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Abstract. Observations and numerical studies have allowed an understanding the
fire development inside apartments and over the façade during the Grenfell Tower

fire. During these analyses, the highlighted need was for a deeper investigation into
the failure of windows during the fire. This detailed and complex model for window
failure validates the thermal breakage criteria used in fire simulations of the whole

Grenfell Tower fire. However, the present investigation is dedicated to a single path-
way for the influx of fire and toxic smoke. Other pathways from the façade to the
apartments, such as the melting of elements surrounding the window frame, are not

addressed here. To analyse window behaviour during fire, Finite Element Method
thermomechanical modelling is used. First, a heat transfer analysis is performed for
windows subjected to the external flames from the identified façade fire scenario. The
thermal loads evaluated from the fire are applied to the window structures to esti-

mate their failure times. Two window casement configurations, closed and tilted-in,
are investigated numerically. Then, a thermomechanical analysis of the window is
addressed for each casement configuration. The modelled failure times are compared

with those used in the general fire development model and from the observations.
The good correlation that is observed, regardless of casement configuration, justifies
the use of a simplified criterion for window failure in CFD fire models.
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1. Introduction

The fire behaviour of windows installed in a building façade has an important
influence on fire development during an enclosure fire. When subjected to the
thermal actions of a fire, windows may have little fire resistance and thus can fail.
When failed, windows transform into additional ventilation openings, which mod-
ify the supply of fresh air into the enclosure. With regard to the building envel-
ope, the ventilation inlets created from windows will be one of the decisive factors
in a fire scenario involving small enclosures, typical of dwellings [1, 2]. Further-
more, openings in a façade can cause fire re-entry into further enclosures, and
lead to further fire propagation when the contents of that enclosure ignite [3–5].

It is therefore essential to evaluate the conditions that cause the failure of win-
dows for a given fire scenario and enclosure configuration. Several different phe-
nomenon cause glass to break under thermal loads. However, they can be
categorized as follows [6]:

– thermal shock due to the thermal gradient created across the thickness of the
glass when high heat flux is imparted suddenly on one side of a pane;

– thermal gradient over the thickness of the glass causes deformation, in particu-
lar at the corners of the pane;

– non-uniform heating when parts of the pane are shaded from radiation, for
example, where the edge of a pane is shaded by the frame (Thermal expansion
places the cooler portion in tension. This results in stress between the centre of
the pane and the shaded area as the temperature difference increases.);

– mechanical stress due to heat-related deformation of the frame when submitted
to temperature loading; and

– mechanical loss of mounting and fixing of pre-frames, if in use.

In recent years, a number of studies, both theoretical and experimental, have
addressed the performance of ordinary windows exposed to fire or heat flows.
Several studies have proposed temperature difference as a parameter to assess
glass breakage [6–9]. Others have attempted to establish a criterion for the predic-
tion of glass fallout for single glazing, and both criteria are discussed in [10].
Engineering correlations based on experimental results for single glazing are given
in reference [11], establishing relations between window failure and data such gas
temperature, incident heat flux, or rate of heat release. A more extensive approach
is provided in [12] based on a predetermined amount of successive cracks. Other
studies have attempted to assess the fallout of multi-pane glazing when subjected
to fire [13–18]. Experimental research [17] indicated that double-glazing, although
considerably weakened, remained intact for a relatively long time. Information
collected during these experimental studies helped to highlight the mechanism of
glass failure. Under the effect of a non-uniform temperature distribution in the
pane, and the thermal stresses that result, the glass cracks and then breaks com-
pletely once the cracking has become excessive. Numerical models have also been
used to predict the first fracture of glass [19–22] and glass fallout [23]. The finite
element method provided in [24, 25] gives a comprehensive method to assess glass
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breakage in relation to the first crack, based on spectral discrete ordinates radia-
tion models and taking into account the spectral sensitivity of the glass in the
infrared spectrum and mechanical stresses. The use of a field model like the CFD
code FDS to predict glass breakage has also been studied [26, 27]. Thermome-
chanical analyses are addressed in [15, 28]. In particular, the failure mechanism
for the formation of a ventilation opening from a glazed element comprising a
window frame with thermal break is investigated in reference [15]. After analysing
the data collected and observations made during tests, it appeared that a single
crack is not sufficient to cause the complete fallout of the glazing.

The deformation of window frames seemed to have little influence on the mech-
anism of glazing cracking, at least with regard to the appearance of the first
cracks, and the fire-rated windows may form a ventilation opening because of the
failure of the frame, which may occur before the failure of the glazing. The failure
time of an aluminium frame is defined in [15] as the time at which the polymeric
thermal breaks in the frame reach their melting temperature. The time of occur-
rence of the first crack does not correspond to the appearance of a ventilation
opening (total destruction of the glazing) and the progression of cracking, unlike
its initiation, has been neglected in most models. Indeed, for the sake of simplifi-
cation, it has been accepted that glazing, when exposed to fire, fails and forms a
ventilation opening at the time the first crack forms.

However, few numerical models take into account both the impact of an exter-
nal fire and the full detail of the window frame, which would lead to simulations
with a high level of complexity.

