal cracks in the slabs, but these
horizontal web cracks were not found. Accordingtyis believed that the other slabs would
have easily succeeded in 120 minutes fire resistéinte. It can be concluded that buckling
spalling is not a failure mechanism.

The restraint in transversal direction was deteeahiwith the Holcofire Frame Model
[6.8]. From the analyses emerged that in the éststthe restrained effect at the support in R-
series was 100-200 N/mm at about 1 m from the suppnd below 50 N/mm at midspan.
The restraint at the support is about 500-750 N/fdum to the size of the support beam. As
the slabs were already 7 to 20 months hardened Wieefioor was assembled, and as the fire
test was only one month after assembling, there wershrinkage cracks present in the floor
during the fire tests. Simulations with the HolcefiFrame Model supported that shrinkage
cracks have a positive effect of restraints and mavent horizontal cracking and buckling
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spalling in practical applications in XCO or XClvimonments. In XC3 environment the
shrinkage is less, but then the moisture contethi®flabs will exceed the 3% as mentioned
in EN1992-1-2 clause 4.5 and measures should lea fak explosive spalling.

The main conclusion from the R series is that Higbr restraints due to structural
topping and (insulated or not insulated) suppognbecan provoke buckling spalling in the
underflange and horizontal web cracking, but th@se concluded not to be failure
mechanisms, as under normal design loads the dsistance time is still met by virtue of
structural redundancy in the hollow core slab floBuckling spalling will immediately
release the restraint in the floor field, and mlo@l damage cannot occur anymore. In order
to deal with horizontal web cracking, one shoultlofs the recommendations of EN1168
Annex G on connection reinforcement in order toriowe the anchorage capacity of the
strands at the support.
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Appendix 6.A —

R1: 255/5

-RESTRAINED CONDITIONS -

Hollow core slab cross section data

(\
-

a
B

@

Extruded concrete slab

Slab depth h =255 mm
Slab width b =1197 mm
Concrete area (without joints) A = 175014 mrh
Centre of gravity from soffit Z =125,3mm
Total web thickness wh =346 mm
Level where web thickness is 50% of total width 5002 =62 mm
Concrete slab with joint filling

Cross section A = 182078 rim
Centre of gravity from soffit z =126,9 mm
Concrete

Concrete quality C = C55/67
Mean cubic compressive cylinder strength concrete fem =70 N/mn?
Aggregate = silicious

Production date slabs 15-11-2010
Prestressing steel X10-D2

Prestressing steel quality =FeP1860
Characteristic 0.1% strength pkdis = 1600 N/mrf
Prestress at the bed before casting

Initial prestressing Opo =1100 N/mrA
Working prestressing Opt =1000 N/mrf
Type of tendon type = “strand”
Diameter of tendon 2 =125

Total area of tendon A =10%93 =930 mr
Axis distance of prestressing reinforcement p Yy =50mm
Concrete joints and 100 mm topping

Concrete quality C = C25/30
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R2: 260/7

-
B
<o

Slipformed concrete slab

Slab depth h =260 mm
Slab width b =1196 mm
Concrete area (without joints) A =177828 mm
Centre of gravity from soffit Z =122,9 mm
Total web thickness wh =342 mm
Level where web thickness is 50% of total width s = 72,1 mm

Concrete slab with joint filling

Cross section A = 188895 rim
Centre of gravity from soffit z =125,4 mm
Concrete

Concrete quality C = C45/55
Mean compressive cylinder strength concrete em f =53 N/mnt
Aggregate = calcareous
Production date slabs 22-03-2012

Prestressing steel S8

Prestressing steel quality = FeP1860

Mean 0.1% strength prfo1ss = 1717 N/mrA
Prestress at the bed before casting

Initial prestressing Opo =1100 N/mrf
Working prestressing Opt =1000 N/mrf
Type of tendon type = “strand”
Diameter of tendon 2 =93

Total area of tendon A =8*51,8=414,7 mrh
Axis distance of prestressing reinforcement p Y =44mm

D5 = 5 wires 5 mm (A= 5 x 19,4 my y, = 222 mm, fn010= 1676 N/mnf

Concrete joints and 100 mm topping
Concrete quality C = C25/30
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R3: 200/7

O
@,

* )
m—L 7 ¥ # #

Slipformed concrete slab
Slab depth h =200 mm
Slab width b =1196 mm
Concrete area (without joints) A =143823mm
Centre of gravity from soffit Z =99,35 mm
Total web thickness wh =344 mm
Level where web thickness is 50% of total width s0@ = 43,7 mm

Concrete slab with joint filling
Cross section A =151883 rim

Centre of gravity from soffit z =100,87 mm
Concrete

Concrete quality C = C45/55
Mean compressive cylinder strength concrete em f =63 N/mnt
Aggregate = calcareous
Production date slabs 22-03-2012
Prestressing steel S8

Prestressing steel quality = FeP1860

Mean 0.1% strength prfo1ss = 1717 N/mrA
Prestress at the bed before casting

Initial prestressing Opo =1100 N/mrA
Working prestressing Opt = 1000 N/mrfh
Type of tendon type = “strand”
Diameter of tendon 2 =93

Total area of tendon A =8*518=414,7 mth
Axis distance of prestressing reinforcement p Y =44mm

D2 = 2 wires 5 mm (A= 2 x 19,4 mrfy y, = 165 mm, fin010= 1676 N/mnf

Concrete joints and 50-70 mm topping

Concrete quality C = C25/30
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R4: 265/5

Slipformed concrete slab

Slab depth h =265 mm
Slab width b =1197 mm
Concrete area A = 168467 mrh
Centre of gravity from soffit Z =134 mm

Total web thickness wh =326 mm

Level where web thickness is 50% of total width 5042  =58mm

Second moment of inertia e | = 1447377000 mfn
First moment of area, top M, =10780,9 ch
First moment of area, bottom Wiom = 11070,1 crh
Concrete slab with joint filling

Cross section A =171750 rim
Centre of gravity from soffit z =135mm
Second moment of inertia | = 1474200000%mm
First moment of area, top o =10888,6 crh
First moment of area, bottem oMbm = 11374,1 crh
Concrete

Concrete quality Cc = C45/55
Characteristic cylinder compressive strength corc28tdays & =45 N/mn}
Mean cylinder compressive strength Eurocode coa@&tdays & =53 N/mn}
Mean cylinder compressive strength (50x503nconcrete 28 days c.f =60.0 N/mm
Aggregate = silicious

Production date slabs 18-08-2010
Prestressing steel

Mean tensile strength ord = 1951 N/mrA
Mean 0.1% strength pfo1s = 1735 N/mrA
Youngs modulus E = 196.650 N/mrh
Initial prestressing Opmo =1100 N/mrA
Type of tendon type = “strand”
Diameter of tendon 2 =125

Total area of tendon A =6*93=558mm
Axis distance of prestressing reinforcement p Y =50mm
Capacities

Bending moment design capacity rM =176 kNm
Shear design capacity rRY =134 kN

See also “Fire test report G series” for more imfation of hollow core slabs
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Appendix 6.B — Overview of support details of R1-R: technical drawings

®

Support detail R1 Support detail R2

Support detail R3 Support detail R4
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Chapter Seven

Holcofire Frame Model

The Holcofire Frame Model to simulate
buckling spalling and horizontal web cracking
due to transversal blocking

Keywords. blocking, fire tests, hollow core slab, floor wttures, frame model, horizontal
cracks, parameters, spalling, validation

Abstract. Concrete is a highly fire resistant building mé&é And like all materials, concrete
building components expand in a fire due to thedase of temperature over the cross
section. But if concrete building components aredbired in this expansion, large additional
forces can be build up that can lead to local damagspectively buckling spalling of the
concrete cover and can ultimately lead to the exMpo®f the reinforcement. In addition, in
prestressed concrete hollow core floors these ladgitional forces can lead to deformations
of the cross section and ultimately to horizontalbwcracking. This Chapter describes the
features of a simple frame model that has beenlajge® in the Holcofire project to simulate
buckling spalling and horizontal web cracking felled by delamination. This simple
Holcofire Frame Model consists of three sophisechfeatures; for every time step of 1
minute the exact average temperature and temperatadient over the under flange based
on fire characteristics; the so-called “crackingd®bthat changes into a hinge for flexural
cracks under compression, and into an opened cfackexural cracks under tension; and
the blocking spring to model horizontal restraibtit with so-called “free-space” to account
for shrinkage cracks that are always present inatete structures. With the Holcofire frame
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Model the exploratory fire tests on free hollowe&atab slices can be recalculated. Then, as
a next step, the model is used to make a compaoisdrollow core cross sections under fire
with blocking effects. It is shown that the inithat of horizontal web cracks and buckling
spalling in the under flange can be simulated wvilie available parameters in the frame
model. It is concluded that not the thickness efdtructural topping, but the magnitude of
transversal restraint is the main influencing paeter for both mechanisms. Moreover, it
turns out that the available free space due tordtage cracks and similar dilatations in
practice are enough to hold these transversal btagkeffects at such a low level that
horizontal web cracks respectively buckling spallof the under flange cannot occur. This
explains why these local damages are only seldaserebd in practice. At the same time, the
Chapter indicates that concrete building comporagyilications in non-heated spaces can be
critical. Because the humid environments with higbisture content in the concrete gives on
the one hand smaller shrinkage crack widths, andtten other hand higher chances on
explosive spalling of the concrete under fire. Omlabal level it can be stated that all
observed local damages to concrete structures chbgefires look the same, regardless of
the type of concrete building component. Hencemfiihis viewpoint, the behaviour of
concrete hollow core slab components exposedédadfinot really different.

