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ABSTRACT

A case study is presented of the Windsor Tower ifirdladrid, a mainly concrete-framed
office block, which was involved in a major, mulgpfloor fire in February 2005. The
performance of the structure is documented and ewamusing all available methods,
including analysis of data on the fire and computedelling of the fire and structure.

Holistic structural performance during a fire is m@omplex than the effects of fire upon
individual members which make up the structure [d]concrete structures, fire conditions
can have a variety of structural effects, both tpesiand negative [2], beyond the
deterioration of the mechanical properties of ttetenal. In order to properly understand the
performance of concrete buildings, comprehensivelets) which account for all relevant
factors, are required. One of the key challengethéslimited data available from well-
instrumented full-scale tests on whole concretectires, compared to the large amount of
data on the behaviour of individual concrete memizard the large number of experiments
carried out on steel and composite steel/concteietares.

Here, a systematic approach is adopted for modelliilding up from fundamental, but
simplified, analyses. The fire conditions have beemputed using simplified analyses and
Computational Fluid Dynamic (CFD) modelling. Simila the thermal and mechanical
response of the structure is assessed using skeaphihalyses and Finite Element Method
(FEM) modelling.

The CFD simulations provide the fire exposure histoof the structural members. The FEM
calculations have examined the structural effettshanges to the concrete properties due to
increased temperature. Extrapolation of resultseamine redundancies within a building
and their mobilisation to prevent collapse of threcture in the case of fire.

The paper gives an introduction to the Windsor Tosteucture, the fire itself and further
details of the methods used in modelling the fingl &tructural response. Model sizing,
structural properties and failure modes are digmisgong with initial analysis.
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1 INTRODUCTION

The performance of a structure in fire is relatedrtore than the effects of fire upon the
individual members which make up the structure Rédundancy within a structure can
allow loads to be redistributed even when individodeembers fail. Members within a
structure can expand when heated, which in somescasll have negative effects, for
example by pushing columns out of alignment, buty méso have positive effects, for
example by initiating compressive membrane actioa concrete slab [2].

When examining the effects of fire on a real buigdusing simulation tools, it can be difficult
to validate the model due to the relative lack gpeximental work carried out on whole
structures, compared to the large amounts of datth@ behaviour of individual members,
derived mainly from fire resistance testing.

The majority of structural experiments have examhiriee effects of fire on steel and

composite steel/concrete structures, such as,x@ample, the tests carried out on the Large
Building Test Facility (LBTF) structure at Cardiogt In order to examine the effects of
realistic post-flashover fires on concrete struesuit is useful to look at case studies of real
fire incidents.

In this paper, we will examine the effects of & fwhich occurred in the Windsor Tower in
Madrid, a largely concrete-framed structure. Coraponal Fluid Dynamics (CFD) modelling

of this fire has been carried out. This modellimgsato characterise the fire development,
examining the mechanisms of fire spread withintibgding (including the compartment of
origin, the initial fire floor, and between floorgnd has been used as a basis for examining
the fire exposures which were imposed on the stractmembers.

Finite Element Method (FEM) modelling is now beimgdertaken using the predicted heating
regimes to provide the gas-phase boundary conditionthe structural members. The finite
element model can then be used to calculate thaatmgd temperature at a given depth within
the structure directly, or simplified one-dimensibmodels can be used and applied to the
FEM models prior to structural modelling.

Structural modelling using FEM allows temperatuependent material properties to be used,
permitting examination of the structural responsgimd) a variety of phases of fire
development.

2 THE WINDSOR TOWER

The Windsor Tower was built in 1978 and was at time the tallest building in Madrid. The
upper section of the building, above floor thre@swa tower block containing offices and
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consisted of a concrete core, several interior @aacolumns, exterior steel columns and a
concrete waffle slab floor with permanent clay feronk (see Fig. 1). There were two
“transfer structures” in the tower block, which wesignificantly stronger than the average
floor, consisting of a series of concrete wallsrave entire floorplan of the tower and a solid
floor slab. These were located between tHeaBd 4" floors and between the %@nd 17
floors.