The Grenfell Tower is a 24 storey high-rise building, refurbished in the period
2012–2016 with a new insulated ventilated façade system, installed on all of the
building’s elevations, and new windows. The new windows were not fire-rated.
The Grenfell Tower fire happened on June, 14th 2017 and caused more than 70
deaths [29]. The fire spread to the façade from a fire in an apartment resulting in
external flames. The initial fire, before spreading outside, was localised in the
kitchen of Flat 16, on the 4th floor of the East façade of the Tower. This has
been extensively detailed in expert reports and is shown in video and photo-
graphic records of the real fire [30–32]. These records were also used to provide an
analysis of the post-break-out vertical and horizontal fire propagation over the
whole façade of the tower in [33].

Along with the combustible cladding mounted on the façade, the windows
appear to have facilitated the spread of fire between the interior and exterior of
the building. Furthermore, the deformation and fallout of the windows and sur-
rounding elements seems to be one of the main reasons for the spread of the fire
to the cladding during the early stages of the fire. Later, when the fire was fully
developed, the heat fluxes imparted to the windows were high enough to break the
window panes whatever the surrounding materials (Chapter 24 of [29]). As con-
cluded by Professor Bisby in [29], the most likely route of flame spread, from the
initial apartment to those above, was via the side of the window and into the col-
umn cavity following deformation of the uPVC (unplasticized polyvinyl chloride)
window surrounds, and that after that the window frame was partially failed.
However, window failure was probably not the only way of flame exit and re-en-
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try, and it is probable that there were multiple failure modes from window or its
surrounds during the Grenfell fire, as summarized in Table 1. The scenario leading
to one of the earliest massive inflows of fire effluents appears to be the deforma-
tion of the window frame and it is thus investigated in the present work.

Reference [34] investigated the development of the initial internal kitchen fire at
Grenfell Tower, its propagation through and around the kitchen window opening,
over the façade, and its re-entry into subsequent compartments. Three dimen-
sional (3D) numerical simulations were performed with the Computational Fluid
Dynamics (CFD) code Fire Dynamics Simulator (FDS) [35]. It included valida-
tion by comparison with video and photographic observations of the real fire.
Thermal loads on window frames, from the apartment and façade fires, were eval-
uated numerically. The predicted time to first thermal failure of the windows was
around 4–5 min. In [36] numerical simulations were addressed to investigate the
fire spread over the façade and its re-entry into the tower. Thermal criteria from
the CFD model of [34] were used for window failure during the vertical spread of
the fire. These simulations illustrated the influence of the fire performance of the
windows by modelling fire spread over the Tower façade without any thermal fail-
ure of the windows.

In the present study, ANSYS Mechanical APDL software [37] is used to per-
form a thermomechanical analysis of a window frame, as used in the Grenfell
Tower refurbishment, to evaluate the heating of the different materials comprising
the frame. A full three-dimensional (3D) mechanical finite element model is then
built to evaluate the failure mode of the window. The thermal loads derived from
modelling [34] of the external façade fire are applied as boundary conditions on
the frame.

Table 1
Synthesis of the main failure modes of a window during fire
development, and their resulting consequences

Failure mode Main consequences

Resulting

inlet

Fire develop-

ment

Thermal shock on one side of a glass

pane

Local glass breakage—first

pane in case of double glaz-

ing

Reduced

Mechanical losses of mounting and fixing

such PVC reveal liner

Pathway surrounding the

window

Local at

surround

Mechanical stress due to deformation of

the frame and its aluminium profiles

Failure of the whole glass

pane

Massive

Thermal gradient at the shaded corners of

the glass pane

Local glass breakage—first

pane in case of double glaz-

ing

Local

then mas-

sive

Failure of aluminium supporting pre-

frame rails

Failure of the whole window Massive Protected by

PIR insulant
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The aim of the current study is to perform a deeper investigation into the ther-
mal and thermo-mechanical behaviour, during the disaster, of the window system
installed on Grenfell Tower, along with an evaluation of the thermal criteria for
window failure. The influence of the initial opening position of the window case-
ments is also investigated to enhance the understanding of the several failure
modes (inward or outward fallout) of the window frames observed after the fire
event. The relationship between the initial position of the casements during the
fire (closed, tilted-in) and the window’s fallout mode can then be interrogated, as
well as the time to failure depending on a given casement opening configuration.
Furthermore, the resultant detailed and complex model allows the evaluation of
the relevance of the hypothesis used in previous numerical studies of the Grenfell
fire [34, 37].

2. Description of the Window Structure

2.1. Window Structure

During the refurbishment of the Tower, the windows frames have been installed
in line with the pre-existing openings in the reinforced concrete building envelope
[30–32], and mounted on continuous aluminium rails which were mechanically
fixed into the existing concrete structure at the top and bottom of the window
openings. After the refurbishment, the new windows were offset by approximately
180 mm towards the outside of the building compared with the existing windows.
For each window, uPVC reveal linings have been installed between the frame and
the concrete structure in order to fill the gap between the new and old window
location.

The window combinations used in the refurbishment of Grenfell Tower varied
according to location on the Tower. However, the type of window construction is
similar across the entire building on or above the 4th floor (Fig. 1). The current
study focuses on the ‘‘Thermally Broken Tilt and Turn Window System 5–20’’
window frame, sized 1241 mm 9 1285 mm [38], comprising 26 mm thick double-
glazed units. The glazing is set inside a two-component (double-wall) aluminium
frame structure, with the two extruded aluminium profiles connected by a poly-
amide thermal break (Fig. 1b). Window assemblies comprise this powder-coated
aluminium framing and fixed and openable double-glazed window units with vari-
ous sizes and opening configurations (inward swinging or inward tilting). In some
locations, in particular in kitchens, extract fan units were fitted within aluminium
faced, extruded polystyrene foam filled, composite window infill panels.
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The details of the the window unit structure according to [39] are shown in
Fig. 2. The window unit comprises two glazed elements of different size. Different
opening configurations are allowed: closed, open, and in-tilt. The right side open-
ning is restricted to 100 mm openning in the tilt position. The left side casement
window pivots around the left side frame column.