7.1. Introduction

Building materials can be classified in terms dithreaction to fire and their resistance
to fire. This classification will determine respgety whether a material can be used and
when additional fire protection is needed. EN 13%0[F.3] classifies materials into seven
grades (Al, A2, B, C, D, E and F). The highest fiissiesignation is A1 (non-combustible
materials) and in 1996 the European Commission dethm binding list of approved
materials for this classification, which includesncrete and its mineral constituents.
Concrete fulfils the requirements of class Al beeait is effectively non-combustible, in
other words, it does not ignite at the temperaturdgish normally occur in fire. Concrete does
not burn and is highly fire resistant. That is coomnknowledge, but we are not always aware
of that. Concrete structures offer in the evena éife protection to persons, property and the
environment. If properly designed and constructedcrete structures can withstand even the
most extreme fire conditions. A concrete structmakes it easier to extinguish a fire because
the concrete structure withstands the fire a lopgeiod than for example steel structures. A
concrete structure is an effective fire shield. é&ra concrete wall and floor will stop the fire
spreading through the compartments and separagedirégh and thus reduces the risk of
environmental pollution. All these features arergult of natural concrete properties [7.12]:

» Concrete does not burn and does not increaserthiéid;

» Concrete has a high fire resistance;

» Concrete leaves no dripping molten material thditspread the fire further,;

» Concrete does not produce smoke or toxic gases;

» Concrete is a (heat) insulating material;
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» Concrete protects the cast-in structural mateagésnst fire.

After the Rotterdam fire in 2007 and the observechl damage to wall and ceiling,
elaborate technical discussion started betweeneauad and structural engineers in The
Netherlands about a possible additional failureetigr floors consisting of hollow core slabs
[7.1]. In 45 year of fire research on hollow coréss is the first time that the cross section is
under discussion. As this discussion took placeTle Netherlands, a brief overview is
presented in this Chapter. However, a clear fathas in the Rotterdam fire case the load-
bearing resistance (R) was not exceeded, and tibgrity and the insulation (El) criteria were
fulfilled. Exploratory research pointed to a spieciphenomenon in hollow core slices and
was extrapolated to floors, and all follow-up resbavas based on the same assumptions. A
hollow core slice is not a hollow core floor fieddnstructed with tying systems to account for
accidental loading. Hence, modelling a slice ofdwlicore can show fundamental behaviour,
but it can never address a hollow core floor systender a severe accidental fire.
Accordingly, the conclusion of an additional fadutype is not shared by the Holcofire team
as in Rotterdam both R and EI were achieved. Biniiefh of EN 1365 [7.2] it was not a
failure type as the load bearing capacity remaihadng the fire. But in order to cope with
the cross sectional models developed in The Nethésl and their flaws, Holcofire developed
the more sophisticated Holcofire Frame Model talgtthe cross sectional behaviour under
fire of a hollow core slice. It should however ktated that by definition a model is a
simplification of the reality. Consequently, thelttafire Frame model has been developed to
study horizontal cracking and spalling more fundataky, but it cannot show redundancy
effects as the real fire case in Rotterdam showad.it must always be kept in mind that the
cause of this type of local damage may be founthégeneric behaviour of concrete or
concrete structures exposed to fire instead ofiipéehaviour of hollow core slabs.

7.2. Objective

The external structure of a building or the flouhdary conditions itself e.g. the
chosen tying system or the structural topping @arse restraining actions on the floor. These
restraining actions are present in cast in-situccete floors, in precast concrete floors, in
wooden floors, and in steel decks. Mostly theséragsng actions are used to secure the
stability of a building by virtue of diaphragm awii However, in the event of a fire materials
expand, and as a consequence these restrainimnsacan cause spalling damage on the
soffit of a floor or exposed side of a wall. In &duh to this spalling, in Rotterdam it was
clearly observed that also horizontal cracks invilebs of the hollow core slabs were initiated
caused by restraints. The aforementioned studighénNetherlands conclude that mainly due
to the thick topping these horizontal cracks ocddn the one hand spalling was not
commented in their studies; on the other hand iteetésts performed in the Netherlands on
slices only had restraint from a thick structuogdgding. A conclusion that the thick topping is
the cause of horizontal cracking is therefore nathtevious. Holcofire agrees that a frame

model can be used to identify the principle behawiaf a hollow core cross section in order
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to deepen knowledge on a cross section by simpl@nséhat everybody can understand.
Finite element calculations seem more advanced,adthdugh it presents interesting and
colourful pictures, it remains a black box and giabsolute values as output that cannot be
validated in real fires or experiments. In this gwiment a description is made of the
characteristics of a further evolved simple buthssticated frame model for the analysis of
the behaviour of a hollow core slab cross sectgrasented as a frame and exposed to fire.
The results of this model can be compared or viilavith the results of simple laboratory
tests on slices of hollow core slabs and tests fimoa in a furnace. The main objective is to
explain the occurrence of horizontal web cracks lanckling spalling. A further objective is
finding a relation with regard to the magnitudeblafcking in the model and executed tests.

7.3. Spalling of concrete exposed to fire

It is widely known that structures build with coate have a good response to fire. The
good thermal insulating properties of the concketep the temperatures in the reinforcement
low for a certain time depending on the distanoenfthe exposed surface. Only spalling can
have a negative effect on this good thermal ingwdaproperty of concrete. The following
definitions are intended to clarify the confusiorigh exists on the term “spalling” of
concrete surfaces exposed to fire. Three typegalfisg are distinguished in this research,
namely thermal spalling, buckling spalling and esple spalling. All are related to the
increase of temperature of the concrete surfadehbtinfluencing phenomena are different.

The temperature differences between the surface tlaadinner concrete mass are
important during the first minutes of a severe,fia@d may lead to splitting-off of small
concrete particles at the soffit of the slab. Téysitting-off of small concrete particles is
defined in this research as thermal spalling. Timéase is characterised by small surficial
pits. It starts rather early after fire exposureo@ 10 — 15 minutes after flash over. The
spalling is also characterised by small but numetmangs. It is most clearly visible at sharp
corners of structural components and irregularesed.

Like other materials, concrete expands due to as@eof temperature. Depending on
the characteristics and freedom of the materiad thill lead to additional forces in the
material respectively structural component, or Wiele structure. Overload due to forces
resulting from hindered deformations can causel ldamage, called buckling spalling in this
research. But as a positive consequence of buckliadling, this leads to release of these
additional forces such that the damage remains dmdally where the temperature is
increased. Buckling spalling is characterised iis ttesearch as the splitting-off of large
concrete pieces at the exposed side of structaraponents due to large internal compressive
stresses introduced by the fire. The phenomenoestakace at about 15-25 minutes after
flash-over. For this study the material propertésoncrete exposed to fire are derived from
"Eurocode 2: Design of concrete structures - P&t General rules - Structural fire design”
[7.10]. Also the temperature profiles from EN1992-Annex A for solid floors are used.

Besides, in structures with outside environmentaiditions (XC3) next to the high

compressive stresses in the concrete due to hishdkrformations, under fire moisture can
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turn into steam resulting in explosive spalling doehigh internal pressure. This type of
spalling is also characterised by the splittingadffarger concrete particles at the fire exposed
side of the components. It is caused by interngh hiapour pressure inside a very tight
concrete mass. The pressure is steadily built upidigg temperature inside the concrete
mass. When the pressure exceeds the tensile gaphtiie concrete, it causes local explosive
splitting-off of concrete particles. The phenomenstarts after about 30 minutes, and
continues as long as free water is present indherete mass. The surface is characterised by
a rough surface of chipped concrete particles énnttortar matrix. It is well known that the
compressive stress ratio influences the behavidthrnegard to explosive spalling.

Flgure 7.1. Examples of buckling spalling combiméth explosive spalling on walls and floors
[7.1,7.11]

7.4. Previous research on horizontal cracking

In October 2007 a fire in Lloydstraat building leddelamination of under flanges of a
hollow core slab floor, while it did not lead tollepse of the floor. It was concluded in the
studies [7.1] that:

» “The occurrence of horizontal cracks is not andeai”;

» By virtue of restraints due to a thick topping lzorital cracks occur prematurely in

the outer webs which will lead to delaminationtod inder layer;

» This horizontal cracking is primarily a result ahflered temperature deformations

in the transversal (and vertical) direction of ballcore slabs.

