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Abstract

In a compartment fire, the breakage and possibleutaof a window glass has a
significant impact on the fire dynamics. The therrheeakage of glass depends on various
parameters such as glass type, edge shading, edigéisions and constraints on the glass. The
purpose of the present study is to investigate sofriee key parameters affecting the thermal
breakage of window glass in fire conditions usingeeently developed and validated computer
tool. Fallout is not within the scope of this stu@yfferent boundary conditions of the glass pane
(unconstrained and constrained) subjected to fadant heat are investigated. The analysis
shows that to prevent glass thermal breakage jntp®rtant to provide enough spacing between
the frame and glass pane to accommodate the thexpahsion, and constraints on the glass
structure should be avoided. The zones where thes gt likely to crack first are shown. The
study also quantifies the effects of glass edgeditions on its thermal breakage in fire
conditions; such analysis has not been reportetianiterature due to its complexity and the

statistical nature of edge flaws. The results shioat an ordinary float glass mostly used in



windows, with the “as-cut” edge condition would &kdater and is stronger than a ground edge
or polished edge glass for the scenarios investiyafhe study demonstrates how a predictive
tool could be employed for a better understandihthermal breakage of window glass in fires
and for design guidance.
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Nomenclature

A area (M)

>A  stress-area integral

c specific heat of glass (J/kg K)

E Young’s Modulus (N/rf)

Fo failure probability

H glass pane half height (m)

l spectral radiation intensity (WAsrjum)
l,,  blackbody spectral radiation intensity (W/sr/um)

K,  glass spectral absorption coefficient (1/m)

k glass thermal conductivity (W/mK)

L thickness of the glass pane (m)

m discrete direction in SDOM or Weibull modulus

Ng number of discrete directions in Spectral Discf@tdinates Method (SDOM)
Q global displacement vector

q element nodal displacement vector or heat fluxty/

0q,,, total radiative source term (Wijn



SN discrete ordinates method of order N
S width of glass shaded edge (m)
T temperature (K)

t time (s)

w weight of discrete direction m in SDOM

X, Y, z cartesian coordinates (m)

Greek symbols

o absorptivity of glass or coefficient of linear exysion (1/K)

B coefficient of thermal expansion (1/K)

% shear strain

A difference

€ emissivity of glass or strain

0 polar angle between direction of radiation intgnaitd normal to surface (rad)

A wavelength of radiatiorum)

M, &, n direction cosines in SDOM

p reflectivity or density (kg/rf)

o stress (N/rf)

omax Maximum tensile stress (Nfn

onom Nominal stress (N/fM

,  unitof area strength (Nfn

al

61 2.3 principal stresses (Nfn

T transmissivity of glass or shear stress (fj/m



A

Q radiation angular direction

Subscripts
g relative to the glass

m discrete direction in SDOM
A spectral

Abbreviations

Glaz3D Kingston University 3D Cartesian Glazingrhal breakage code
SDOM Spectral Discrete Ordinates Method (radratidel)
1. Introduction

The understanding of glass fracture or breakagehamsm is important in many
disciplines including building design, fire safetggineering, glass manufacturing and forensic
science. For the latter application, McJunkins &hdrnton [1] have presented a good review of
how examination of glass fracture patterns are usedid criminal investigation in bullets-
caused fractures of annealed window glass.

Another cause of window glass fracture in buildirgggthermally induced stress, resulting
from the uneven heating of glass by exposure tars@diation, fire or intense radiant heat.
Thermal fracture by solar radiation has been wallied and reported in the literature for single
pane and double glazed windows [2, 3]. For clantyhe terminology, in the present article,
fracture, breakage or cracking refer to the ocaoweeof single or multiple cracks in the glass,
with the glass still fully in place in the framedano new vent opened. Fallout refers to post-
fracture situations where a new vent is created @sult of glass pieces or the whole glass pane

falling out of the frame.



Exposure of a window glass to fire or intense nadiaeat in building compartments
could also cause the uneven heating of window gladssubsequent thermal breakage. Thermal
fracture of glass in fire conditions before fallasithe scope of the present study. There is glearl
some similarity between glass breakage in solar faedconditions. However in fires, the
physics of the problem is more complex due to §eadhics of the fire that needs to be modelled
and coupled with the glass behaviour. Also in fitee level of heat fluxes that directly affects
breakage, is significantly higher than in solarljeons where radiation is typically less than 1.4
kW/m? In fire safety, the need for more research ondwim glass breakage in fires was first
highlighted by Emmons [4]. The only study then dre ttopic reported in [4] was the
experimental work carried out at Harvard by sulijectvindow glass to intense radiant heat [5].
Pagni [6] followed up by making an analogy betwgtass fracture in fires and ice crackifig:
window glass breaks in fire for the same reason #mice cube cracks when placed in liquid.
Thermal expansion places the cooler portion ini@msThe exposed window heats and expands
placing its cooler shaded edge in tension untitriacks at a small defect’”An overview of
theoretical and experimental studies on glass thkebneakage is presented in the literature [7-9].