Below the third floor there was an entertainment ahopping complex, with a different

structural layout, and underground parking on saviewels; however this part of building
was largely unaffected by the fire and did not amsany structural damage.
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Figure 1 — Windsor Tower Floorplan above secoadsfer floor

The exterior steel columns were not, when the Imgladvas first constructed, fire protected.
At the time of the fire a programme of fire protentupgrading was being undertaken, and
the steel columns up to the second transfer flaar heen protected, except on tief@or
where two adjacent sides of the building remainagrotected due to the sequential nature of
the upgrades to the building. An additional fireagse was also added to the west side of the
building.
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2.1 The Fire

On 12-13 February 2005, the Windsor Tower was wvealin a major fire, of duration 18-20
hours. This broke out in an office on theé'2tbor of the building, causing extensive structura
damage to the upper floors of the building. Damegéhe lower floors, below the second
transfer floor, was considerably less. [3]

In the areas above the second transfer floor, largas of the floor slab exterior to the core
collapsed and several of the concrete columns aleeedamaged. It has been suggested that
this was due to a failure of the concrete in tine; fnowever it must be born in mind that this
is also the area of the building that had unprettsteelwork.

Significantly less damage occurred in the loweelswf the building. On the™loor, which
had large areas of unprotected steelwork, the iextsteel columns were later found to have
buckled severely, see Fig. 2 below. However, thasgt pf the building did not collapse.
Therefore it must be possible that the concretgctires and the fire protected steel on the
floors above and below were capable of redistnitguthe loads applied to the weakened steel
columns.

Figure 2 — Buckled steel columns dhf®or, photograph from The Concrete Centre
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3 METHODOLOGIES FOR APPLYING FIRE EXPOSURE TO STRUCTURE

When applying fire exposures to a structure, a ramdf methods are available [4], as
described below. The simplest approach is to specifniform temperature for the surface of
the structural elements. This temperature can reitiee estimated from observational or
experimental data, taking into account for exantpke colour of the flames or the post-fire
condition of the exposed materials. In the case¢hef Windsor Tower, video evidence is
consistent with gas-phase temperatures reachingdr800-1000°C after flashover and the
surface temperature of the enclosure boundarieshaag risen towards this value. A variant
of this approach is specifying a gas-phase temperatr incident heat flux and determining
the surface temperature in the FEM code.

In the absence of measurements, model-based appaan also be used in order to
represent gas-phase temperatures [5]. This is ldyh@hallenging process, since sufficient
details of the fire development are required, lmmea simplifying assumptions can be made,
e.g. with regards to the nature of the burning wthenfire becomes ventilation-controlled.

The advantage of these types of approaches istlieamodel can in principle provide

spatially- and temporally-varying exposures whiale @onsistent with the assumed fire
development.

The CFD method provides prediction of heat fluxedich can be used to define the
boundary conditions for the structural members,heatthan relying on gas-phase
temperatures. Use of fluxes can provide a morerateuepresentation of the impact of the
fire on the structure, as they describe remoteifgeat for example, where local gas
temperatures are ambient, in inflow regions andelolayers, but where heat fluxes may
nevertheless be high. Furthermore, the influencedifierent optical properties can be
considered, since these can affect the amounti@tran reaching a structural element [6].

The simplest approach to RANS CFD modelling, anel tfost computationally efficient
method, is to run a “steady state” simulation & tuilding during the flashover portion of
the fire. During this time, the real conditions hiuit the fire compartments are assumed to
remain quasi-steady as the fire is ventilation-calgd. Another method is to use a transient
simulation, in order to represent the fire develeptrthroughout the building. This will allow
the examination of the fire exposure of individoambers and also the duration for which
they are subjected to different heating regimemfrgnition to burnout, i.e. the full spatially-
and temporally-resolved thermal exposures. Giveat the period between ignition and
flashover is generally relatively small comparedrte period between flashover and burnout,
a useful technigue may be to adopt a transient hod&der to assess the timescales of the
fire and a steady-state model to calculate thedxgosure of the structural members. This
allows the steady-state model to be created witigher resolution than the transient state
model, while at the same time allowing the exposimes of the structural members to be
calculated.
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An important consideration when using CFD modetsfiidl-scale structures is the resolution
of the numerical grid, since this can have a laeffect on the flame spread and fire
development, together with the numerical timestapLES codes, such as FDS, these two
factors are linked, since timesteps are selectéoh@tically to maintain a numerical error
estimate (the Courant-Friedrichs-Lewy (CFL) cormi)i within a specified limit, whilst in
RANS codes, such as SOFIE, the timestep can beeghodependently. In either case it is
suggested that the finest grid possible be usedhakill allow reasonable run-times, but this
may require parallel computations; then issuescafability and exchange of information
over computational block boundaries may arise.