Since the T of October 2007, the fire resistance of the holtme floor is, on the level
of the Dutch Ministry, still under discussion. Rtat, different studies and (2D) computer
models and even advanced FEM 3D have been develdedmodels developed by the
various authors are shortly addressed in the remtion. In 2013 a modified Dutch approval
for hollow core floors was published, where thelthiess of the so called top layer is limited
in order to prevent horizontal web cracking.
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TNO Bouw and Ondergrond commissioned by the Datatority “Veiligheidsregio
Rijnmond” performed a short analysis [7.4] in Jagu2008 with DIANA 2D where the focus
was on the behaviour of the joint due to blockirffeas. This report contained a 2-
dimensional finite element (FEM) analysis conduatéth DIANA with a main focus on the
transversal direction. TNO Bouw en Ondergrond aathet! that horizontal cracks in the webs
next to the outermost core could occur; in theardrivith a thick structural topping within 30
minutes horizontal cracks occur in the webs rasglih separation of the under flange from
the upper floor structure. The magnitude of theckilng was however assumed to infinite

rigidity.
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Figure 7.2. FEM simulation of hollow core with fipg; unrestraint (left) and
fully restraint with thick topping (right) [7.4]

Kleinman [7.5] started his short research projeith whear tests on the webs of a cold
cross-section, because his failure criterion fosusethe most outer web when the transversal
shear capacity is exceeded. The stiffness of l@arsimodel is validated through a laboratory
test in which a part of a hollow core cross seci®roaded up to failure under ambient
temperature. A simple elastic frame model is caicséd that matches the dimensions of a
hollowcore cross section. A structural topping isdelled simply by increasing the thickness
of the upper flange from 45 mm to 135 mm in casa 80 mm structural topping.
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Figure 7.3. Simple framework validated on shest on cold cross-section
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For fire Kleinman only considers a linear fire loafd300 °C acting over the height of
the under flange, while the temperature gradieneigected. On the basis of the fact that any
horizontal crack initiates quickly (within 20 miragt after start of fire) means that the
temperature in the concrete of the webs is notardlis increased and thus close to the
ambient temperature. He concluded from a paramstedy that for expansion of the bottom
flange during a fire, preventing the deformationtled upper flange of the hollow-core slab
has a very negative effect on the fire resistaricheohollow-core slab due to (shear) cracking
through the webs. When the thickness of the strattopping increases cracks through the
webs initiated earlier in the time of fire exposure
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Figure 7.4. Fire tests on small samples of holtmse in The Netherlands. Up: Slices with a
structural topping. Down: free part of hollow cote20x1.20 rhwith extreme thick topping of 300 mm

Hordijk [7.6], commissioned by the Dutch precagjamization BFBN, did exploratory
fire tests on parts of hollow core slabs with agtanof 1.2 meter. Moreover, to reduce
possible three-dimensional effects also fire temtendone on 0.15 meter long slices of hollow
core elements with different thicknesses of thepitog ranging from 50 mm to 300 mm, see
Figure 7.4. The fire tests greatly contributed torenin-depth insights on the fundamental
behaviour of a hollowcore cross section exposditdo

Van den Bos [7.7, 7.8] reported about the poss#sliin using the 3D FEM package
DIANA. The FEM model is a very sophisticated modkl.contains non-linear material
parameters, while the material properties are teatpee dependent. During the last 3 years
2D and 3D models have been constructed, indicatimg well the origin of cracking due to
fire but not spalling. However, the model could sotulate ultimate failure in 2D and 3D,
nor could it give exact indications about influesod parameters on this cracking.
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Figure 7.5. Graphical result of 3D FEM analyis WiDIANA

Finally, Breunesse, commissioned by the Dutch steassociation BFBN, reported in

[7.9] also about the intermediate results of a ranalysis representing a hollow core cross-
section. The modelling of Breunesse is quite theesas Kleinmans frame model; however,
Breunesses frame model focuses on the secondwekewhere the principal stresses due to
normal force and bending moment are exceeded. Migofire load contains of two parts; a
linear fire load of 100 °C acting on the under flarand a temperature gradient over the under
flange of 100 °C. But Breunesse concluded fromea fnodel, that 90% of the deformations
(curvature) is due to difference in temperaturevieen upper- and under flange; only 10% of
these deformations are attributed to temperatuadignt over the under flange. He analysed
which hollow core part could be expected to beladdirst. He concluded that when vertical
cracks occurred as first in upper flange, horizbatacks in webs should not occur. But with
a stiff upper flange due to a topping, verticalcksacannot occur and then horizontal web
cracks can be expected at certain topping thiclesess

o 3 o - - — iy

=

15T

Figure 7.6. Breunesses frame model with simpliedperature load

7.5. Holcofire Frame model — a semi non-elastic model i blocking

In past research it was found that generation,opedince and the interpretation of
results of advanced FEM software in 2D or 3D soli@s time consuming while the results
were also difficult to understand. Also the defonit of the boundary conditions was not clear
and raised questions. Hence, in the Holcofire ptaiso a simple frame model consisting of
nodes and rods is developed to enable analysesrfigrped already in the years 2007 to
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2010 by different researchers in The Netherlandso,Ahe simple Holcofire Frame Model is

actually quite sophisticated, but the aim of thizdel is still to gain an easy understanding of
the behaviour of a cross-section under fire. Alsingple frame program is fast in calculation
time and therefore it is possible to make a largenlmer of analyses. For this project a
commercial frame program was not used, but KleittdHprogrammed the Holcofire Frame

Model in special software of less than 0.5 MB.

Two main mechanisms are included in the Holcofir@anfe Model; buckling spalling in
the under flange due to too high compressive sisesand horizontal cracking of the webs
when the bending tensile strength of the concretexceeded. Other mechanisms are not
included in the simple model; by definition a modgla simplification of reality. It is
therefore important to note that the Holcofire Feawhodel cannot model the redundancy of a
hollow core floor in a building which normally iggsent during and after a fire. One of the
important sophisticated features in the Holcofirarffe Model is the temperature load in the
bottom flange induced by the fire exposed soffit.previous performed studies with frame
models by Breunesse [7.9] and Kleinman [7.5] thaperature load was assumed with a
constant temperature and with a constant grad@nfo gradient [7.5] at all. As in the
Holcofire project this is assessed as a criticaltrparameter to obtain correct output of the
calculations, this is correctly modelled in the &tidire frame model. The temperature load is
derived from a (curved) temperature profile at ec#fir time and changes during the time of
fire exposure.

N

“m = - L =

Figure 7.7. Node and rod model of hollow core crssstion

The model is generated on the basis of the gederansional properties of the hollow
core cross section and the number of cores. The afiagodelling the nodes and rods is
different for the Holcofire Frame Model, see Figur@. The top flange is represented as a rod
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with the properties of the composite section of Wpper flange of the hollow core slab and
the structural topping. In the model always rodstexhich represent the part of the webs and
flanges with constant thickness, see the greeftedirods in Figure 7.7. The more solid parts
of the cross section next to the green circlesnamdelled with rod triangles in order to add
local stiff concrete part, like in the real crogstion. The material properties for concrete are
derived from the stress strain relation as notdéurocode 2 part fire, as shown in Figure 7.8.
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Figure 7.8. Stress-strain relation for concretestgvated temperatures
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Figure 7.9. Temperature profiles for slabs

(Annex A of EN 1992-1-2)
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Figure 7.10. Temperature profile calcuthte

with 1ISO 834 fire curve

The temperature load in the model consists of ¥pamsion and curvature in the under
flange which are the result of the average incredsthe temperature and the temperature
gradient in the lower flange. The temperature ia toncrete is a function of time and
distance, as one can conclude from EN1992-1-2 Amaéigure A.2, see Figure 7.9. This
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time and distance dependency is fully incorporatedhe Holcofire Frame Model. For
intermediate values of the time and distance, éhgperature increase is simply interpolated.
As Figure A.2 does not give information of the targiure profile during the first 30 minutes
of a fire, the temperatures are interpolated betveand 30 minutes.

rotation

mean expansion

Figure 7.11. Average expansion and rotation ofuthder flange due to temperature

15 minutes 25 minutes
0

43 minutes

— 107} 0 11073 21072 3x107> #1072 5x1072 61072 1072 81072 ox107° 0.01

Figure 7.12. Strain of under flange at differemes of fire expose with interpolated
values from Annex A of EN 1992-1-2

15 minutes 25 minutes 43 minutes

—x107} 0 1x1072 21073 3x1072 <1072 sx1072 61072 71073

gx107 ox107? 0.01

Figure 7.13. Strain of under flange following aalted values of ISO 834 fire curve

Because the temperature gradient over the deptheobottom flange is non-linear,
temperature induced stresses will be developedtirggin a distribution in equilibrium with
the linear strain response of the bottom flangee @klerage expansion and rotation of the
cross-section are determined on the basis of thislilerium; see Figure 7.11 as an
explanation. Only the temperature load is addethéorods representing the bottom flange.
The rods representing the under flange are assumdxa: exposed to fire and introduce
temperature force in the model. The resulting ®&pansion derived from the temperature
profile in Figure 7.9 is shown in Figure 7.12; tlésin fact the applied strain due to the
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temperature load. Instead of using Annex A of EN23-2 for the temperatures in the

concrete, temperature information can also be ddrivith FEM, as shown in Figure

7.10. The calculated temperature profile accordini5O 834 gives more information for the

time interval 0 to 30 minutes. For exposure time8® minutes and higher this profile give

roughly the same information as the figure of anAeof EN 1992-1-2. The graphs in Figure

7.9 and Figure 7.10 are not exactly the esdracause the assumptions for the
determination of these graphs were not equal. guiriei 7.13 the resulting strains at different
exposure times due to calculated 1SO 834 fire caneepresented. When the information of
Figure 7.12 and Figure 7.13 is compared it can dticed that the interpolated values of
Figure 7.9 result, for times until 25 minutes, iwaer thermal gradient than the gradient as
results from the calculated 1SO 834 fire curve.