To study thermal fracture of window glass in conpents (e.g. rooms, enclosure) fires,
two main physical processes which are related ¢b ether should be considered. The first is the
heat transferred by radiation and convection frdra fire source and the hot combustion
products to the glass; radiation remaining the dami mode of heat transfer in a fire
environment. The second process is the mechartreassdistribution and glass fracture. Most
theoretical studies on glass fracture in fire aygtions were concerned with improving heat
transfer models, i.e. the first physical processvabmentioned. It is worth noting that the glass

fracture’s criterion employed in all these studimsframed glass in fire environment is based on



Pagni’s criterion [6] which states that glass fuaetoccurs when the temperature increase in an
exposed portion of the glass is sufficient to irelacpre-determined fracture (failure) stress in
the shaded framed edge. An accurate modeling dftteesfer is therefore important for a good
prediction of the temperature field using the ege¥guation, and the subsequent calculation of
thermal stresses and initial fracture time. Cuazihd Pagni [10] carried out a good review of
existing heat transfer models for glazing in firevieonment. Keski-Rahkonen [11] presented a
heat transfer model with linearized radiation bamydconditions to calculate the temperature
and thermal stress fields. The author also esteddis deterministic criterion for fracture’s stress
in the formo~AT whereAT is the temperature difference between the hettposed area and
the colder edge of the glass. A theoretical valuATo=80°C is reported for initial fracture and
cracks [11]. Further theoretical studies were prese by Pagni and Joshi for a more accurate
calculation of heat transferred and temperaturkl fie the glass and the time of first crack
occurrence [12, 13]. To handle the non-linear f@ahaboundary conditions which contain terms
with temperature to the power 4, a Laplace tramsforethod is proposed to obtain the transient
temperature field [12, 13]. Sincaglia and Barné#t][developed a glass fracture model with
emphasis on radiation wavelength dependence whiah implemented in the zone type
computer code Branzfire by Parry et al. [15]. Delabet al. [16] developed an advanced
radiation heat transfer model, based on a Spebisarete Ordinates Method (SDOM) which
addressed some limitations of literature model® odel is spectral since glass is a spectrally
selective material that absorbs, reflects and mnéissradiation within specific wavelengths. It
accounts for the diffuse nature of the radiatiotidant on the glass pane and provides a better
handling of boundary conditions such as exterioesf radiation due to its formulation.

Validation results of the one-dimensional radiatadel (referred to as 1D-SDOM) have been



presented in terms of temperature distributiorhanglass and the time to first crack’s occurence
based on Pagni’s deterministic criterion [16]. Timdate the dynamic interaction between the
fire and the glazing system in a compartment, geetsal radiation model was coupled with the
Computational Fluid Dynamics (CFD) code Fire DynesnSimulator (FDS 5.0) developed at
the National Institute of Standards and Technol@J¥ST) [17]. Successful validation and
application results of the coupled tool, referre@ds FDS-1D-SDOM, were presented in [18].

For thermal breakage in fire conditions, few stadirave however investigated thermal
stresses i.e. the second physical process abovéomesh This is understandable if Pagni’s
deterministic criterion is to be employed to ca#talthe fracture time since the temperature
(determined from heat transfer calculations) is thest important parameter. However this
widely used criterion has two major limitationsrdfly it was developed for a uniform exposure
of the glass pane to fire, which is not the caserfany real compartment fire scenarios where
the glass may be subjected to heat flux from aupger layer and cooler lower layer (non-
uniform heating) [19]. Secondly the Pagni’s deteristic criterion does not account for some
real physical parameters of the glass such as edgelitions resulting from the glass
manufacturing or when it is cut to size or furthgocessed. These parameters which are of
statistical or probabilistic nature have a stramituence on the glass fracture and are difficult to
account for without investigating the thermal stréigld. Moreover, the location of the first
cracks in the glass pane could only be predictech fa detailed stress analysis. Keski-Rahkonen
[11] was the first to carry out some analysis agrtinal stress fields in a long strip window under
fire conditions, using the 2D thin plate approxiimat(no stresses in the direction of glass
thickness) and assuming no temperature gradienssdthe thickness of the glass. It is reported

that stresses build up in the coldest parts ofgaees [11]. Chow and Gao [20] did some



thorough thermal stress analysis to understanéfteet of non-uniform temperature distribution

on the glass surface in fire conditions. The awhased the experimental non-uniform
temperature data from [19] to derive vertical terapge profiles, which were then employed to
calculate the stresses on the glass pane forelifféroundary conditions. Tofilo and Delichatsios
[21] carried out some 2D analytical and numeridarinal stress analysis to quantify the
significance of the bridling from axial elongati@nd the flexing stresses in calculating the
maximum thermal stresses in compartment fires.sthéy shows some limitations of the simple
glass breakage criterion in [11] and highlights tleed for more thorough stress calculations.
More recently Dembele et al. [22] coupled a threeemhsional thermal stress and a failure
probability model with the 3D-SDOM model developbg the same authors. The failure