4 MODEL SIZING

In many cases, it will not be necessary or destréadbbase the model geometry on the entirety
of the building. A more simplified domain, consigji of either one or several floors, will
provide a great deal of information that may beapalated to the rest of the building [7].

When examining fire spread models, including thimseupward flame spread, the main area
of interest is the length of time that individuaémbers are subjected to a given fire exposure.
While a model of the whole floor of the Windsor Temwill provide this information, if it is
known that directional wind effects were insigrégiint, as in the current case, symmetry
planes can be used to reduce the domain sizerdasonable to assume that if the floor is
divided into quarters along the axes of symmetmgntleach quarter of the floor will be
affected in a similar way — time to flashover anatrtmut, for example. While on a full
floorplan of the floor there may be differencesvien the fire loading of each quarter of the
floorplan, and the floorplan may not be exacthakially symmetrical, it must be considered
that the fire loading will vary from floor to floan any case and that trying to reproduce the
exact fire loading on any individual floor and applto the entirety of the building will give

a misleading impression that no assumptions hase teguired.

Using these methods it will be possible to redineearea of building under consideration and
therefore decrease the computational time requaredn a given model.

When creating an FEM model of the structure, it raggin not be advantageous to create 3-D
models of the entire floor. Where possible, ratthem using “block” type finite elements
“beam”, “shell” or “membrane” components shouldused, in order to reduce the number of
elements necessary. The model can be further sietpby taking a cross-section of the floor
and examining it as a beam, as is common practist&ructural engineering.

While this approach will preclude accounting for ahuof the load redistribution that
commonly takes place within a 3-D structure, it d¢@ used to provide some simplified
models to examine factors such as the failure dividual members within the structure. For
example the effect of the failure of the steel edglimns without fire protection upon the
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floor slab can be examined by simplifying the fladab as a beam spanning between the
concrete core of the building and the steel column.

In an FEM model it is necessary to model multipofs to gain an understanding of the
performance of the whole structure in fire. In patar, it would normally be necessary to
model one or more storeys above the fire so thgtfaiture of the compression members
which prevent the collapse of the floor immediatahyove the fire can be taken up by the
columns above the fire compartment potentiallyracin tension to prevent the collapse.

5 MODELLING OF CONCRETE IN FIRE

In FEM modelling of reinforced concrete as a sttt member some of the properties of the
material require careful consideration. Firstlyncete is a good insulator, and therefore the
thermal penetration into the member will be low ath but the longest duration fires.
Secondly, reinforced concrete is a composite nadteansisting of both the concrete and the
steel reinforcing bar (rebar) within it. The propes of both the concrete and the rebar are
temperature dependent, and when loaded a reinfocoedrete beam will behave first
elastically, then plastically after yield.

5.1 Spalling of Concrete

When heated, concrete often undergoes spallingieagmena whereby concrete is ejected
from the member [1]. In addition to the removakofme of the concrete section, this also has
the negative effect of allowing the steel reinfonemt within the concrete to be heated. This
will reduce the tensile capacity of the steel imeam or slab.

The modelling of detailed spalling behaviour isweomplicated and challenging, however it
must also be considered in the context of the nsaomic effects of spalling on an overall
structure. While it will certainly have a large iagt upon an individual structural member,
this is not necessarily the case that when spalékgs place within a whole structure as it is
unlikely to happen to every member at the same.tifiés allows the redundancies in the
structure to support the loading from the spalkedcsural members.

Spalling on the base of a slab may have a signifieffect, however. When a slab is heated
and the concrete loses some of its strength thHe cda often go into “tensile membrane
action” where the load is supported on the tensteel. However, if spalling has taken place
to a large degree, the tension steel may not retaeed sufficient strength to allow this.

A possible method which prevents the collapse dflab under these circumstances is
compressive membrane action, as described by BftleyHowever, this mechanism only
remains valid if the peak deflections are undé&08s of the slab depth.
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6 FAILURE MODES OF THE WINDSOR TOWER

A number of possible failure modes for the WindSower exist, and the likelihood is that a
variety of these occurred in practice. These are:

» Collapse of the floor slab due to the precedintyfaiof the steel edge columns. This
will have forced the floor slab to act as a camgleout from the core.