The stiffness of the bottom flange is therefor® a<unction of the temperature profile
in this rod. When compressive forces in the untsmgle occur the compressive strength is
considered as an average stress over 20 mm in dfiié sf the bottom flange. The
compressive strength is a function of the tempeesatuthe considered part.

o

4

Figure 7.14. Cracking rods at the end of flange areb mid rods

A relative simple but also sophisticated featurehaf model is the so called “cracking
rods” at predefined locations, as shown in Figur#47 When the bending stress in the
outermost fibre of this cracking rod exceeds tlestal tensile strength of the concrete, the
properties of this rod are set to cracked properiite stress level of cracking is assumed as
the mean flexural strength at ambient temperatihe factor between the mean tensile
strength and the flexural tensile strength of tbaccete is taken from the fib Model Code
2010 [7.15], formula 5.1-8b:

o = 0.06 A7/ (1 +0.0607) (1)

If the rod is under compression a hinge will berddticed in the cracking rod.
Otherwise when the rod is under tension an opeckonall be simulated by reducing the
bending and axial stiffness, the two nodes of tfeeled rod have then the possibility to
displace from each other thus simulating a horaoatack. With this features included the
model can be characterized as a semi non-elastielmDynamic or cracking energy effects
are not taken into account in the model.
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The boundary conditions of the model consist ofrgé (node 1) on the left side of the
model and a roller in horizontal direction (nodeoB)the right side of the model. This roller is
connected to a rod representing the blocking spiieg Figure 7.15, and finally this rod is
connected to a hinge (node 3). For free crossesecthe value of the blocking spring is zero.
The height position and the magnitude of the blogkspring are two parameters in the
model, the third parameter for blocking effectstia model is the free-space. This parameter
can simulate the shrinkage cracks and dilatationseal structures. The model can then
expand freely until the value of the free-space#&ched, and before the blocking spring starts
functioning to block the under flange. This advahbtcking spring is the third sophisticated
feature in the Holcofire Frame Model (HFM). The arpion given in the output of the Frame
Model is the displacement between node 1 and B@srsin Figure 7.15.

R B e ®

Figure 7.15. Additional rod (between node 2 andepyresenting the blocking spring

The output of the analysis is a graphical displayhe deformed frame with at the
cracked rod positions (if rod is cracked) the tiofieracking; see as an example the output in
Figure 7.16. This example shows (thermal) crackbeatopside of the bottom flange after 4
minutes and a bending crack at the topside of titermost web after 22 minutes. In the
second web the model finds a crack where the rachéer tension. Here the model shows
with the cracking rod feature a crack which oper22aminutes.

40074 b=1200 fck=55 bw=320/60/0 TF=40 UF=40 C\w/=200 CF=04 YHB=33
FE = 30 mitwtes  TOPPIMG =100 mm  BLOCKING = ONmm CLEAR SPACE = 045 mm

Nomnalforces

12
— 1
<12
Expansion: 2,748 mm  Temperatures: Evrocode 2 énnex & Figure 1 Magnification temp. gradient: 1  agnification average temp.: 1

Figure 7.16. Example output of frame analysis witb cracking; in the outermost web a bending
crack occurs at 22" in the"@web horizontal web cracking initiates at 22’
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The example shown in Figure 7.17 is a frame reptégg a hollow core cross-section
with 4 cores and is calculated with extreme horiabrblocking. Compression failure
(buckling spalling) in the under flange occurs af28 minutes. Note that horizontal cracks
did not initiate yet.

40044 b=1200 fck=55 bw=320/50/0 TF=40 UF=40 Cw=200 CF=0.4 YHE=30
FE = 23 minutes  TOPPING =100 mm BLOCKING = 2000 N/mm  CLEAR SPACE = Omm

compr 23 compr 23 Normalf}azrces

— 12
— 14
<132
Expanzion: 0.422 mm Temperatures: Eurocode 2 Annex A Figure 1 4 agnification temp.gradient: 1 I agnification average temp.: 1

Figure 7.17. Example of frame analysis with corapien failure at the soffit

7.6. Comparison with test results

To analyse the behaviour of hollow core cross-eastisome exploratory tests were
conducted at Efectis in The Netherlands commissiome the Dutch Precast Association
(BFBN) [7.6]. The tested sections were 150 mm Isfiges of hollow core with different
toppings varying from no topping to 50 mm, 75 mnad &00 mm. The slices of hollow core
slab had a depth of 260 mm and 400 mm. The sliae wxposed to fire and the different
cracks and the time they occurred were recordedratichted with a pencil on the specimen.

A comparison of the results of the test on theesliand the frame model shows a
similar behaviour. In Figure 7.18 the photo andckrregistration of the tested specimen
H158 with hollow core depth 260 mm and 100 mm togps given. Between 6 to 8 minutes
cracks in the topside of the under flange werebigsiwhile at 9 and 10 minutes the cracks in
the upper flange were registered. In the Holcdfirame Model cracking of the topside of the
under flange took place between 5 to 8 minuteslevthe upper flange cracked at 14 minutes.
Only one example is given here in the Chapter, thet other fire tests have also been
recalculated, see Appendix 7.B. Overall, it is doded that the Holcofire Frame Model is
able to show two mechanisms, horizontal crackind bnckling spalling, and that it gives
outcomes that are also observed in real fire m@stslices of hollowcore cross sections with
toppings. Then, as a next step, many simulation® lieeen conducted with the Holcofire
Frame Model, and overall it became evident thatréstraining effects highly influence the
outcome of a calculation, but there are also samescsectional geometry effects. Both topics
will be addressed in the next two sections of @lispter.
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Various researchers [7.4] to [7.9] concluded thmatase of a free cross-section the
stiffness of the top flange due to e.g. a struttwopping is strongly influencing the
occurrence of horizontal cracks in the webs. Whk Holcofire Frame model the same
principle behaviour for free cross-sections is dateed respectively confirmed.
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260/7 b=1200 fck=45 bw=320/40/0 TF=35 UF=45 Cw/=F2 CF=0.25 YHE=33
FE = 30 minutes  TOPPIMNG =100 mm BLOCKING = 0N/mm CLEAR SPACE = 0.45 mm

Narmalforees
32

— 142

— 11
<12

<2
Expansion: 2.683 mm  Temperatures: Eurocode 2 Annes & Figure 1 Magnification temp. gradient: 1 Magnification average temp.: 1

Figure 7.18. Comparison of fire test result ofiaesof hollow core and topping with the frame mlode

7.7. Restraining effects

When restrained, the effects in the modelled ceassion due to restraints is strongly
influenced by the free space. As stated earligs, parameter can simulate the shrinkage
cracks and dilatations in real structures. It isiobs that if there is enough free space the
cross-section will act like a free section. If med space is defined the predicted deformation
of the model is totally different as the exampld=igure 7.19 shows. In the example in Figure
7.19 above the model has no free space (= 0 mmyvabdcracks are opening in th® @eb
at 19 minutes. In Figure 7.19 under an identicatiehdbut with a free space of 0.5 mm shows
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a different behaviour as horizontal cracks do rmeouo. In normal use dry environment (XC1)
shrinkage cracks in the joint with a size of 0.8 mm are often observed.

26545 b=1200 fck=45 bw=330/65/0 TF=35 UF=35 Cw'=30 CF=027 YHB=30
FE =26 minutes  TOPPING =0 mm BLOCKIMG =500 MN/mm CLEAR SPACE =0 mm

compr 26

Nomalforces
>2
— 12

— 11
132

Expansior: 0,987 mm  Temperatures: Eurocode 2 Annex & Figure 1 tdagnification temp.gradient: 1 t agrification average temp.: 1

2655 b=1200 fck=45 bw=330/55/0 TF=35 UF=35 Cw=80 CF=027 *YHB=30
FE =30 minutes TOPPING = 0 mm BLOCKING = 500 MNAmm  CLEAR SPACE = 0.5 mm

Momalforces
v
—_—12
—_—141
<12
Expansion: 1.413mm  Temperatures: Eurocode 2 Annes & Figure 1 Magnification temp. gradient: 1 I agnification average temp.: 1

Figure 7.19. Example influence of free space =0 (above) and free space = 0.5 mm (under)

Restraining effects on a floor introducing addidbforces can be caused either by the
surrounding structure, or by internal effects witlhe floor. Restraints by the surrounding
structure are for example in case of a fire commpant that is surrounded by cold zones.
There is only limited knowledge about the magnitoéiehese additional forces, knowing that
it is an accidental situation, and an approximatimpends highly on the lay-out of the
surrounding structure.