probability model is an alternative to Pagni’'s detaistic criterion. Some preliminary

validation results of the combined tool, referredas “Glaz3D” were presented in [22] for some
simple scenarios by comparing (i) the temperatacesdresses predicted to ANSYS [23] and (ii)
the time of first crack occurrence to some expentaledata available in the literature. The
verifications and validations studies show that teenperatures and time of first crack’s

occurrence predicted with Glaz3D are in relativglyod agreement with most comparative
experimental data [22]. These results are not tedda the present study and the aim is not to
validate Glaz3D but to employ it as a tool to exelfurther the stress, strain distributions and
other parameters such as edge conditions and lgtasslary conditions, for design guidance.
Unlike most studies presented in the literatureedam the 2D thin plate approximation, Glaz3D
predicts the 3D thermal stress-strains distribtidior a dynamic simulation of the fire and glass

behaviour, Glaz3D was coupled with FDS and theltiegutool referred to as Glaz3D-FDS [22].



Many parameters such as edge shading affect themahéreakage of glass in fires. In
addition to shading, the way the glass is consthiiboundary conditions) has a strong influence
which is explored in the current study. Edge caaditis another key parameter that strongly
influences glass thermal breakage in fires. Althoitgis well established that glass fracture
initiates at an edge defect [6], there is hardly study in the literature to analyze and quantify
the effect of the edge conditions on glass thedone@akage in fire conditions. This knowledge
gap on edge conditions effects was underlined byséfa et al. [7]. The most common way of
describing the distribution of flaws, which are siatistical nature, is the Weibull probability
model [24] which was implemented in Glaz3D. An gs@ is carried out in the present study to
guantify the effect of different glass edge comuhifi (as cut, grounded, polished) on the failure of
window glass in typical fire conditions.

The overall objective of the present study is t@estigate in more detail some important
parameters such as edge conditions and boundamjitioms which affect the breakage of
window glass in typical compartment fires condiiand to provide some design guidance. The
recently developed tool Glaz3D is employed fordhalysis. The quantification of the effects of
edge conditions on glass thermal breakage in ra@s, fhas never been reported in the literature
to the best of the authors’ knowledge. The studp @lemonstrates how a predictive tool could
assist in a better understanding of window glasakage and for safety design in buildings.

2. Theoretical analysis

The reader may refer to reference [22] for a dedailescription of the modelling
approach adopted in Glaz3D. Only the main equatayesrecalled here. Glaz3D is structured

around the following 3D sub-models: a spectral rdigcordinates radiation model (3D-SDOM),



conduction heat transfer, thermal stress modelandeibull probability of failure model for
glass fracture.
2.1 Spectral discrete ordinates radiation model (30M)

A typical window glass assembly in a room fire smém is shown in Fig. 1 [12]. The
glass edges are framed and the remaining surfaes are either directly exposed to heat from
the fire sources and combustion products or exptsagnbient. It is assumed that the speed of
temperature waves is much lower than that of stigages [11]. Therefore the transient
temperature field, T(x,y,z,t), in the glass istficalculated, then the thermal stress and theré&ilu
probability are solved. For a 3D Cartesian geomdtrg temperature is determined from the

energy equation:

2 2 2
pCaT(x,y,z,t) i 0 T(x,g/,z,t)+6 T(x,z/,z,t)+6 T(x,g/,z,t)
ot 0X oy 0z

j ~ 004 (X,Y,2) (1)

The first terms in bracket on the right-hand siB&l§) of Eqg. (1) represent the conductive heat

flux in the glass determined from Fourier's Law.eTeecond term[q,,,, the total radiative

source term or divergence of the net radiative Hieet vector, characterizes the net total
radiative energy emitted or absorbed by the glassupit time and per unit volume over all

wavelengthsq,,, could be positive or negative depending on whetheiglass is a net emitter

or absorber (see Eq.(4) below). For an accurataileion of temperatures and thermal stresses,

Oq,,, Should be evaluated accurately. This source teroaliculated in the present study from

the spectral discrete ordinates method (SDOM) destrbelow. A major advantage of the
SDOM is that it is spectral i.e. wavelength dependglass is a spectrally selective material) and
account for the diffuse nature of thermal radiatimm the fire and hot combustion gases (i.e.

radiation from all directions is considered).



The 3D Spectral Radiative Transfer Equation (SRTiE)an absorbing and emitting, non

scattering medium such as glass is:

ol (x, y,z,t,f)) ol (xy,zt, f)) al, (x, y,z,t,f)) ~
+ + =K, [, Xy,zt)- L (X,y,2,1,Q 2
H v € oy n P Ml %Y.z~ b (xy,21,Q) )
The fundamental quantity in the SRTE, which needbé resolved is the spectral radiation

intensity, ), which is function of the spatial location (x,yand the angular directiof (W,EN).

