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ABSTRACT

Glass fagades are widely used in modern high-rise buildings because of their aesthetic merits and
environmentally friendly characteristics. However, collapsing glass in an accidental fire can lead to
huge casualties and economic losses. Here, we develop a meshfree computational framework based on
peridynamics to investigate the fire resistance and mechanical performance of glass fagades. The
proposed model is well verified and applied to explore the damage and failure mechanisms of glass
fagades. The effects of the temperature distribution on the thermomechanical fracture behaviour of
glazing are also explored. Results show that cracks tend to initiate at fixed supporting points such as
bolts and their propagation paths are greatly influenced by the temperature distributions. Both
temperature gradient and local boundary conditions can play a significant role in the thermomechanical
cracking of glass facades. This work provides important insights on cracking mechanisms of glass
fagades during a fire and provide the building and construction companies with new recommendations
and design guidelines for improved fire safety.

Keywords: meshless, modelling, fire resistance, mechanical performance, glass facade.

1 INTRODUCTION

Research interest in glazing protection from fire has been growing with the wide application
of glass facades in modern high-rise buildings. Glass fagade breakage during a fire induces
more fresh air to enter the structure, causing catastrophic consequences [1]. To avoid such
hazardous scenarios, understanding and predicting the thermomechanical behaviours of glass
fagades is crucial. Various experimental setups have been adopted to study the heat transfer
and breakage processes of different types of glass [2], [3] under diverse fixation conditions
[4], [5] during a fire event. However, full-scale experiments are expensive and require many
precautions, particularly for the full-field measurements of temperature and displacement
during a fire incident. Therefore, an effective and accurate computational framework is
urgently demanded to simulate and predict the thermomechanical behaviours of glass
facades.

Several numerical methods have been applied to study the heat transfer mechanisms, such
as the finite element method (FEM) [6] and the finite volume method (FVM) [7]. However,
these grid-based methods face huge challenges when discontinuity (e.g., crack) occurs in the
problem domain. Phase field method has shown its calibre in modelling crack propagation in
materials, whereas the correct modelling of multiple cracks relies on local mesh update and
refinement [8]. Without mesh issues, meshfree methods have been developing fast in the past
decades [9]-[13]. As a nonlocal model, peridynamics (PD) is increasingly used to simulate
fracture initiation and propagation in both homogeneous and heterogeneous materials [14]—
[17] under various loading conditions [18], [19]. However, few works were reported to apply
peridynamics in modelling fire-induced structural failures, particularly, the crack propagation
in glass fagades during fire events.
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To fill this gap, we propose a three-dimensional peridynamic framework to model the
thermomechanical behaviours of glass fagades. In our PD method, the governing equations
for the mechanical problem, heat transfer problem, and their coupled problem are formulated
in integral forms, which naturally incorporate the discontinuity scenarios. Two test cases are
presented to demonstrate the effectiveness of the proposed method for modelling
thermomechanical deformation and cracking in glass facade.

2 COMPUTATIONAL FRAMEWORKS
2.1 Peridynamic framework

In PD theory, two particles can have a non-local interaction with each other from a finite
distance. The major variables in PD theory are shown in Fig. 1.
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Figure 1: Illustration of variables used in PD framework.

As displayed in Fig. 1, it is assumed in PD that for any given particle (or material point),
there is a positive number 9, called the horizon, such that

[Eap|l > 6= f(fabv Nap) = 0, for V§,y, (D

where f'is the pairwise bond force per unit volume, &, and n,,;, are the relative position and
displacement vectors in the reference configuration, which can be written as

$ap = Xp — Xg, Nap = Up — Uqg. (2)
By applying the Newton’s second law, the equation of motion in PD can be written as
Paily = fg{a f@apMap) AV + by (3)
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where p, and i, are the mass density and acceleration of particle a, dV is the volume of
particle b in the family of particle a (denoted as H,), and b, is the external body force

applying on particle a.
For an isotropic linear elastic material,
fGapsMap) = cSap * [1 — A aps Nap)] * Yabs “4)
where the unit deformed bond vector
Yab :%'yab =&ap + Navs Yap = |yab| :Aablfabl' (5)

and the bond strain and bond stretch are

[Yab!
Sab = (Aap = 1), Aap = 122} ©)

In eqn (4), ¢ is micro-modulus (or bond stiffness) and d (&, Ngp) is the bond damage
(i.e., d = 0 for intact and 1 for broken). The material parameter ¢ can be calibrated with
classical theory on the basis of energy equivalence under the small deformation assumption

[20], [21] as
=T g

for 3D cases, where E is the Young’s modulus, v is the Poisson’s ratio and 4 is the thickness
of the body in a 2D problem. The bond damage d (&4, 1,4p) is defined as

0 ifs, <s,
AGamma) =f; 20T

where s, is the critical bond stretch, which can be calibrated using linear fracture mechanics
parameter (i.e., the critical energy release rate G.) [20], [21] or the tensile strength o5, (used
in this work) or their minimum value as

. ap 10247G,
S, = min (— ’— . 9
¢ (E ’ 7(12071—133)E6) ©)

The damage of a particle a can be further defined as

®)

_ 2% dGapMap)

D
a Na

: (10)

where d (&5, ap) is the bond damage defined in eqn (8) and N, is the number of total bonds
in the family of particle a.