Figure 7.20. The surrounding structure induces Figure 7.21. Internal blocking effects
blocking effects
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Internal blocking forces are generated by the fliteelf due to for example the tying
systems such as the surrounding peripheral beachghanreinforced structural topping as
shown in Figure 7.22. An order of magnitude of tiecking spring for this case can be
approximated: suppose a structural topping withesm#6-150 and two supporting concrete
beam 300 x 400 with reinforcement grade 0.5%. Theuat of active blocking reinforcement
is As= 200.5 / 100%300 0400 + 5 / 0.15128 = 1200 + 930 = 2130 nimit can be
expected that the concrete due to expansion cragisthe amount of reinforcement steel
determines the magnitude of the blocking springr &0 assumed span of 5 meters the
average k-value can be derived. The average k-vafoe this case is
As[Es/ ( SpanLsystem) = 21300200000 / (500011200) = 71 N/mm per mimThe value of
the spring stiffness can be expected to be 2 im8st higher near the support area so the
order of magnitude of the internal blocking spraam be assumed to be 150 to 200 N/mm.

Figure 7.22. Direct blocking effect of a structutapping
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Figure 7.23. Measured horizontal transverse exjansf test R2

In the conducted fire test R2 [7.16] the transvehseizontal displacement was
recorded, so a consideration of the blocking effepossible. The measured expansion of the
bottom flange is shown in Figure 7.23. Frame anglgsthe R2 configuration (HC260/7 with
100 mm topping) with the Holcofire frame model givaes result for the free expansion of the
bottom flange: 2.7 mm for an element.
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26047 b=1200 fck=45 bw=320/40/0 TF=35 UF=45 Cw/=72 CF=025 YHE=33
FE = 30 minutes  TOPPIMG =100 mm BLOCKING = 0 N/mm CLEAR SPACE =05 mm

Mormaltorces

— 12

—_— e

<152

Expansion: 2683 mm  Temperatures: Eurocode 2 Annex & Figure 1 M agnification temp.gradient: 1 Magnification average temp.: 1

Figure 7.24. Result of analysis of free crossieadtC260/7

The width of the floor in the R2 test was 3.9 meser the equivalent expansion of the

bottom flange is 2.7J3.9 / 1.2 = 8.8 mm. With this figure a comparissith measured
expansion of R2 can be made:

Free expansion HCS 260mm — 8,86 mm

G

< B
27%
15%
9%
16%
34%

5.81 mm LFT restraint
v
2

Figure 7.25. Expected restraint on base of measasgpansion of the bottom flange

Near the slab ends the expansion is[@%&81 + 6.44) = 6.1 mm, this corresponds with
1.9 mm per element.

26047 b=1200 fok=45 bw=320/40/0 TF=35 UF=45 Cw=72 CF=0,25 YHE=28
FE =30 minutes  TOPPING = 100 mm BLOCKING = 200 N/mm CLEAR SPACE = 0 mm

Mormalforces

— 12
— 1
<12
Expansion: 1,878 mm  Temperatures: Eurocode 2 Annex A Figure 1 Magnification temp.gradient: 1 M agrification average temp.: 1

Figure 7.26. Result of analysis of blocked cramstien HC260/7
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Calculating backwards, the frame model gives thingpstiffness corresponding with
an expansion of 1.9 mm. This backward calculateohgstiffness is 200 N/mm. Similarly a
blocking spring of 55 N/mm at mid-span (9% of blogk can be derived. The average spring
stiffness over the length of the slab is then appb® + (200-55)/3= 100 N/mm. The model
shows harizontal cracks in the lower part of theosel web; this was also observed with in
test R2. Nevertheless REI90 was granted. Notediffierence between the expansion of the
under flange of a free element and a blocked csestion is: 2.7 — 1.9 = 0.8 mm! In
Appendix 7.C a summary is shown of the comparisbthe observed expansion and the
results of the R-tests [7.16] with the resultshaf Holcofire Frame Model.

7.8. Comparison of blocking effects of different crossextions with
Holcofire model

It is clear from the calculation that concrete #mas the hollow core cross section needs
some free space in order to make some initial esetthts possible. In order to make a
comparison of blocking effects, several parameterizross-sections are calculated with
regard to the three main parameters for blocking:

» Blocking spring stiffness;

* Free space;

» Thickness of the topping.

before crack in outer web == >> after crack in outer web

7 < 7——._
/ N\

N
i
J' N

Sk

Figure 7.27. Release of the under flange by dliekck effect as shown by frame model (above)
and sketched in a cross-section (below)
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For each free (no blocking spring) cross-sectian tieximum allowable thickness of
the topping is determined on which no horizontalcks occurs. And then by increasing the
blocking spring the needed free space is determimeslich a way that no horizontal web
cracking or buckling spalling will occur. The retsubre presented in Appendix 7.A. Under
remarks it is indicated whether horizontal web kiag or compression failure occurred. With
the "click-clack effect” is meant that the undertpaf the outermost web rotates in order to
release the under flange from restraint. See Figut@ for an explanation. After this “click-
clack effect” no horizontal cracking or bucklingading can occur anymore.

From the results in Appendix 7.A can be recognitteat for cross-sections with the
higher depths blocking in normal applications widit cause horizontal cracking or buckling
spalling because the expected crack width, duehtmlsage in service time, is for these
depths enough to prevent horizontal cracking. Fiteencomparison of the results can also be
seen that with respect to the thickness of the itgpigher cross-sections are not that
sensitive for horizontal cracking as the lower tispare. This is because of the fact that for
lower depths the webs are relatively more rigidvith other words for the higher depths are
the webs more flexible. A relation between the togphicknesses where horizontal cracking
can occur of 25 to 30% of the slab height can lm®geized in the results presented in
Appendix 7.A.

This effect was also seen in the fire test R3. @trafiguration of the floor in this test
was a hollow core floor with a depth of 200 mm cdetgd with a structural topping with a
thickness of 50-70 mm. Horizontal cracking was obseé at about 13 to 15 minutes.
Nevertheless in the R3 test REI90 was grantedhEugrthe results as presented in Appendix
7.A show that with free spaces which are commoneigpose class XC1, no horizontal
cracking need to be expected. In contrast to thislimited shrinkage and thus limited free
space expectable in XC3 can lead to horizontakstac

7.9. Assessment of the hollow core cross-section of tRetterdam fire

The Holcofire Frame Model is used in this sectiomtake an analysis of the hollow
core cross section that was used in fire case mpgukioydstraat, Rotterdam as described in
[7.13]. But in order to make a calculation, attfirsasonable figures must be determined for
the parameters “restraint” and “free-space”. In faekground report [7.14] conducted by
Van den Bos the lateral stiffness of a hollow cgled in a floor field is investigated. A floor
slab consisting of prestressed hollow core slalis aiconcrete topping is modelled with shell
elements in the finite element program DIANA. Theport deals specifically with the
stiffness of the floor system in the Rotterdam Iddyuilding under a local fire. Hence, the
Rotterdam floor structure is surrounded by wallsl @ennected to them. The span of the
hollow core slab is 10700 mm. The width of the fli® 12600 mm, and the thickness of the
topping is 70 mm (in reality it ranged 70-90 mm legling an asphalt layer of 90-120 mm on
the topping). The total height of the walls is 568t. From the simulations it is concluded
that the restraint over the height of the underdtais on average is 500 N/fimm.
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XC1 (0.33 mm free space)
XC3 (0.16 mm free space)

255/5 b=1200 fck=55 bw=362/35/5 TF=38 UF=38 Cw=35 CF=0.3 YHB=30
FE =30 minutes  TOPPING = 100 mm  BLOCKING =500 N/mm  CLEAR SPACE « 033 mm

Normalforces

—1<2
— 14
<12

Expansion: 1.470mm  Temperatures: Eurocode 2 Annew A Figure 1 Magnification average temp.: 1

Magnification temp. aradient: 1

ISO

fl re 255/5 h=1200 fck=55 bw=362/35,5 TF=38 UF=38 Cw'=35 CF=03 YHB=30
FE =30 minutes TOPPING =100 mm BLOCKING =500 N/mm  CLEAR SPACE = 016 mm

Normalioices

—>1<2
— 1<
<132

Expansion: 1.379mm  Temperatures: Eurocode 2 Annex A Fiqure 1 Maanification average temp.: 1

Maarification temp. aradient: 1

255/5 h=1200 fck=55 bw=362/35/5 TF=38 UF=38 Cw=35 CF=03 YHB=30
FE = 30 minutes  TOPPING =100 mm  BLOCKING = 600 N/mm CLEAR SPACE ' 0.33 mm

Normalforces
—_—n2

— 12
—1d

<132
Expansion: 1.715 mm  Temperatures: RS FIRE LOAD-DIANA

Magrification temp. gradient; 1 Magnification average temp.: 1

RWS
fire

255/5 h=1200 fck=55 bw=362/35/5 TF=38 UF=33 C\w'=35 CF=03 YHE=30
FE =23 minutes TOPPING =100 mm BLOCKING =500 N/mm CLEAR SPACE = 016 mm

8
14
10

1 1

1 compr 23 Mormalforces
—2
—>1<2
— 1<
<12
Expansion: 1534 mm  Temperatures: RWS FIRE LOAD-DIANA Maanification temp. radient: 1 Maanification averane temp.: 1

Figure 7.28. Analysis with different fire curvasdadifferent free-spacings depending of
the humidity grade
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For the parameter “free-space” we can assume dhsjin the floor are filled after 30
days after the hollow core slabs are produced. Tthisrread out from the standard EN1992-
1-1 that 40% of shrinkage is already establishezhdd, 60% of shrinkage will remain and
will cause shrinkage cracks in the joints. From ESR-1-1 Table 3.2 the nominal
unrestrained drying shrinkage for C40/50 is:

*  XC1: RH= 40%gcq0= 0.46%0 , then crack width in joint equals 60909.4611200

/1000 = 0.33 mm;
*  XC3: RH=80%¢gcq0= 0.24% , then crack width in joint equals 6080.2411200
/1000 = 0.16 mm.