It is defined as the amount of radiative energy slifEeaming through a unit area perpendicular to

the direction of propagatiofﬂ (1,&,A), per unit solid angle, per unit wavelength, peit time:

L (%,Y,2t,Q) = { d&; 3)

dAco9dQdtch

:|Iim dA,dQ dtdh -0

Once the spectral intensity field, Is resolved, the total radiative source termaisudated as:

=47, Kyl =[ K[ 1,d0),dh (@)

all A

Eq. (4) shows that an integration is needed ovesddid angles @ over the entire spherical
space (# steradians). This is achieved in Glaz3D with theciete Ordinates Method [25]. The
technique is based on the separation of the angatmndencefe) from the spatial dependence
(x,y,z) of the intensity in the SRTE by selectinget of discrete directions spanning in the
angular range of # (quadrature scheme) with appropriate weights. dingular directions are

chosen such that the products of the angular drecand their weights satisfy certain full-range

and half-range moment constraints. For each d'esdieebctionf)m , EQ. (2) becomes:

al o, (X,y,z1) +E al .\ (X,y,z1) n al .\ (X,y,z1)

m 6X m ay m GZ = K}\ lb)\ (X’y!zlt)_lm)\ (X,y,Z,t)

(5)



Eq. (5) is integrated over each control volume,hwétppropriate boundary conditions, to
determine the local intensity fieldi ., . Each discrete directioﬁ)m is fixed by its direction
cosinedMm,ém ;Am) and weights w. For an § scheme (angular segmentation), the total number

of discrete ordinates intdsteradian spherical space igeNIx(N+2). The sets of directions and

weights are completely invariant after any rotatidr®0° and satisfy the zeroth, first and second

moments:
Ny Ny N, ATT
W, =4m 2 Wik, =0 2 Wm“?n - (6)
m=1 m=1 m=1 3

Table 1 presents the directions cosines and quadrateights of the &Squadrature scheme for
1/8 th of a spherical space adopted for the premealysis [25]. These data are used in Eq. (5).
There are 8x6=48 discrete ordinates in the tothtl smgle of 4t The § scheme provides
intensity solutions that do not vary significantishen higher orders (e.gg)Sare used at the
expense or higher computing times. The maximuntiveladifferences between temperatures
predicted by §and $ are within 1% whereas the latter requires 64 dissrordinates i.e. 1.33
times the number of directions used far 8 therefore offers a good compromise between
accuracy and computing effort. The glass spectyabigtion coefficients used in the study are
given in Fig. 2 [26]. Once the radiation intenditgld is calculated, the total radiative source

term, Oq,,,, used in Eq. (1) is calculated as:
N,
quad: > K)\ 4mb)\ - z Wm“m‘am‘lm)\ (7)
all A meL

The spectral range Opim to 100um is used in the integration for total quantitieshe present
study.

2.2. Thermal stress and probability of failure



The thermal stress model adopted in Glaz3D is basethe potential energy and the
Galerkin finite element approaches [27]. It hasnbadapted and validated for thermal loads
relevant to glass by the present authors [22]. @dtential energy and Galerkin approaches yield
the set of equations:

KQ=F ©)
where Q is the global displacement vector, K tifénsss matrix and F a global matrix.
The calculation of the stress and strain valuesbsaperformed once Eq. (8) is solved and the

results of the global displacement, Q, and elemedal displacements, q, are obtained.

The elements normal and shear strams[sx,Ey,EZ,VyZ,VXZ,ny]T, and normal and shear stresses

o= [ox,oy,crz,r IXY]T vectors in the glass can be obtained from:

yz1 U
e=Bgando=De=DBq 9
where D is the material matrix and B a (6x12) mxgi7].

Once the temperature field in the glass is caledldtom Eg. (1), if the glass temperature

changes bAT(x,y,z) with respect to the initial state, thertihal stresses can be calculated by:

0=D(e-¢,) (10)
whereg, =[aAT, AT, aA T,0,0,0"

After the normal and shear stresses and strainsbdéaened, the principal stresqes, 0, andos),
principal strains could be calculated. A quant#&jled the equivalent stress or Von Mises stress,

ovm, IS commonly used in solid mechanics for materidiifa:

Oym = \/% [(01 _02)2 +(0, _03)2 +(0, _01)2] (11)



Pagni's widely used glass fracture deterministitedon [6] states that glass fracture
occurs when the temperature increase in an exgusdéidn of the glass is sufficient to induce a

pre-determined fracture (failure) stress in thenked shaded edge:

AT =T

exp osed -

o
Tframed edge 2 (1 +s/H ) ELEE (12)

Where T,,...q IS the averaged temperature of the exposed andal;g, .q.q. the temperature of

expose
the framed glass edge. The advantage of this iontes its simplicity and it yields relatively
good initial fracture time under some conditionswéver it has limitations: (i) it was developed
for a uniform exposure of the glass pane to firath@) it does not include the effect of the edge
conditions which strongly influence fracture. As aternative to the criterion Eq. (12) and to
account for the many variable parameters in glasgure such as edge conditions, a probability
of failure model based on Weibull distribution icorporated in Glaz3D. The model calculates
the probability of the glass material failure doghiermal and load stresses. The general form of

the failure probability, f; of the glass is expressed as [28]:

F =1—ex{—[0”°m] r(1+ 1) A ZA} (13)
0, m/ A,

where m is the Weibull modulug),, the strength of a specimen of unit areg #&hd A the
stress-area integral.