2.2. Failure Modes

Post-fire observations have shown different failure modes for the windows: inward
fallout, outward fallout and partial failure exist at several locations on the Tower.
Examples of inward and outward fallout of windows are visible in Fig. 3. How-
ever, all the failure modes are quite binary since we observe either a window still
in place or no more window.

Figure 1. a View and schematics of the different window framing
arrangements used for different parts of Grenfell Tower at or above
the 4th floor. Window infill panels are aluminium faced polymer
foam-filled composite panels—Moore-Bick report of the public inquiry
(Fig. 6.1, p. 34) [29]. b Cross section of the window System 5-20
used in the refurbishment of Grenfell Tower [38].
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As indicated in the introduction section, it is therefore essential to evaluate the
conditions that cause the failure of windows for a given fire scenario and enclo-
sure configuration, although the thermal breaking mechanism of glass results from
different phenomenon: thermal shock, non-uniform heating or mechanical stress
from the distortion of the frame. During the Grenfell Tower fire, the window fail-
ure was probably not the only way of flame exit and re-entry, and there was prob-
ably more than one window failure mode (Table 1).

The relationship between the initial position of the window casements during
the fire (closed, tilted-in) and the window’s fallout mode can be questioned, as can
the time to failure for a given opening configuration. Open or tilted-in configura-
tions are probable because the Grenfell fire happened during summer, and temper-
atures close to 20 �C were recorded during the night of the disaster [40].

The failure of the window can also be due, at first, to the softening and/or melt-
ing of the uPVC reveal liner, between the window and the concrete structure,
when exposed to heat from the external cladding fire, or to thermally induced
breakage of the window glazing. Thus, window fallout was probably not the only
way of flame exit and re-entry during the Grenfell disaster. However, the failure

Figure 2. Details of the window system used in the refurbishment of
Grenfell Tower a front view, b side view (from J. Torero’s expert
report [32] Fig. 8, p. 40), c top view.
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of the window is the phenomenon that led to the most significant influx of smoke
and fire effluents into the apartments.

Thus, the present work only investigates frame failure due to the thermal loads
induced by the façade fire, and cannot claim to take into account all the events
that may have led to window failure.

2.3. Material Properties

The exact properties of the glass and polyamide thermal break material used in
the Grenfell Tower windows are unknown. Thus, in this work, they are based on
literature [15]. Polyamide thermal breaks are produced from glass-reinforced nylon
sections designed to withstand temperatures in excess of 200 �C, allowing the
composite sections to be powder coated, according to the window manufacturer’s
website [38]. In general, the loss of thermal properties of polyamide materials var-
ies between 182 �C and 290 �C [41]. The polyamide material is modelled with a
thermal conductivity of 0.3 WÆm-1ÆK-1 and a specific heat of 1600 JÆkg-1ÆK-1.

Figure 3. a Failure mode of window frame, L. Bisby’s expert report
[30], Fig. 11, p. 166, b Inward failure of window frame, J. Torero’s
expert report [32], Fig. 54, p. 91, c Outward failure of window
frame, B. Lane’s expert report, Appendix C [31], Table 11C, p. 94, d
Partial failure of window frame, B. Lane’s expert report, Appendix C
[31], Table 11C, p. 95.
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The density of polyamide is 1490 kg/m3 [15]. In absence of any available data, the
sealing gaskets are assumed to be made from the same polyamide material.

According to the product datasheet, aluminium alloy types 6060T6, T5, or T4
are used to fabricate the window frame. The current computations are performed
for aluminium alloy type 6060T6. The thermal properties for 6xxx aluminium
alloy are given in [41] and are as follow (0 �C< hal<500 �C):

� thermal conductivity: kal = 0.07hal + 190 [WÆm-1ÆK-1];
� specific heat: Cp,al = 0.41hal + 903 [JÆkg-1ÆK-1]; and
� density: 2700 [kgÆm-3].

A non-linear isotropic hardening law is used to model the aluminium material
behaviour. According to [42] the relative thermal expansion of aluminium alloys,
Dl/l, is determined as follows:

Dl/l ¼ 0:1� 10�7h2al þ 22:5� 10�6hal � 4:5� 10�4

where, ‘‘l’’ is the length at a temperature of 20 �C and ‘‘Dl’’ is the expansion due
to temperature.

The ratio of the resistance of the aluminium alloy at a given temperature to the
resistance at a temperature of 20 �C (0.2% proof strength f0) is given in Table 2.

The melting point for aluminium alloy 6060T6 is of 650 �C [43]. The yield stress
(proof stress) for this material is of 150 MPa at ambient temperature for plates
thinner than 3 mm thick [43]. The value for elasticity modulus of aluminium
alloys 6060T6 at high temperature, Eal,h, is presented in Table 3. Aluminium alloy
is modelled as a multi-linear perfectly plastic and isotropic material with the rate
dependent plasticity (viscoplasticity), based on the Perzyna model. The Perzyna
constitutive model for this case is defined as follows:

_epl ¼ c �
ffiffiffiffiffiffiffiffiffiffiffiffiffi

r
ry

� 1m

r

where r and ry are respectively the effective stress and the static yield stress, _�pl is

the equivalent plastic strain rate, m is the strain rate hardening parameters and c

Table 2
Ratio of the resistance of aluminium alloy (0.2% proof strength) at a
given temperature to the resistance at a temperature of 20 �C [42]

Alloy State

Temperature of the aluminium alloy (�C)

20 100 150 200 250 300 350 400

EN AW-6060 T6 1 0.91 0.84 0.71 0.38 0.19 0.09 0
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is the material viscosity parameters. The value for m and c are respectively set to
0.24 and 9 [44]. Aluminium maximum strain is estimated to 0.108 [42].