It is evident that under dry conditions the shrijpgand thus the free space is larger.
Hence, for application of the floor under XC1 or Xthe free-space is 0.33 mm and 0.16
mm, respectively. Now that the parameters are cfear analysis are calculated, with the
environmental conditions and fire conditions aswhgables. As in [7.13] was concluded that
the rate of heat release was much higher thansie ¢SO 834 fire, we will consider in the
calculations two fires: the ISO 834 standard faed the Rijkswaterstaat (RWS) fire. The
latter one has a much higher heat release ratetllealsO fire which suits the purpose of this
explanatory study. Hence, the following

Figure 7.28 gives all four calculations. In alladhtions only 30 minutes is simulated,
and the structural topping thickness is assumeddi®and restraint 500 N/mm.

From the calculations we can observe the following:

* Under the I1SO fire and in XC1 and XC3 between 42amninutes the topside of the
underflange cracks, and at 17 and 20 minutes & csdoitiated at the underside of
the topflange. At 26 minutes the outer web cra¢kbainside and the "click-clack”
mechanism occurs that releases the cross sectemcetino horizontal cracks are
initiated.

e Under the RWS fire and in XC1 and XC3 directly aminute the topside of the
underflange cracks, and at 7 and 8 minutes a dsdokiated at the underside of the
topflange. Under XC1 at 10 and 14 minutes horiatriacks are initiated, while in
addition in XC3 also at 29 minutes buckling spaloccurs in the underflange.

Of the four calculations presented, the Rotterdiaencase most resembles the case with
RWS curve and XC3 environmental conditions. Whes d¢hlculated results are compared
with the analysis from Chapter 5 [7.13], it is cluied that the combination of limited
shrinkage crack widths at the joints (XC3, morecking) and the extreme fire conditions
(more temperature gradient) causes horizontal sratkhe webs and buckling failure of the
underflange. These local damages are clearlylgisibthe photos depicted in [7.13]. Hence,
with the Holcofire Frame Model we can clearly explthe local damage on the soffit of the
slabs of the Rotterdam fire. Despite, the hollowedtoor showed enough redundancy and did
not fail under the loads present in the parkingagarand fulfilled both R and EI. As stated
earlier, redundancy is not accounted for in thechlile Frame Model as it models only a
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cross section of a hollow core in transversal dioec Nevertheless, this section concludes
that we can explain the mechanism behind the Idaadage observed on some hollow core
slabs that were present above the seat of theeséikein Rotterdam.

7.10. Conclusions

The Holcofire Frame Model explains the occurrenichasizontal cracks; as well as for
free cross-sections as for restrained cross-sectldarizontal cracks in the webs can lead to
local damage. By means of the magnitude of expandiee to blocking, the difference
between blocked and free is marginal. The widtehwfinkage cracks can be enough to enable
the cross-section to expand without the occurresfc@orizontal web cracks or buckling
spalling. However we must realize that in unheaates, there where concrete structures are
designed for environment class XC3, the moisturatest will be higher and as a
consequence the total shrinkage is lower. By thi$ the free spaces will be smaller and the
blocking forces in this type of construction largerd therefore the probability of buckling
spalling and/or horizontal web cracking higher. S0 Figure 7.29 for some photos of
spalling, all taken from humid environments. Not&ttin environment class XC3 the
moisture content is high and explosive spallinguosc

In contrast to the Dutch authors [7.4 to 7.9] Héileoconcludes that blocking due to the
topping is not the most decisive parameter in atiin of horizontal cracks. Holcofire
concludes that the most decisive parameter in sscsection is the horizontal blocking force
resulting from the internal and external structarel the free space. The topping however
does play an important role and the critical inflce of the thickness of the topping turns out
to be dependent on the depth of the hollow coresceection. The thickness of the topping
where horizontal cracking can occur is found t@b&o 30% of the depth of slab.

Because the Holcofire Frame Model is a 2D crostieseapproach, it cannot be stated
that horizontal web cracks found in this modeldelamination of the under flange as a result
thereof, results in a local failure because onbssrsectional behaviour is considered and not
the behaviour of the total floor.

It is a myth that concrete building structures ombed to be cleaned after a serious fire;
due to high temperatures in the reinforcement erpttestressing tendons the tensile strength
of the steel will remain downgraded after the aupldown of the fire, dependent on the
duration of the fire. Investigation and recalcuatiby a structural engineer must proof that
the exposed structure can be re-used for a neiddoand whether additional provisions are
needed.

Different types of concrete structures show similamage after a severe fire. Some
photos found in the internet are shown in Figur297In these photos buckling spalling,
thermal spalling and explosive spalling can be nlesk on the concrete columns, concrete
beams, concrete walls and concrete floors. It rbeshoticed that all photo’'s found in the
internet on damage to concrete structures duer¢odfie car-parkings, both environment
conditions and fire conditions are extra ordindrgoking into the details of hollow core

floors at fire some specific behaviour can be remticBut in general, the properties and the
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response to fire of hollow core floors is not diffet than other concrete floors: severe local
damage but no failure due to the structural redoogla

Figure 7.29. Different concrete structures; saymetof damage
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Appendix 7.A — Free space depending on blocking dut® spring and/or
topping

Analysis of different cross-section configurations with Holcofire FrameModel Version 8; 30 minutes fire exposure.
Width of the cross-section is 1200 mm.

Cross-section Topping Blocking spring Free space Result ing Remark
expansion
[mm] [N/mm] [mm] [mm]
HC400-4 0 2000 0.3 0.7  click clack effect
100 2000 0.3 0.73  click clack effect
100 0 2.7  web cracking
100 300 0.3 1.76
80 0 2.8 no web cracking
HC400-5 100 0 2.9 no web cracking
100 300 0.3 1.7 no web cracking
100 500 0.3 1.26  click clack and compr.failure
100 2000 0.5 0.85 click clack effect
HC400-7 100 0 2.3 2nd web cracks
80 0 2.3
80 300 0.7 1.7
80 800 0.7 1.38
80 2000 0.7 11
HC265-167 100 0 2.96 horizontal web cracking
(X-section G-series) 70 0 2.98 horizontal web cracking
70 300 0.3 1.62  click clack effect
70 800 1.2 1.67  click clack effect
70 2000 1.5 1.69 click clack effect
0 300 0 1.47  click clack effect
0 800 0.3 0.94  web cracks and compr.failure
0 800 0.4 1.09 click clack effect
0 2000 0.4 0.73  click clack effect
HC255 120 0 2.84  horizontal web cracking
110 0 29
100 300 0.3 1.78 click clack effect
100 800 0.3 1.12  web cracks and compr.failure
100 800 0.4 1.24  click clack effect
100 2000 0.8 1.15 click clack effect
70 300 0.1 17
70 800 0.3 1.18 click clack effect
70 2000 0.7 1.07  click clack effect
HC260-7 110 0 2.69  horizontal web cracks
100 0 2.72
100 300 0.4 1.76
100 800 0.5 1.26  click clack effect
100 2000 0.9 1.22  click clack effect
70 800 0.5 1.27  click clack effect
70 2000 0.6 0.97
HC200-7 100 0 3.16  hor web crack
70 0 3.18 2 middle webs hor.cracks
50 0 3.2 horizontal web cracking
70 300 1.7 2.44
70 800 18 2.16
50 300 0.9 2
50 800 1.3 1.79
HC200-11 100 0 3.26  hor web cracking
70 0 3.23 4 webs compr crack
70 300 15 2.3 4internal web compr crack
70 800 2 2.3 4internal web compr crack
50 300 1.2 2.15 4 internal web compr crack
50 800 1.7 2.08 4 internal web compr crack
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Appendix 7.B — Comparison Holcofire Frame Model wih test results on
slices of hollow core slab

Comparison with test results on slices of hollowecslab with different thicknesses of
the topping executed in The Netherlands in JulyO20lhe aim of these tests was to get
information about the relation between the thicknet the topping and the occurrence of
horizontal cracks.