Thel' gamma functiois calculated from Eq. (14):
m

r(1+ ij = 0.5685+1.0937e %% +0.35898 ¥ + 009222 %" (14)

The maximum principal stress value in the glasseparassigned to the nominal stregsy, in

Eqg. (13). The stress-area integral is expressed as:



_19 0, i g, i O3 i
ZA_N;{(GHOWIJ +(0nomj +(0nomj } (15)

Where N is the number of nodes, aog o0,, 03 are the principal stresses calculated by the
thermal stress model. Egs. (13)-(14) are used termée the probability of failure of the glass
surface and the edge elements.

The overall failure probability (OFP) of a glassfage consisting of k elements is calculated as:

OFP= (1= F, JA=Fyp)ererrennes @-F,) (16)

It is important to note that the values of the WidiModulus, m, and unit of area strengt®,,

are different for each type of glass and edge d¢mmdi. The values employed in the present
study were obtained from a compilation of fire itegtexperimental data by Pilkington [29] for
ordinary glass and different edge conditions (as-gwund, and ground and polished). An
analysis is carried out in the present study onetfiect of edge conditions on glass thermal
breakage in fire conditions. Fig. 3 shows the défe types of edge conditions investigated and
Table 2 presents the Weibull Modulus and unit ebastrength values for ordinary glass used in
the probability of failure model [29].
3. Results and discussions
3.1. Effect of boundary conditions on thermal streses and strains distribution in glass
exposed to fire radiant heat
In this section Glaz3D is employed to investigamtemore detail the effect of various
boundary conditions on the thermal stresses arainstfor a typical ordinary window glass
subjected to fire radiant heat. This analysis ipartant not only to further verify the code but
also for a better understanding of how these variparameters affect the breakage in fire

conditions. The results may also serve as verifinatlata for other researchers undertaking



similar studies in the future as there is hardly smch data in the literature for fire applications
Experimental data in the literature for glazindire conditions are mostly the time for first crack
occurrence and the glass surfaces temperaturez3@laas successfully validated against such
data [22]. The thermal stress profiles were satisféy validated against ANSYS software for
simulations without the radiative source term Eq.which is not accounted for by ANSYS due
to its complexity. One of the main advantages @&z3D is that it computes more accurately this
radiative source term, which directly affects temperature and the thermal stresses and strains.
However there is hardly any experimental data &aited stress and strain distributions over the
whole glass pane for fire applications.

The scenario adopted in the present study to exathi@ three boundary conditions is
inspired from some experimental studies of glaseepasubjected to radiant heat fluxes
characteristic of fires [30-32]. In compartmenefgcenarios radiant heat transfer is the dominant
mode of heat transfer. In [30] the radiant heax fin the experiments ranged from 3 to 10
kW/m?, and in [31] from 2 to 16 kW/fn For ordinary float glass breakage in fire coruis,
Mowrer [31] quoted a minimum heat flux from 4 tk®//m?. It is worth noting that no detailed
stresses or strains distribution in the whole gleas measured by these authors [30-32]. A non-
shaded glass, not constrained at the edges, uhyff¢reated does not break because the thermal
expansion is uniform [4]. In real situations howetree window glass is framed and therefore the
edges are shaded as in Fig. 1. The scenario coegidebased on a single window ordinary float
glass pane shaded at the edges, and subjectathtfoan radiant heat flux of 6.7 kW/on one
side (exposed side). Such heat flux value was tigated in [30] and is higher than the
minimum heat for breakage for ordinary glass 4 k\@/m?® [31, 32]. It provides a good

representation of the heat flux for analysis of gi@ss behaviour. Ordinary soda—lime—silica



glass is the most common type of glass used imiogs and accounts for more than 90% of all
the glasses made today. Its general weight com@ositith minor variations is 74% silica
(Si0y), 16% soda (N®), 10% lime (CaO) [33].

The ordinary glass dimensions for the analysis @iiekness L=3mm, 300 mm width, 300 mm
height and s=15mm (shaded edge width). The edgeiteamis the same (as cut) and the three
boundary conditions studied, which are encountergulactice, are (a) unconstrained glass pane,
(b) glass pane constrained in the four corners(endlass pane fully constrained at the bottom
shaded edge. For all three conditions, the glagesdre shaded. For simulations with Glaz3D,
the following data are used: E=73 GN/r$=8.75x10° K, a=4.6x10" (coefficient of linear
expansion) and k=0.95 W/mK. After a mesh sensjtid@halysis, meshes of 2312 elements
[34(Y)*34(2)*2(X)] are employed as they provide aaqy compromise between accuracy and
computing effort.