The emissivity of the material surface is required also for thermal analysis when
radiation exchanges are significant. The surface emissivity is 0.7 for the aluminium
parts [42] and 0.85 for polyamide materials [45]. The surface emissivity for glass
varies between 0.86 and 0.92 [46].

3. Thermal Analysis of the Window Frame

The initial fire, before break-out from the flat of origin, was localized close to the
wall and window, in the southeast corner of the kitchen of Flat 16, located on the
4th floor of the East façade of Grenfell Tower. The fire development analysis per-
formed in [34] with the CFD code FDS was dedicated to the fire development
inside the initial apartment (Flat 16, 4th floor), and to the fire spread over the
façade to the apartment above (Flat 26, 5th floor). It allowed the evaluation of the
heat fluxes imparted to each part of the window frame modelled, which comprised
aluminium and polyamide thermal breaks. In the present study, these heat fluxes
are applied as boundary conditions on the exposed parts of the thermal model.

3.1. Model Description

Thermal analysis consists in computing the material warming due the thermal
loads obtained from the modelling of the real fire scenario. This analysis is per-
formed with ANSYS Mechanical APDL [37] using two-dimensional (2D)
PLANE55 thermal planar elements. The analysis is linked to the equations solving
heat conduction within the solid, convection and radiation in the cavities, and
heat transfer at inner and outer boundaries between the solid and ambient envi-
ronment via convection and radiation.

Both frame and casement sections of the window are modelled. A part of the
glass, which participates as an interface between the two components of the win-
dow casement, is also modelled. Figure 4 shows the geometry used in the thermal
model.

Table 3
Elasticity modulus for aluminium alloy as a function of the
temperature [42]

Temperature of

the aluminium

alloy (�C) 20 50 100 150 200 250 300 350 400 550

Elasticity modulus

(MPa)

70,000 69,300 67.900 65,100 60,200 54,600 47,600 37,800 28,000 0
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3.2. Thermal Boundary Conditions Representative of the Fire

The thermal loads in terms of Gauge Heat Flux (GHF) were evaluated during the
previous CFD simulation in [34]. Figure 5 illustrates the temperatures to which

Figure 4. Geometry of the window frame and casement that was
used in the thermal model.

Figure 5. Numerically modelled temperature of the external window
on the 5th floor, directly above Flat 16 of the Grenfell Tower, after
4 min of façade fire exposure [34].
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the external frame of the window located at the 5th floor, directly above Flat 16,
were subjected after 4 min of façade fire exposure. The heat flux fields applied to
the exposed face of the window are addressed in Fig. 6a. The position for each
part of the window is indicated in Fig. 6b. These thermal loads are representative
not only of fire break-out through a typical window, but also of the developed
façade fire during vertical fire spread over the tower, as observed in Fig. 7. At
later stages of the façade fire, the numerically estimated thermal loads (in terms of
gauge heat flux) on window frames are consistent with the general flux evolution
indicated in Fig. 6. The maximum heat fluxes imparted to Parts 1, 5 and 7 of the
window frame (Fig. 6b) is about 120 kW/m2 after 3–4 min of fire exposure, while
the minimum heat fluxes evaluated for the lower Parts 2 and 6 and lateral Part 3
of the window frame (Fig. 6b) are between 30 and 70 kW/m2. There are differ-
ences for the windows attacked thermally during horizontal fire spread where
thermal gradients can change slightly. Flames affect Part 8 of the frame before
Part 5 (Fig. 6b) but the delay in such horizontal gradients is less than 1 min.

For the outer and inner faces of the window, the heat transfer coefficient (film
coefficient) is taken from the CFD simulation (see Fig. 8). As shown in Fig. 8, the
coefficient ranges between 10 and 15 WÆm-2ÆK-1 for the exposed side of the win-
dow, where the flow is turbulent, and is about 4 WÆm-2ÆK-1 at unexposed side of
the window.

In the window cavities, the flow is quasi-laminar, because of the slow air
motion. The value for the coefficient in the cavities is then set to 4 WÆm-2ÆK-1,
which is also emphasised in Eurocodes [47]. However, a sensitivity analysis on this
parameter is addressed in the next section.

3.3. Numerical Setup

The thermal simulations are set up in 2D, because the out-of-plane distribution of
boundary conditions applied at each part on window is uniform. Therefore, out-

Figure 6. Heat fluxes to which the outer face of windows were
exposed for all sections of the frame—Position of each window frame
section [34].
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of-plane heat flow is insignificant. This assumption is valid except for the junc-
tions of head jambs and side jambs of the window. However, this effect remains
local and out-of-scope of the current study.