The samples consists of hollow core slabs with re€£0260 and 400 mm height;
thickness op the topping 50, 75 and 100 mm. Thetral topping was additional connected
to the hollow core with glue-anchors. See photo:

Figure 30. Production of the samples of slices of hollow core slabs

HC260 — 7 cores with 50 mm topping

I.’ 17 1"
I[ e \‘/\/ T \[f i .14
| \/\/\_/\/’\./\J

5 5

26077 b=1200 feck=45 bw=320/40/0 TF=35 UF=45 Cu/=72 CF=025 YHB=33
FE = 30 minutes TOPPING =50mm BLOCKING =0 N/mm CLEAR SPACE = 0.45 mm

MNomalforces
>
—1<2
»1¢1
132
Expansion; 2708 mm  Temperatures; Ewocode 2 Annex & Figure 1 M agrification temp. gradient: 1 Magnification average temp.: 1
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HC260 — 7 cores with 75 mm topping

i

: X ¥ L 12
5
4 ; < ; 2 =
5 5 ] E] 5 5 5

26047 b=1200 fck=45 bw=320/40/0 TF=35 UF=45 Cw=72 CF=025 YHB=33

FE = 30 minutes TOPPING = 7S mm BLOCKING = 0N/mm CLEAR SPACE = 0.45 mm

Ewpansion: 2717 mm  Temperatures: Eurocode 2 Annex & Figure 1 Magrification temp. gradient: 1 M agnification average temp.: 1

HC260 — 7 cores with 100 mm topping

26047 b=1200 fck=45 bw=320/40/0 TF=35 UF=45 Cwi=72 CF=0.25 YHE=33
FE=30minutes TOPPING =100mm BLOCKING = OM/mm CLEAR SPACE = 0,45 mm

Nomalforces

— 32

—_— 12

Expansion: 2683 mm  Temperatwres: Euwrocode 2 Annex A Figure 1 IMagrification temp. gradient: 1 Magnification average temp.: 1
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HC400 — 7 cores with 50 mm topping

{ jg@ O OO OO
5 ¢ % PN
400/7 b=1200 fck=45 bw=320/50/0 TF=45 UF=55 Cw=200 CF=025 YHB=33

FE =30 minutes  TOPPING = 50 mm BLOCKING = 0 M/mm CLEAR SPACE = 045 mm

MNomalforces
—_
—_—1e2
—_— 141
<132
Expansion: 2277 mm  Temperatures: Eurocode 2 &nnex A Figure 1 Magrafication temp.gradient: 1 Maanification average temp.. 1

HC400 — 7 cores with 75 mm topping

[ I

00000007

400/7 b=1200 Ick=45 bw=320/50/0 TF=45 UF=55 Ow/=200 CF=0.25 YHB=33
FE =30 minutes  TOPPING = 75 mm BLOCKING =0 N/mm CLEAR SPACE = 0.45 mm

Expansion: 2272 mm  Temperatuies: Eurocode 2 Annex A Figure 1 Magnification temp gradient: 1 Magnification average temg: 1
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400/7 b=1200 fck=45 bw=320/50/0 TF=45 UF=55 Cw=200 CF=0.25 YHB=33
FE =30 minutes  TOPPING =100 mm BLOCKING = 0N/mm CLEAR SPACE = 0.45mm

Nomalforces
»2

—142
—31d
- <132
Expansion; 2269 mm  Temperatures: Eurocode 2 Arnex & Figue 1 Magrification temp gradient: 1 Magnification average temp.: 1

HC260 — 7 cores with 300 mm topping — slab 1200 x 1200

Webcracking after approx. 10 minutes

26077 b=1200 fck=45 bw=320/40/0 TF=35 UF=45 Cw=72 CF=025 YHB=33
FE = 30 minutes  TOPPING = 300 mm BLOCKING = 0M/mm CLEAR SPACE = 0 45 mm

Normalioices
—_

>1¢2

—>14

<132

Espansion: 2658 mm  Temperatures: Eurocode 2 Annex 4 Figuie 1 Magnification temp. gradient: 1 Magnification average temp.: 1
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Appendix 7.C — Comparison of the results of the tésseries R with the
Holcofire Frame Model

Test R1: Hollow core slabs HC255/5 — 100 mm topping

Remark:

No further analysis with regard to horizontal criagk because shear-bending
interaction failure was noticed.

Test R4: Hollow core slabs HC265/5-167 - no topping

Remark: no measurements of horizontal displacements; after 217 a loud bang was heared.

Overview of the expected restraint:
Analysis done: search with Holcofire Frame Model the springstiffness at which horizontal cracking occurs:

265/5 b=1200 fck=45 bw=330/35/0 TF=35 UF=33 C\=30 CF=0.27 YHE=30
FE =30 mirates TOPFNG = 0 mm BLOCKING = 400 M/mm CLEAR SPACE = 0,1 e

Marmaforces
»2
¥1<2
—>1a
<132
Expangion: 1,296  Temperatures: Eurocode 2 Annex 4 Figure 1 Magaification emparadent: 1 Maagnification averags temp.: 1

Result: time of horizontal cracking at 19 minutes, this is close to the observed time of horizontal cracking. that was
21 minutes.

Derived magnitude of blocking spring: 400 N/mum (/mmn1)
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Test R2: Hollow core slabs HC260/7 — 100 min topping

Measured horizontal expansion:

| A
i /a

A

6 18 E 48

tim frinutes]

axpansion Moot [

Expansion of free cross-section:

26077 oA 200 fckmdS bonsTV 400 TF215 UF=dS DWf=72 CF=013E HE-23
FE=Tamrader TOFFING =0mm BLOCKING =0l CLESA SPACE =043mm

—z
Eapansinr 2T  Tenpsranres Eurnesds 7 s £ Figure | Hogniesson tenpupadent | Magnfission sueiage enp: |

For test floor with width of 3.9 meter:
Free expansion = 2.725-3.9/1.2= 886 mm

Overview of the expected restraint:

Free expansion HCS 260mm — 8 86 mm

< >
7%
15%
9%
16%
34%
- :
5.81 mm Lo3" restraint
T

Near the support:

Average expansion per element:
0.5 (5.8146.44) - 1.2/3.9= 1.88 mm

VT BT [knd bam20/AIA) TF=28 UF=d5 Ci=72 CF 28 THE=0
FE - Tmrades TOFPING - 100 nm SLOCKIG - 200N s CLEAR GPACE 01 em

Espra 1650 T Tamgeialus Evncod Fare 1

Derived magnitude of blocking spring: 200 N/mm

At midspan:

Average expansion per element:
8.06-1.2/3.9= 248 mm

257 bet 200 fokmdS benm20IVD TF=5 LFmdS DW/<72 CFA0.25 YHA00
FE = Mmines TOPFHG = 100mm ELDCKING = 40 i CLEAR SPAZE = 0.1 mm

Mamslaces
>

<
Exmarcions 2477 nm Tenpersnpes Euecece 2 e & Figure | Megriiesion enpgidiers | Megnieation sverage temer 1

Derived magnitude of blocking spring: 40 N/mm
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Test R3: Hollow core slabs HC200/7 — 50/70 mm topping

Measured horizontal expansion: Expansion of free cross-section:
07 51200 S TR P O B i)
FE =Z0mnules TOPFING = 0mm BLOCKING = 0 Hdnm CLEAR SPACE =045 wm
= ,—/
i — s 2
Bl | ééé"i Ten P 7 -
H e / W e =
i Ar/.,‘ o jts11) ‘S« i ¥ # T ! :
i r =iha A sl b
/ (1414 Caa T s AT sl
B L—
]
k: L o 1~ Erminn 2170 mm  Tempeshass: Euoards. Fraae | e |
P — mans
. For test floor with width of 3.9 meter:
. ‘, P - - X -
fratxhees Free expansion = 3.178 -3.9/1.2= 10.33 mm

Overview of the expected restraint:

Free expansion HCS 200mm — 10,33 mm

e 78%

|” = T%

BRI ﬂ\ &%
i ST

=

g 15%

restraint
84%
Near the support: At midspan:
Average expansion per element: Average expansion per element:

0.5-(8.8149.59) - 1.2/3.9-10.33/11.69" = 2.5 mm Negligible: = 0 mm = free cross-section
* = correction to free section

0T b0 Fedeedfs bmRVAVE TR35 LF< Casedf CF= 35 YHE=H)
FE = 28miutes TOPPNG = 0mm  BLOCKING - 103 Himm CLEAR SPACE - 0 mm

Experaion 2341 o Tenpesshres. 1 i 1M z 1

Derived magnitude of blocking spring: = 100 N/mm Derived magnitude of blocking spring: 0 N/mm
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Chapter Eight

| essons Learrd

Lessons learned on prestressed concrete hollow
core floors exposed to fire

8.1. Holcofire lessons learned

The Holcofire lessons learned are discussed in rdetail on the next page. For the
intermediate conclusions per topic the reader fsrmed to the conclusions at the end of the
respective chapters.