Fig. 4 shows the temperature distribution on tkposed glass surface 140s after
exposure to the radiant heat of 6.7 k\i/im the figure, “Temp” denotes the temperaturee Th
imposed radiant heat is used as a boundary conditicsolve the spectral radiative transfer
equation Eg. (2) and determine the radiative sotexa in Eq.(4). This temperature distribution
is then calculated from the energy equation, Eqi) applied to all three boundary conditions.
The exposed side would correspond to the fire Bida real compartment fire scenario. This
exposure time (140s) corresponds approximatelyhéotiime of first crack occurrence in the
unconstrained glass [30]. The initial temperatuire¢he glass is 300K. The temperature on the
exposed area of the glass as shown in Fig. 4 &, idfreases to about 400K in the exposed
unshaded area of the glass. In comparison the tatope in the shaded edges increases only by

a maximum of 20C to 320K. The temperature difference between #wdral area and edge is



about 80°C and consistent with breakage temperature repdtéel3]. The non-uniform
temperature gradient distributions resulting fréva €dge shading induce non-uniform expansion
and thermal stresses in the glass. As shown in %agc, for the unconstrained boundary
condition (a), the central part of the glass tetaddeform slightly towards the side exposed to
radiant heat. The figure presents qualitativelyttiree sequences of the glass pane deformation
at the initial time of heating (Fig. 5a), intermatdi time of 70s (Fig. 5b) and final time of 140s
(Fig. 5c), as predicted with Glaz3D. An analysis tbé temperatures of the exposed and
unexposed surfaces shows a maximum difference mfitaBC between the two surfaces. This
temperature gradient across the glass thicknesglfvig neglected in most studies) causes the
thermal bending as shown in the simulations, Fégc5The results confirm the effects of thermal
bending on the stress distributions as underlimdome studies [20]. Although this thermal
bending may not be important as glass is a bnittigerial, for accuracy its effect should be
accounted for as in Glaz3D which is three-dimersioft is worth noting that for a typical
compartment fire, the onset of flashover would espond to ceiling gas temperature of about
500°C (773K), above the 400K for ordinary glass breakagentioned for the scenario
investigated here. Glass breakage would therefikedyloccur well before the onset of flashover
in the room.

Figs. 6a-c show the normal stressin Y direction for the three boundary conditiondaand c.

In the figures, 'Sy' denotes the normal stresgeisor the unconstrained glass pane, scenario a, in
Fig. 6.a, the glass is in tension in all four ed{@ssitive stresses) and in compression in the
central area (negative stresses) — this is thét @fsthe temperature gradient in the glass and the
boundary conditions. The maximum normal tensilessteso, (53.4 MN/nf) are located at the

top and bottom edges. For boundary condition bsgtmnstrained in four corners) the maximum



tensile zones are located at the top and bottonesdgd also in the two lateral edges. The
tensile stress increases in the lateral edges atleet corners constraints, also the glass pane
shows a high compression near the constrained sprae shown in Fig.6b. The central zone is
also in compression. For boundary condition ¢ @fzne fully constrained at the bottom shaded
area), as shown in Fig. 6.c, the glass is in tensicthe y direction at the top edge where the
maximum tensile stresses are located. The bottaye exlin compression because as the glass
pane tries to expand, it is restrained by the camstd bottom edges generating a compression.
The central area is still in compression.

The normal strainsy for the three boundary conditions are presentdeiga. 7a-c. 'Ey' denotes
the normal straing,. The strain profiles predicted with Glaz3D is dstent with the stress
behavior described in Figs. 6a-c. Fig.7a showsttieglass pane expands in the y direction at all
four edges (positive strains) for boundary conditaa However for condition b (Fig. 7b) the
glass pane expansion is restrained by the consttadges generating small areas of maximum
compression where the glass shrinks (negativensjtaiFor the boundary condition ¢ shown in
Fig.7c, the glass pane has a compression zoneahete the bottom shaded area and an
expansion zone on the top edge.

For the three boundary conditions, similar behaviguobtained in the Z directions for the
stresses and straimg ande; (not presented here for manuscript length comgghi A simple
calculations with Hook’s Law and the input datarafoentioned show that at breakage (first
crack occurrence) the breakage stress is arouNBth? and the corresponding breakage strain
6.8*10* for the temperature profile used (Fig. 4) for timeconstrained glass. Figs.6a and 7a
show similar levels of stress and strains for maximvalues which are consistent with literature