As shown in Fig. 9, two layers of SURF151 elements are modelled and super-
posed on the exposed faces of the windows, to apply both heat flux and tempera-
ture conditions at the surface of the materials. The heat flux fields derived from
the FDS code [34] are applied to the first layer of surface elements. As the ther-
mal loads are given in terms of Gauge Heat Flux (GHF), ambient temperature is
also applied to the second layer of surface elements at their exposed face. The
unexposed face is modelled with surface layer elements to apply in-room (ambi-
ent) temperature conditions. The temperature of London city was approximately
16 �C at 00:50 AM on June, 14th 2017 [40]. In the absence of in-room and precise

Figure 7. Heat fluxes to which the outer face of windows were
exposed during vertical fire spread over the East face of Grenfell
Tower [36].

Figure 8. Evolution of the convective coefficient applied to the
exposed (a) and un-exposed (b) faces for all sections of the window
frame.
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external temperature data, the initial ambient temperature is fixed as 20 �C on
both sides of window.

Convective heat exchange and surface-to-surface radiation were modelled for
the cavities inside the frame. Air motion inside the cavities is ignored. Therefore,
the convection is modelled using link elements (LINK34) connected to a node,
which represents the cavity temperature. Convection element parameters are fixed
regarding exchange surfaces in the cavities. For these elements, the convection
exchange is defined as follows:

q ¼ hf A � E � Ti � Tj
� �

where q is the heat flow rate (WÆm-2), hf is the convective heat transfer coefficient

(film coefficient—WÆm-2ÆK-1), A is the element area (m2) and E is the empirical
convection term [37]. Ti is the temperature for the end node of the link at the sur-
face of the cavity. Tj is the bulk temperature in the cavity, which correspond to

the temperatures at the share nodes of all the links. The area of the link elements
is computed based on the participating area of the surface elements in the void
volume, which are connected to each link.

Figure 9. Boundary conditions applied to the thermal model of the
window and frame.
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3.4. Sensitivity Analysis of the Convective Exchanges Inside the Cavities

Classical finite element approaches are not adapted to model airflow where finite
volume approaches are used. However, some alternative approaches are used to
model the stationary airflow. As shown in the previous section, ANSYS convec-
tive LINK34 elements are used to model the convection mechanism of heat trans-
fer. In order to evaluate the computations, their results are compared with a
second thermal analysis performed using SURF151 elements for convection in the
cavities. In this analysis, the average temperature of the cavity is applied to the
bulk nodes before each step of the computations. Radiation and convection in the
cavities are computed at each time-step based on this temperature. The cavity
temperatures are compared for both models based on the inputs, heat fluxes and
film coefficients, applied to part 1 of the window (see in Figs. 6, 8). The analysis is
performed for 840 s. Figure 10 shows the comparison between these two set of
results. The Pearson correlation coefficient (PCC) is 0.986 and the relative error
(RE) between two set of results for 840 s of computation is of 1.3%.

PCC ¼ COV TM1; TM2ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Var TM1ð Þ:Var TM2ð Þ
p

RE ¼
P

i T
i
M1 � T i

M2

� �2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P

i T
i
M1

P

i T
i
M2

p

where TM1 and TM2 respectively represent the cavity temperatures for the computa-
tions from the model generating the convection in the cavities by LINK34 ele-

Figure 10. Comparison between the bulk temperatures for the
modelling of convection by LINK34 elements versus SURF151
elements in the cavities of the window frame.
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ments and the model generating the convection in the cavities by SURF151 ele-
ments.

This shows the slight impact of the elements used for the convective exchanges
on the temperature results.

A sensitivity analysis is performed for the convective coefficient in the cavities,
for window Part 1 (see in Fig. 6b). Heat fluxes and adapted exchange coefficients
are applied to the exposed faces (see in Figs. 6 and 8). Figure 11 presents the
average temperature in all cavities at 300 s, 600 s and 900 s. The computations
show that the variation of film coefficient in the cavities for this study may be
neglected. The average increase of the temperature in a cavity for an increase of
1 WÆm-2ÆK-1 of film coefficient is about 0.46 �C at 300 s and 1.08 �C at 900 s.

3.5. Thermal Analysis

Time-history temperatures are evaluated for all of the frame sides (Parts 1 to 8).
Temperatures at four locations A, B, C and D, located close to the polyamide
thermal breaks, are indicated in Fig. 12. Temperatures are up to 80 �C between
1.5 min (on Parts 4 and 8) and 2.5 min (on Part 3) of external fire exposure of the
polyamide thermal breaks, and up to 200 �C between 2 min (on Parts 4 and 8)
and 4.5 min (on Part 3) of exposure for all positions close to the external side.
This is consistent with the numerical observations in [34] where the external fire
breaks the left part of the window first. Therefore, the thermal failure of the win-
dow frame is expected before 5 min of external fire exposure. This is consistent
with the criterion of 4 min for the partial window failure considered in the fire
model [34].

The thermal fields at all sides of the window frame at 180 s (3 min) of fire expo-
sure are addressed in Fig. 13. The temperature is at about the melting point
(650 �C) at the exposed side of Parts 4, 7 and 8. The results show also that the

Figure 11. Average temperature in all cavities of the window frame
at 300 s, 600 s and 900 s.
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exposed side of the window has been melted at all parts except Part 3 before
about 4 min.

However, the failure time of the aluminium frame is defined as the instant at
which the temperature of the thermal break has reached its melting temperature,
as indicated in [15]. The failure of the window can also be due to additional
events, such as the softening and/or melting of the uPVC reveal liner when
exposed to heat from the external cladding fire, or to thermally-induced breakage
of the window glazing.