« Collapse of the floor slab between the core andcthemns exterior to the core. This
may have come about due to the large service yosii®utside the core, which would
have prevented the concrete floor carrying theeldemsile load caused by a collapse
of the floor exterior to the columns — as the arkfoor able to carry this tensile force
would have been greatly reduced.

The multi-floor nature of the fire is undoubtediyportant, and it is likely that if the fire had
only broken out on one floor then the majority bé tbuilding would have survived intact.
Supporting evidence for this assertion is founthim robust behaviour around floor 9, where
local failure of the steel columns was accommodatelbad redistribution.

7 STRUCTURAL MODELLING OF THE WINDSOR TOWER

It is not a simple matter to model the behaviouamfentire structure, and it is often desirable
to start out with individual elements of that stire and then increase the level of complexity
of the model. In the case of the Windsor Tower,fitgt structural element to be modelled is
the concrete floor slab. Due to the nature of westruction of the floor, it cannot simply be

modelled as a membrane supported by beams. As fkew&db, it behaves as a grillage of

beams with an additional layer of concrete overtaidop to provide a floor surface.

The Windsor Tower waffle slab uses a method of wanson involving permanent clay

formwork. The same waffle slab depth is used ower whole height of the tower block

section of the building, though the reinforcemeithim the beam sections of the waffle varies
throughout the building.

When placing the reinforcement for the slab, ihaded that the bottom reinforcement is set
onto a channel within the clay formwork. This claymwork is 10mm thick, and a further
10mm of concrete is used to bring the cover oftibitom steel up to 20mm, as discussed in
the INTEMAC report [3], cf Fig. 3. For the purposekinitial modelling of the floor slab,
rather than using a different material for the cete and the clay formwork, the entire cover
to the bottom steel has been idealised as condrbig.reduces the complexity of the model,
and since this area of the concrete will most comlgnbe in tension the structural impact of
this assumption will be minimal.
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Figure 3 — Layout of waffle slab beams

Examining the plans of the Windsor Tower, it becenciear that the floor slab acts as a
network of beams. These can be modelled as pribvagns, which in turn support secondary
beams. However, it is apparent when looking at dlen in Fig. 3 that the primary and

secondary beams do not necessarily constantly ispte same direction, i.e. while in one
section of the building the primary beams may runtBWSouth, in another section they may
run East/West. The beams are 0.23m deep and 0.dena/D.6m centres in both directions.

Since the structure can be idealised as primarysanodndary beams, a simple model of one
of these beams, running from the core of the bugidio the external columns, has been
created. As an initial approach to modelling thabslthe beam highlighted in Fig. 3 is
examined; here, the loading acting on the beamrmyetre can be calculated as 0.6 times the
pressure acting on the floor slab.

It is also necessary to make assumptions aboutdbedary conditions on the beam model.
Where the “beam” is attached to the concrete cbtbeobuilding, it can be assumed that a
fixed end connection can be used. At the other arckre the beam attaches to the steel
columns, it is assumed that the connection is ginMé¢hile the column is built into the floor
slab, the relatively small size of the columns (40 by 120mm) means that it is unlikely to
resist any moments transmitted from the slab.
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Once the structure has been defined, it is necetsaxamine the effects of heating upon it,
specifically the evolution of the heating withinetldepth of the material, i.e. how far the
thermal wave has penetrated the concrete struadlgalents and the temperatures to which
the reinforcing bar has therefore been exposeds Takes it necessary to examine the
temperature profile within the depth of the beam.

The primary tool to be used for FEM structural nibdg is ABAQUS. While it might be
thought that a beam element could be used to mibdelprimary beams, limitations on
representing the thermal effects mean that it isemeseful to adopt shell elements. With
these, the temperature can be defined at a gneatebber of depths within the member. The
concrete beam has therefore been modelled as@awnhateep shell element.

7.1 Further Modelling

After a model has been developed to examine tleetsfof loading on an individual concrete
element, a 2D “slice” of the building can be reprged in order to examine the multiple floor
nature of the fire. This will allow us to examineeteffects of the steel columns, usually
compression members, switching to acting in tensiamme floor’'s steel columns reach a
point at which they are no longer capable of sujpgrthe structure. Further to this, the
structure can be extrapolated into three dimensialiswing load distributions within the
floors to be examined.