[12]. As in practice the window glass is framedpttiain the unconstrained boundary condition



a, the spacing between the frame and the glassstagedd accommodate an expansion of about
0.068% (6.8*10). The maximum expansion strain in Fig. 7b (3.25%.6 lower than the
maximum values in Fig. 7a (6.4*fp which is consistent with expectations for bourydar
condition b. One advantage of the detailed stres$ysis is the possibility to map the areas of
maximum stress where initial fracture is likely ¢@cur. Rather than presenting the three
principal stresses for the three boundary condstidnis more convenient to show the equivalent
tensile stress or Von Mises stressegu) which represents the equivalent tensile stress th
material is subjected to by combining all threenpipal stresses. From its definition Eq. (11) it is
a positive quantity (i.e. tensile stress) and ptesia good indication of the overall stress and the
locations of the maximum equivalent tensile stressehe glass where the initial fractures could
occur (although the concept is strictly applicableuctile materials) [34, 35]. Figs. 8a-c present
the equivalent stresses for the three boundaryitonsl ‘VM’ denotes the Von-Mises stress
The most relevant information to read from the gsapre the areas of maximum equivalent
stresses where the glass will initially crack. Rbe unconstrained glass pane (boundary
condition a), as shown in Fig. 8a, the maximum itenstress (~49MN/R) is located at the
edges. The initial cracks will occur at an edgesdsf at these locations. Notice that as equivalent
stresses are positive quantities the stresse®ineitral zone (in compression) are positive. For
the glass pane constrained at the corners (conditjothe maximum equivalent stresses are
located on the border of the constrained aredwstrated in Fig. 8b - initial cracks will occur at
any flaw in these areas. The maximum stressegi8ll-are much higher than the unconstrained
case Fig.8a (indicating that cracking will occurliea than in condition a). For condition c (Fig.

8c), the maximum equivalent stresses are locatadthe bottom shaded area and the edges.



The analysis clearly shows that to prevent gladsiréa as a design guidance, it is
important to provide enough spacing between thedrand glass pane, and avoid constraints on
the glass structure. Additional constraints on dgeeshaded window glass will lead to higher
stress levels and earlier breakage compared to ramonstrained case. The study also
demonstrates how the combination of accurate rnadid&eat transfer modeling and stress could
help identify and map out the locations of init@kcks in the glass in fire conditions for
different boundary constraints. The results presstrdould also serve for model verifications
purposes to other researchers working on therraelure of glass in fires.

3.2. Influence of edge conditions on the probabiijtof failure of a glass pane exposed to

fire radiant heat

The analysis carried out in section 3.1 showsahainconstrained, framed window glass
pane subjected to typical fire radiant heat will@lep maximum tensile stresses at the edges.
This is consistent with the findings in literaty8]. Since breakage usually occur at an edge
defect, the edge condition which is of probabilistiature, is critical to the initial cracks
prediction. Although it is widely acknowledged thhe quality of the edge finish do influence
glass breakage, there is hardly any literatureissutb quantify this effect in fire conditions.
Ordinary float glass is the most common type osglased in windows. In this section, Glaz3D
is employed to investigate the overall failure @bitity of an ordinary window float glass pane
subjected to typical fire radiant heat for threffedlent edge conditions commonly used by glass
manufacturers: (a) as-cut edge, (b) ground edgg@nground and polished edge (Fig. 3). For
edge condition a, the glass edges are as cut bareuwtith no further processing, they are sharp.
For edge condition b the edge has a diamond smagiblished finish (ground not polished).

The edges are fine polished (ground and polished)dndition (c) — this condition will be



referred to as polished edge. The latter two edgeliions therefore require further processing
which will impact on edge flaws and strength.

For the study, the ordinary float glass dimensiares thickness L=3mm, 500 mm width, 500
mm height and s=15mm (shaded edge width). It igestdd to a uniform radiant heat flux of 9.1
kW/m?on one side. A similar scenario was investigatedibsada et al. [30]. Fig. 9 presents the
overall failure probability (OFP) of the glass adated with Glaz3D using Eq.(16) for the three
edge conditions. As the exposure time of the diasadiant heat increases, the OFP also rises as
a result of the temperature rise in the centralezdfig.9 shows that to reach a given failure
probability (OFP), the “as-cut” edge takes longeretthan the “ground” and “polished” edges.
The glass has a 100% probability of breaking (\egh risk) after 98s for the “polished edge”,
112s for the ground edge and 160s for the “as-edge. Fig.9 clearly shows that the ordinary
glass pane with an edge condition “polished” wikdk earlier than one with edge condition “as-
cut”. An explanation to this is the extra procegstarried out on the ground and polished edge
glasses, which increase the risk of introducingenftaws at the edge where the glass is likely to
break. An OFP of 50% is generally accepted as @ gudication of the initial crack occurrence
time in the glass pane — meaning there is 50%ofigitass fracture at that particular time. In the
experiments of Harada et al. [30] a similar scenaras investigated with ordinary float glass
with “as-cut” edge. For a radiant heat of 9.1 k\W/the time to initial crack was about 90s [30].
Table 3 shows the probability of the first craclcacence considering OFPs of 50%, 75 and
100%. The ground and polished edges were not erpatally investigated. The 50% OFP
predicted with the model for the “as-cut” edge (98grees relatively well with the experimental
data (90s). The findings confirm what is acceptethe glass industry that clean as-cut edges are

generally considered to be the strongest edgertiinary monolithic single pane glass.The study



shows how the model could be employed for desigdagee to quantify and predict the risk of
glass fracture for a particular edge condition. ISanalysis including the edge would not be
feasible with the deterministic approach for ins&an
4. Conclusions