The results of the above thermal analysis (called thermal analysis type 1) of the
exposed face shows that the exposed side of window melted partially or totally at
about 3 min (for Parts 4 and 8), as the melting point of aluminium alloy 6060T6
is lower than 650 �C. The thermo-mechanical analysis in the next section, con-
firms that the external profile of the window frame may be removed after about
3 min (173 s), because of large deformations and failure of this side of window.

Figure 12. Temperature over time, evaluated at four locations (A, B,
C and D) in the window frame.
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The thermal heating of the internal profile of the window frame, in the above
model, is no longer valid after the failure of the outside section of the frame.

Therefore, a new thermal analysis was set up (called thermal analysis type 2).
The outside section of the window frame wall is deactivated. Surface boundary
elements and conductive elements are removed (so called killed) during the analy-
sis. Then, the new boundary surface elements are created (so called birth) on the
inner face of the internal profile at 3 min. The thermal fields for Part 8 of the win-
dow frame at 240 s of fire exposure are shown in Fig. 14. Figure 14a shows the
temperature field on internal profile of the window frame at 240 s, assuming that
the external profile resists thermal heating (thermal analysis type 1). The maxi-
mum temperature is lower than 90 �C for the inner profile of Part 8 at this time.
Figure 14b shows the temperature field of internal profile of the window frame at
240 s, assuming that the external profile fell away or melted at 3 min (thermal
analysis type 2). The temperature of the internal profile, when the external profile
has fallen away or melted, indicates that the internal profile may well melt or fall
away before 4 min (240 s).

As discussed previously, the external profile may stay in place for some window
parts until 4 min have elapsed, i.e. 1 min later than the time used for resetting the
thermal analysis type 2. Therefore, the window may survive until 5 min (300 s),
because the heating of the internal profile of the window may be delayed by about
1 min.

Figure 14. Temperature fields at 240 s of fire exposure for the inner
section of Part 8—(a) with external section in place (b) without the
external section.

Figure 13. Temperature fields for different locations in the window
frame at 180 s of fire exposure.

b
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Figure 15 shows the comparison between the temperatures at different points of
the window frame for the two types of thermal analysis described above. The tem-
perature is higher than the aluminium alloy melting point (with upper limit of
650 �C) at 180 s for point E for analysis type 1. However, the analysis type 2
assumes that the external profile of the window fails and the temperature at this
point does not increase anymore. On the contrary, the computations show that
the temperatures are higher after 180 s for points F, G and H. The results of ther-
mal analysis show that the failure of the internal profile of the window frame
occurs at about 4 min (250 s), because of aluminium alloy melting.

4. Structural Analysis of the Window Frame

4.1. Numerical Setup

The structural behaviour of the window frame when subjected to thermal loads
from the fire model is investigated. The thermomechanical model used is purely
non-linear because of geometrical, material and contact between the different sur-
faces.

The proposed structural model uses SHELL 181 elements. These elements are
compatible with layered structures and may produce the plate buckling effect dur-
ing the analysis. The frame cross section has been modelled with 56 nodes in
order to obtain an accurate shape and temperature distribution for the mechanical
analysis. The temperature of the aluminium frame at each position is mapped
from the thermal analysis.

The polyamide thermal breaks have not been modelled in the mechanical com-
putation due to their poor rigidity resistance compared with the aluminium alloy
at any temperature, and negligible fire performance. Although the polyamide has
good tensile strength at low temperatures (about 60–70 MPa), the rigidity of these
materials is generally low. As an example, the Young modulus of polyamide

Figure 15. Evolution of temperature at exposed and on exposed
side of frame part 1 at 600 s of fire exposure for two types of
thermal analysis.
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Nylon6 is about 160–300 MPa [48], which is less than 1% of Young modulus of
the aluminium alloy. The loss of thermal properties of polyamide materials occurs
close to 200 �C, which is a very low temperature compared with the temperature
at which the frame failure occurs. Therefore, the structural modelling of this mate-
rial does inform the failure mode.

The window structure comprises the frame, the casements, the solid walls and
the contact element between the walls and the frame. Both frame and casements
are modelled. The numerical model consists of the following element types
(Fig. 16):

� SHELL181 to model aluminium material;
� SOLID185 to model the semi-rigid part for the lateral studs;
� CONTA174 and TARG170 to model the contact surfaces between the frame

and the wall; and
� LINK180 used for the tilt-in window condition.

4.2. Boundary Conditions and Loads

Two opening configurations of the window casements are investigated, and consist
respectively of ‘‘closed’’ and ‘‘tilted-in’’ positions. The gravity load is represented
by a downward acceleration of g = 9.81 mÆs-2 in order to model the weight of
the aluminium. The weight of the double glazed unit is distributed uniformly in
the casement. Thus, the weight of the glass is applied uniformly over all sides of
the casements. The double glazed unit is not modelled in the structural analysis.
Indeed, it is difficult to imagine that its dilation would cause failure of the frame
because of its spatial positioning which is in the plane of the window. Further-

Figure 16. Details of the geometry for the structural analysis a
frame, b frame and casement contacts.
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more, additional dilation in the glass may cause the local fractures during the fire,
which would dissipate the dilatation forces.