8 ANALYSIS

Models of fire development on the floor of fire @n (21) have been described previously
[5]. In these simulations some attention has beengo the aspect of ventilation failure, i.e.
the timing of glass fall-out, with two cases comseltl — glass failure based on a heat detector
threshold of 150°C, and a more conservative casenthe glazing is removed at ignition.
Also considering uncertainties in the fire loadengd distributions of combustible materials,
further simulations were run in which the suppliesaof fuel corresponded to roughly twice
what might be expected to be the ventilation-cdigdo heat release rate per floor

(r&:S.SAN\/ﬁ), which is determined as c. 350MW, based on aomagton of a window

height of half the floor-to-ceiling distance of 3mAt longer fire durations, some of the
aluminium panels located in the base of the opanivgre also lost, therefore giving access to
even more ventilation, but at this stage the foablof the fire may have been substantially
diminished due to burn-out. Based on these vemtilahssumptions, the peak gas-phase
temperatures computed exceeded 1100°C and thespon@ing temperatures of the surfaces
of the concrete columns were about 200°C lowerr& s little sensitivity of this prediction
to the size of the fire, which was expected sind¢esrwthe ventilation-controlled limit is
exceeded extra fuel burns mainly outside the cotmyzant.
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These assessments are further supported by thdingoshalysis of the concrete strengths [3],
which confirmed that the surface temperature ofdblemns and slabs had exceeded 800°C.
It may also be possible to make an estimate o€dmerete surface temperatures based on the
methodology of examining the colour change of thencecete and changes to the
microstructure [8, 9].

In examining the performance of the structure usigM codes, a key input is the
temperature conditions in the structure. FEM cadeh as ABAQUS can of course compute
the thermal response on the basis of known exposurendary conditions, either
temperatures or fluxes, but this normally involusg of brick elements, which are inefficient
for the structural modelling. Hence, the thermatpanse has been examined using
independent thermal models, the results informhng get-up of the ABAQUS simulations.
Using shell elements, different temperatures aexipd for each layer, and therefore the
reinforcement bars. One important consideratior liethe depth of the elements in relation
to the depth of the thermal wave which has propgapatto the material. If the latter is very
shallow, then the temperature distribution withine tstructure cannot be adequately
represented unless there are sufficient nodesdpeply resolve it. If there are insufficient
nodes, the effect of the heating will tend to baggerated and this can have a knock-on
effect on the mechanical modelling.
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Figure 4 — Thermal penetration depth against time
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Therefore, in order to inform this modelling a simgalculation of the evolution of the
thermal penetration depth against time has bedorpeed. The specified concrete strengths
of the structure were 24.5 MPa in the columns aallsw29.4 MPa in the deep beams and
17.2 MPa in the floor slabs, though there were sean@nts on this in practice [3]. Assuming
a normal-weight siliceous aggregate concrete, temss taken to be 2400 kginthermal
conductivity as 1.2 W/m/K and the specific heatamaty as 880 J/kg/K, giving a thermal
diffusivity of 0.57x10° m?/s. Fig. 4 shows the evolution of the thermal peiiem depth with
time; fire duration is uncertain, but there is sogn@&lence that the main burning phases lasted
for the order of one hour [10]; the relevant pesigdn depth would therefore be equal to
about 50mm. By comparison, studies of the conastengths after the fire suggested that in
small regions of the ceilings the damage contoaset on a criterion of 500°C isotherms, had
exceeded a depth of 200mm [3]. In this case theag af course have been out-of-plane
effects including heating from the sides of the rbgawhich make up the waffle slab
(dimensions 100mm x 200mm, excluding the slab pi). to

Using the default of five nodes per shell elemt#m,spacing in the model of the 230mm deep
beam and slab assembly is 58mm, traversed by gmn#h wave in about 1400s. Before this
time, the thermal response would therefore noekelved, leading to some degree of error in
the model predictions. Fig. 4 suggests that a uéisol of at least 20mm is required in order
the adequately describe the thermal response aldbean the first 100 seconds of simulation.

9 CONCLUSIONS

A comprehensive approach to assessing the perfaenah the mainly concrete-framed
structure of the Windsor Tower is being undertak@n. assessment of likely thermal
exposure histories has been performed, referendai; gathered from the post-fire
assessment of the structure and from various modedpproaches. The thermal response of
the structure is thereafter assessed, in ordeefioedthe inputs and boundary conditions for
structural models, including FEM. Based on thistrategy for modelling the mechanical
response of the structure has been developed, avitilew to examining possible failure
mechanisms in relation to the observed effecth®fite.
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