Thermal breakage of window glass in typical firendibions were investigated for
different boundary conditions. A recently developednputer tool whose models are presented
is employed for the simulations. The detailed sieesand strains distribution in the glass panes,
and the locations of possible cracks locationspaesented for unconstrained and constrained
glass panes boundary conditions. The study shoifdha shaded edge glass, to minimize the
risk of glass failure and increase the time totfiesack occurrence, the glass should be
unconstrained with enough space between the glase pnd frame. The effect of edge
conditions on the probability of failure of ordiyafloat glass, was also studied. Three edge
conditions were considered: as-cut edge, ground add polished edge. The analysis shows that
the “as-cut” edge is stronger and fails later ttr@nground and polished edges for the scenarios
investigated. The computer tool employed could/esdor design purposes. The work and
models presented can also be the basis for fuewelopbment of glass fallout models, which
would require a more accurate prediction of thet firack time and location taking into account
the influence of edge conditions. There is a neednore experiment data for detailed stress and
strains in multiple locations in the glass pane aunfire conditions. Such data, although
challenging to obtain, may provide validation dimiamodels. The results presented here may in
that sense also serve as comparative data for mdkearchers. The analysis was limited in the
study to ordinary float glass which is the most ocmon type of glass used for window glasses.

However, the approach could account for the edgmlitions in the probability of failure of



other type of glass (tempered or toughened glassinhted glass etc...) provided the Weibull

modulus and unit of area are pre-determined.
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FIGURE CAPTIONS

Typical window glass system [12].

Spectral absorption coefficient of window glas§][2

Glass edge conditions studied.

Predicted temperature (K) distribution in the glpane for an incident heat flux of

6.7 KW/m?.

5a-b-cDeformation of the glass pane for three time sege& as a result of exposure to

6a.

6b.

6cC.

7a.

7b.

radiant heat, boundary condition (a) unconstrasteatied edges. 5a. initial time of

heating , 5b. intermediate time of 70s , 5c. Fimaé of 140s .

Normal stressesy (N/m?) distribution for an incident heat flux of 6.7 ki —

Boundary condition (a) unconstrained shaded edges.

Normal stressesy (N/m?) distribution for an incident heat flux of 6.7 ki —

Boundary condition (b) glass pane constrainedénfolir corners.

Normal stresses, (N/m?) distribution for an incident heat flux of 6.7 ki —

Boundary condition (c) glass pane fully constraiaethe bottom shaded edge.

Normal straing, distribution for an incident heat flux of 6.7 kW7m Boundary

condition (a) unconstrained shaded edges.

Normal straing, distribution for an incident heat flux of 6.7 kW7m Boundary

condition (b) glass pane constrained in the founers.



Fig. 7c.

Fig. 8a.

Fig. 8b.

Fig. 8c.

Fig. 9.

Normal strainsg, distribution for an incident heat flux of 6.7 kW7m Boundary

condition (c) glass pane fully constrained at tb&dm shaded edge.

Equivalent stress in the glass pane (N/for an incident heat flux of 6.7 kW/m

Boundary condition (a) unconstrained shaded edges.

Equivalent stress in the glass pane (N/for an incident heat flux of 6.7 kW/m-

Boundary condition (b) glass pane constrainedénfolir corners.

Equivalent stress in the glass pane (N/for an incident heat flux of 6.7 kW/m

Boundary condition (c) glass pane fully constrainadhe bottom shaded edge.

Overall probability of failure of the glass pame @lifferent edge conditions of

ordinary glass pane exposed to radiant of 9.1 K&\V/m



TABLES

Hm &m Nm Wi
0.1838670 0.1838670 0.9656013 0.1609517
0.6950514 0.1838670 0.6950514 0.3626469
0.9656013 0.1838670 0.1838670 0.1609517
0.1838670 0.6950514 0.6950514 0.3626469
0.6950514 0.6950514 0.1838670 0.3626469
0.1838670 0.9656013 0.1838670 0.1609517

Table 1. $ SDOM direction cosines for 3D geometry [25].




Weibull Modulus, m| Unit of area strength,

O, (N/m?/m?)

As-cut edge 5.9 1.5756*10
Ground edge 9.9 1.8482*10
Polished edge 8.3 1.4501*10

Table 2. Weibull Modulus and Unit of area strenigthdifferent edge conditions for ordinary

glass, used in the probability of failure model][29



Time of first crack

occurrence — Experimen

50% OFP 75% OFP | 100% OFP
[30]
(a) As-cut edge 90 s 98 s 115s 160 s
(b) Ground edge - 82s 91s 112 s
(c) Polished edg¢ - 68 s 76 s 98 s

Table 3. Overall Failure Probability (OFP) of oraliy glass for different edge conditions.
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