The model boundary conditions and loads are summarised in Fig. 17.
Two nodes, one located on the frame and another one located on the casement,

which are along the line over the vertical jambs (for side hang) or horizontal jamb
(for bottom hang), are coupled and used to model the hinges. The coupling of the
nodes between the frame and the casement at the position of window hinges gen-
erates the closing condition for the closed window configuration. The closing con-
ditions are not implemented for the tilted-in window configuration. As the

Figure 17. Loads and boundary conditions for the closed (top) and
the tilted-in (bottom) opening configurations of the window.
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polyamide thermal break is not modelled, both sides of the casement are linked at
different points (two points on each jamb of casement) to generate the global sta-
bility of the numerical model. The boundary at the position of uPVC framing is
fixed in three principal directions.

The effect of wind on the window is neglected because the window is at the
East side of the building, while the wind was coming from SSW direction the
night of the fire [40]. The wind velocity was 4 kmÆhr-1 on June 14th 2017 between
mid-night and 06:00AM [40]. Note that the wind load does not exceed 1.5 N [49]
for the windows facing the wind, which are located in the south side of the build-
ing.

4.3. Thermo-Mechanical Analysis for the Closed Window

The thermomechanical modelling shows high deformation of the external profile
of the window at about 3 min (173 s).

Figure 18. Frame temperature (a), deformation (b), Von Mises stress
(c) and plastic equivalent stress (d) before the failure of the outer
frame at 173 s of fire exposure for the closed window configuration.
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Figure 18a gives the temperature of different Parts of window. These tempera-
tures are computed by 2D thermal analysis. The temperature is almost uniform
through the Aluminium thickness. The temperature fields are mapped from the
2D thermal model to the 3D mechanical model in 56 layers through the cross sec-
tions for each Part of the window. The temperature on the left side of the frame is
indeed lower than the one on the middle component. This is due to the presence
of the column located nearby the left part of the window. The vertical flames
venting out the lower flat window are impinging the façade above but are deviated
by the column having a triangular shape. The flames reattached to the column,
leading to lower temperature on the left side of the window that can be consid-
ered ‘‘shaded’’ while the flame attached along the column. Convective effects are
thus enhanced at this location. The vertical outer profiles of the frame are
deformed and may be detached from the rest of the structure because of the large
deflections as shown in Fig. 18b. The left side of the exposed frame plasticised
because of the thermal stress (Fig. 18c). Aluminium alloy’s yield stress decreases
at high temperature. The material resistance is totally removed at the bottom and
left side of the window (Fig. 18d). At this moment, the outer profile of the frame
detaches from the rest of the window and falls outward. The dynamic force due to
the weight of the outer profile and casement may lead to its outward failure.

Thus, even if a part of the window frame stays in place, the glass breakage is
almost certain at this moment, because it will fall out when the frame no longer
holds it in place.

If the external profile of the window collapses without pulling the whole win-
dow out, the inner profile will fail inward. The modelling results show the collapse
of the inner profile of the frame at about 4 min (238 s) of fire exposure. Figure 19
refers to the temperature, deformed shape, Von Mises stress and plastic equivalent
stress for the window before the collapse of the inner profile. The modelling yields
a maximum internal profile temperature of up to 600 �C when the failure occurs
for the external profile. At this time, almost all of the left side of the structure
plasticised, which leads the window collapse.

4.4. Thermo-Mechanical Analysis for the In-Tilt Window

The structure is set-up to simulate the window in a tilted-in state. For this config-
uration, the side turn casement is unlocked, in order to see the effect of its open-
ing on the failure.

Temperature loads are applied to all Parts of the window except the tilted case-
ment. The outer profile detaches from the rest of the window and falls outward
after approximately 3 min (174 s) of fire exposure. The failure mode of the outer
profile of the tilted-in configuration is the same as that of the closed window con-
figuration. The maximum temperature at failure time is about 610 �C on the cen-
tral vertical frame Parts (Parts 4 & 7). Figure 20 shows that the vertical frame
Parts are deformed and may be detached from the rest of the structure because of
the large deflections. The left side of the exposed frame plasticised because of the
thermal stress. However, the failure of the outer profile of the window does not
cause the failure toward outside because the weight of the tilted-in casement stabi-
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lizes the frame and prevents this mode of failure. Even if a part of the window
frame stays in place, the glass breakage is almost certain at this time, because of
the large deformation of the frame leading to mechanical stress, or because it will
fall out when the frame no longer holds it in place.

The inner profile will collapse inwards. Modelling shows that the window is
deformed and the side-hung casement opens toward inside at about 3.5 min
(203 s) of fire exposure. The opening of the side-hung casement, shown in Fig. 21,
may generate additional dynamic force on the window and create the complete
failure of the structure at this moment. This scenario may occur because the inter-
nal frame cannot resist horizontal loads after removing the external profile. How-
ever, the numerical model no longer converges at this point, because of large
deformation and numerical instability of the finite element solution.

The hypothesis of collapse due to the opening of the side-hung casement may
be rejected, because the temperature field evaluated for the internal profile at this

Figure 19. Frame temperature (a), deformation (b), Von Mises stress
(c) and plastic equivalent stress (d) before the failure of the inner
frame at 238 s of fire exposure for the closed window configuration.
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moment is not too high (about 270 �C) and the aluminium will still resist the
loads. In that case, the complete collapse of the window occurs at the melting
point of the window frame, at about 4 min.

Figure 20. Frame temperature (a) and deformation (b) before failure
of outer frame at 174 s of fire exposure for the in-tilt window
configuration.