Holcofire lesson learned #1.

Product meets regulations and requirements

1.1 The precast hollow core floor and precast eslewall applied in the Rotterdam car park
still met the R criteria (loadbearing resistance)l &I criteria (separating function) after
the fire was extinguished.

1.2 In real fires the hollow core floor proves ® more redundant thanks to the floor system
effect. The fire duration time is a result of tldbustness of the floor and alternative load
paths present in the floor.

1.3 The fire resistance time of a hollow core dlabr can be established by testing it in
accordance with the applicable testing standards3BR-1 and EN1365-2. It is a widely
accepted procedure to test only a single specinmehta approve it if it is able to
withstand fire for the required duration withouildiee (REI-criteria).

1.4 When designing building elements, fire safstgdhieved by specifying a safe value at the
loading side (duration of the fire) taking into s@eration the fact that the risk of fire

occurring in practice has a low probability of ooeumce.
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1.5 All available regulations and requirements fiotlow core slab floors under ambient
conditions and under fire conditions have beenveerifrom and verified on the basis of
real experiments, which is more than can be saichmy other structural products.

Holcofire lesson learned #2.

Product performs well when exposed to fire

2.1 The 162 independent fire test results fromHioécofire database confirmed that, if the
resistance models currently available (EN1168, E9219-2, EN1363-1, EN1365-2) are
strictly followed, 94.5% of the fire tests can lodlyf explained.

2.2 The fire tests G series and the 42 fire tesilte from the Holcofire database with shear
and anchorage failure confirm the model in EN1168éx G for shear and anchorage
capacity under fire conditions at various heiglitsdoes not account for the positive
contribution of the system effect.

2.3 For hollow core slabs on flexible support, fienditions do not reduce the shear capacity
more severely. The shear capacity for flexible sufgpcan be calculated using EN1168
Annex G in the same ways as done for rigid supports

2.4 The fire tests R series and the Holcofire franmlel clearly explain the phenomena of
horizontal cracking and under flange spalling daerdstraints, but also confirm the
conclusion that these are not failure mechanisms.

2.5 Overall, the past performance of 1,000 millimA of hollow core floors in Europe
confirms the good performance of the hollow commiflunder fire conditions. There are
no cases known where the safety of people andtstalstability were jeopardised.

Holcofire lesson learned #3.

Scale of fire in car park in specific cases is morgevere than standard fire

3.1 The simulation of the fire with dynamic softe@dfDS5 yielded better insights in the fire
development in the Rotterdam car park comparedaticsCaPaFi calculation made by
Efectis. Contrary to CaPaFi, FDS5 takes into actthereal dimensions of the structure
and the ambient environmental conditions which tyempact the calculated results.

3.2 The fire in Rotterdam was much more severe HranSO fire simulated in laboratory
conditions due to the consecutive burning of sibsc@he local damage to the floor was
increased due to the high moisture content in tmerete floor and (dynamic) force from
the fire boat that extinguished the real fire aff&®minutes.

3.3 Real fires in car parks are accidental, sesaceunpredictable, and will due to restraints,
always cause local damage to any flooring structdrellow core floors as well as other
precast floors, cast in-situ floors and compositatfons.

3.4 In car parks, the travelling fire concept skohé used instead of the well-known 1SO
compartment fire concept. This ISO fire is unlikety happen for a fire compartment
measuring 2,100 frover several floors, while the many cars in the gark are more
likely to induce a travelling fire which, by defiian, is more severe than an ISO fire.

3.5 Fire Safety Engineering is a performance-baapdroach that, compared to the
prescriptive based approach of an ISO fire, shbelddvocated by the concrete industry
in order to arrive at a more realistic fire load floe structure.
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8.2. Technical summary and conclusion

In concrete floor construction the precast hollawecslab is a very successful product.
This success is largely attributed to its highlficéfnt design, structural efficiency and lean
production method. Every year around 20 to 25 amllsquare metres of precast concrete
hollow-core floors are erected in Europe. The et total stock of hollow-core floors
cuurently installed in Europe is 1,000 million sppiameters. Experiences with past
performance of hollow-core floors confirm that unéiee conditions hollow-core floors have
excellent fire resistance.

Some cases of premature shear failure in fire iestie years 2000s and the lack of
theoretical shear capacity models under fire, edeluctant clients, although in practical
applications shear hardly governs floor design. Bh@007, a heavy car park fire in the
parking garage in the just completed apartmentdmgl in the Lloydstraat in Rotterdam
revamped again the attention of regulatory insting on the fire resistance of hollow-core
floors. The structure in the Lloydstraat wasally severlydamaged, but all REI requirements
were met, failure of the structure was not the déaghis situationBoth incidents damaged
the good image of the hollow-core slab among diesmid authorities in some European
countries.

The European project “Holcofire” was therefore iatiéd by the BIBM with the
objective to get full understanding of the behaviofiprestressed concrete hollow-core slab
floors under fire conditions in order to regainl fatceptance for the application of hollow-
core slabs under fire conditions. The Holcofirej@cb consists of meta-analysis, laboratory
fire tests, finite element simulations, and caltiales conducted by experts in the field of
precast hollow-core floor construction and firetites

A database covering the years 1966-2010 was setthd 62 fire test results in order to
perform a meta-analysis over the fire tests. ttascluded in that 94.5% of the database can
be fully explained with the design models and regmients stated in the available European
standards (EN1992-1-2, EN1168, EN1363-1, EN13653-2¢. other 5.5% is dealt with in the
Holcofire study as a specific research subject.

In performed Holcofire tests (the G series) theasliermula presented in EN 1168/A3
Annex G was compared with 42 fire test results ftbmdatabase and the Holcofire fire tests
G1 to G7. It is concluded that with this EN1168 &RrrG formula for shear and anchorage
resistance under fire, the designed hollow-corerfie safe for the ultimate limit state in the
accidental situation. In a subsequent desk-study @oncluded that the EN1168 Annex G
formula can also be used to determine the shearaacHorage resistance under fire for
hollow-core floors on flexible supports.

The Rotterdam fire case has been analysed in aspeictive view, with in-depth
analyses leading to new insights. In a finite eleth®@mulation of the real fire of Rotterdam
with FDS5 software led to the conclusion that tine Was far more severe than an ISO fire
due to the travelling characteristics of the flegding to a 33% rise in temperature above car
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1 in 20 minutes and a threefold temperature inereate. A clear explanation of the
successive phases of delamination of the bottongéas given.

In performed Holcofire tests (the R series) theaci#ty of hollow-core slabs under
restrained conditions was investigated. The overaficlusion reached is that high floor
restraints due to horizontal blocking and thickpiog can lead to buckling spalling and
horizontal web cracking. However these are condudst to be failure mechanisms. Under
the design load and well anchored strands, therésistance was still met through the
structural redundancy and alternative load patlisarhollow-core slab floor.

The Holcofire Frame Model clearly shows that thitiation of horizontal web cracks
and buckling spalling at the soffit can clearly benulated with a limited number of
parameters. It is concluded that it is not the kiess of the structural topping, but the
magnitude of transversal restraint that has thet inleence on both phenomena. Shrinkage
cracks and dilatations in hollow-core floors used practice are enough to keep these
transversal blocking effects at such a low levait thorizontal web cracking and buckling
spalling of the bottom flange are unlikely. Thispkains why these local damages are only
seldom observed in practice. And when observed, dine incidents, like the Rotterdam fire
case where the fire was far more severe than arfit8O

Real fires in car parks are accidental, severe lamtedictable and due to blocking
effects will always cause local damage to any flapistructure; hollow-core floors, but also
other precast floors, cast in-situ floors and cositgcsolutions.

The Holcofire study concludes that the proven tragiord of more than 1,000 million
m? of hollow-core floors in Europe plus the extensitesting of hollow-core slabs in
laboratories and the analysis of the real firehin Rotterdam incident confirm once again that
hollow-core floor systems meet all regulatory, égyand safety requirements. The Holcofire
lessons learned are, firstly, that the product mmegjulations and requirements; secondly, that
the product performs well when exposed to fire; Hndilly, that in specific cases real fires in
car parks are far more severe than standard f@sed on the knowledge and experiences
gained in this European project carried out by espend reported on in this book, there is no
need anymore for further fire testing and modelliBgciety can continue to rely fully on the
structural solid performance of floors consistirfidiollow-core slabs.

The BIBM Holcofire end report published in this tkaghall be, if needed, the bases for
each country to make reviews and/or follow-up redeafor the application of floors
consisting of hollow-core slabs. It is the BIBM Hofire's opinion that further research-
testing on hollow-core slabs with regard to firsistéance is not necessary. All available
regulations and requirements for hollow-core slabré under ambient conditions and under
fire conditions have been derived and verifiedtenltasis of real experiments.

If approval fire tests are necessary, it is recomuhee or even mandatory to follow the
existing European standards for fire testing oorBdEN1363-1, EN1365-2). These standards
apply to any floor structure and thus also for tvlicore slabs.
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