Figure 21. Frame temperature (a) and deformation (b) before failure
of outer frame at 203 s of fire exposure for the tilted-in window
configuration.
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5. Comparison Between the Numerical Results
and the Observations of Window Failure During The
Disaster

The numerically modelled thermomechanical deformation of the window frames
are compared with observations after the real fire in Fig. 22. Partial failures of
windows are visible, with the external part of the frame detached from the win-
dow and falling outward. Large deflections of vertical or horizontal Parts of the
frame occurred during the Grenfell Tower disaster. The numerical model yields
the same behaviour, whatever the opening configuration of the window.

The results of the thermomechanical analysis for the window failure times are
collated in Table 4. The first failure of the window frame is observed after 3 min
of fire exposure and the frame falls toward the exterior. The complete failure of
window occurs at about 4 min. The last failure may be at about 5 min as the
heating is delayed about 1 min for some of the external profiles. However, even if

Figure 22. (a) Failure of window frame with outward fallout of the
external frame of windows, L. Bisby’s expert report [30], Fig. 109
and 110, p. 166, (b) outward failure of window frame evaluated
numerically for two opening configurations.
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a part of the window frame stays in place, the glass breakage is almost certain at
this moment, due to the large deformation of the frame leading to mechanical
stress, or because it will fall out when the frame no longer holds it in place.

6. Conclusion

The thermomechanical behaviour of the refurbished windows of the Grenfell
tower was investigated numerically. This analysis was based on a previous study
of the fire development from the initial apartment to those above it. The thermal
loads and heat transfer coefficients at windows assessed numerically in [34] are
used as boundary conditions in order to perform a thermal analysis of the win-
dow frame.

The thermal, and then thermomechanical behaviour of a typical window is
addressed for initially closed and initially tilted-in casement configurations to
analyse whether the window collapses inwards or outwards. Direct thermal analy-
sis is not relevant for the materials subject to failure or melting during the heat-
ing. Therefore, this analysis considers the failure of the external profile of the
window. Thermal and thermomechanical results show that the failure of the win-
dow is in accordance with observations of the real fire.

For both window casement opening configurations, the thermal melting of the
frame is expected between 3 and 4 min of exposure. The polyamide thermal
breaks close to the exposed side of the window frame melted between 2 and
4.5 min depending on their position. The failure of the external profile of the
frame is then expected between 3 and 4 min of exposure. The thermomechanical
analysis showed a strong deformation of the frame after 3 min of exposure. The
outer profile of the window is expected to be partially or totally damaged during
this time.

In the case of a closed casement, the outer face detached from the rest of the
window and failed outwards after about 3 min of fire exposure. At this time, the
dynamic force due to the weight of the outer profile of the frame may cause out-

Table 4
Summary of the window failure analysis

Window

position

Partial failure of exter-

nal frame profile

Total failure

Failure due to the dynamic force applied

from window’s connections

Failure due

material warm-

ing

Closed 3 min (toward outside) 3/4 min (toward outside) 4/5 min (toward

inside)

Tilted-in 3 min (toward outside) 3/4 min (external profile toward outside) 3.5/5 min (to-

ward inside)
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ward collapse if the assemblies between the frame and the supporting structure
remain strong. If the overall collapse of the window does not occur at the same
time as the collapse of its outer profile, the inner profile of the window fails
towards the interior at 4 min. In the case of an tilted-in casement, the outer pro-
file detached from the rest of the window and failed outwards after about 3 min
of fire exposure. However, it is unlikely that the failure of the outer profile of the
frame generated a complete outward collapse of the window. The distortion of the
remaining inner profile of the window and the casement promoted an inward fail-
ure. The opening of the small side-hung casement due to the action of fire is also
observed. Even if a part of the window frame stays in place, the glass breakage is
almost certain at this moment, due to the large deformation of the frame leading
to mechanical stress, or because it will fall out when the frame no longer holds it
in place.

The aim of the current study was to carry out a deeper investigation into the
thermal and thermo-mechanical behaviour of the Grenfell Tower windows during
the disaster, with an evaluation of the thermal criteria for window failure. The rel-
evance of the hypothesis used in the previous numerical studies for the reconstruc-
tion of the Grenfell fire [34, 37] was then shown. The influence of the initial
window casement position was also investigated to enhance the understanding of
the several failure modes (inward or outward fallout) of the window frames
observed after the fire event. The relation between the initial position of the win-
dow casement during the disaster (close, open, tilted-in) and its fallout mode was
investigated. Partial failure of windows is visible, with the external profile of the
frame detached from the window and falling outwards. The same behaviour was
visible from the numerical model, whatever the opening configuration of the win-
dow casement. The thermal and thermomechanical modelling results showed con-
sistency between the failure time of the windows and the failure time criterion of
4 min used in the fire development model.

Although several factors, happening simultaneously or as consequence of each
other, were involved in the Grenfell Tower fire, the lack of fire performance of the
windows is one of the main causes of massive fire re-entry from the external
façade to the apartments, even during the initial vertical fire spread over the
façade. Different casement opening configurations do not impact the time to fail-
ure of the frame. Thus, whatever the initial casement opening configuration, the
severe external fire loads would have led to the deformation of the frame followed
by its fallout within a few minutes, allowing flames and toxic smoke to enter the
different apartments [50-53].

As well as the investigation of the Grenfell Tower windows, this paper presents
two different ways of modelling convective effects in cavities, using the ANSYS
finite element model. The comparison between the results for both methods are in
a good agreement. The Pearson correlation coefficient between two models is of
0.986. Simulations also show that thermal heating through the cavities, during the
computation interval, is not strongly dependant on the film coefficient, as the vari-
ation of temperature in the cavities is quite low.
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