2.2 PD for heat transfer

To derive the PD version of heat transfer equation, we first recall the energy balance equation
for a purely heat transfer process

26
fpcvzdv=—fanq-nda+fnqsdv, (11)
Q

where p is the mass density, ¢, is the specific heat capacity, ¢ is the heat flux, » is the unit
surface normal vector and ¢ is the source term for heat generation. Applying the divergence
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theorem and the Fourier’s law for heat conduction g = —kV6 (k is the heat conduction
coefficient), we have the local form of heat transfer equation
pcv% = kAO + q,. (12)
In PD theory, we have
26 6,—6
pacva—ta: J‘ K(xa,xb)”xb_ixa”deb +h$'
He b~*a
(13)

where K (x4, x;,) is the heat conduction coefficient of PD thermal bond between particles a
and b, and 7, is the source term of heat generation per unit mass. By drawing an equivalence
between PD and classical heat flux, K (x,, x},) can be calibrated and expressed with classical
parameter k. For 3D cases, ko = 9x/(2m63) and k; = 18k/(m53).

2.3 Initial and boundary conditions

In terms of heat transfer, the initial condition can be implemented directly on each PD
particles as

0a(x, )| t=0 = o(x). (14)

A uniform Dirichlet boundary condition will also be used in this work, which can be
written as

6(x,t)|xeq, = 6" 15)

where 0" is again the prescribed temperature at the Dirichlet boundary x=x* and € is the
Dirichlet boundary layer generated by mirroring PD particles symmetric to x=x".

Whereas the Neumann boundary conditions will be modified before applied to boundary
PD particles in Neumann boundary layers {,,. The principle of modification is to assume that
the heat flux ¢ is uniform through the thickness A of boundary layer and then the heat
generation per unit volume can be derived from the heat flux according to the energy balance
law

a6,
[ pecvBear, =~ fyy a-nds, (16)
Qn
as
390_( :t) NnSg 3
pacva—txlxeﬂn = _% = _%- (17)

Particularly, for convective boundary conditions

004 (x,t) h
pacvl;—tlxeﬂn = Z(eoo - Ha)r (18)
where 6., is the temperature of surrounding medium, and 4 is the convective heat transfer
coefficient.
Furthermore, for radiation boundary conditions

00, (xt
pacv% |xEQn = %(9? - 93)' (19)
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where 6 is the temperature of the surface surrounding the body, ¢ is emissivity of the
boundary surface and o is the Stefan—Boltzmann constant.

On the other hand, the mechanical initial and boundary conditions are rather straight
forward (applying displacement, velocity and body force on boundary particles) [16].

2.4 Thermomechanical coupling

Thermomechanical coupling has two aspects, i.e., thermal strain (from temperature field to
strain field) and mechanical heating (from strain rate field to temperature field). In this work,
only the former one is considered. By inserting the thermal strain into eqn (4), the governing
equation can be rewritten as

Paily = L{a c(Sap — aeavg) [1=dap, Nap)]* Yap dVy, + by, (20)
where a is the thermal expansion coefficient
0,+6
Bavg = 5 1)

and other variables are given in eqns (5)—(8).
3 RESULTS AND DISCUSSION
3.1 Verification test example

This test case is aimed to verify the PD method for modelling thermomechanical deformation.

As shown in Fig. 2, the side length of the square is L = 1 cm. The initial temperature is
6o = 0°C. The lateral displacement of left and right sides of the square are constrained. The
vertical motion of the bottom side of the square is also constrained. A thermal shock of
6, = 1°C is applied to the upper side of the square. The Young’s modulus of the square is
1 GPa, Poisson’s ratio is 0.33, thermal expansion coefficient is 0.02/K, thermal conductivity
is 1 W/(m-K) and specific heat capacity is 1 J/(kg-K).

6,
T
o Initial conditions: for t = 0,
0—oO| A oy
: 6(x,y) = bo.
o—o I 6, O—0
1
> - _B? ''''' - S Boundary conditions: for vV t > 0,
i
0—O = D—Q
1 9|y=L = 91.
0—0 b0

: ; - P Uly=o = Uxlx=0 = Uslx=. =0
I i i z I - yly=0 — Yxlx=0 — Yxlx=L — Y-

Figure 2: Test setup of the square plate under thermal shock.
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The displacement history at point A and the temperature history at point B marked in Fig.
2 are given in Fig. 3. The temperature increase is nonlinear over time. With the increase of
spatial resolution, PD results show greater agreement with the analytical results presented in
Chen et al. [22], confirming the convergence and accuracy of the proposed PD method.
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Figure 3:  Comparison of PD and analytical results of displacement at point A and
temperature history at point B.

3.2 Effects of temperature distribution on the fracture pattern of glazing

To explore the effect of temperature distribution and fixture forms, a square single glazing
with side length of 1.2 m, thickness of 6 mm and four-point fixture (by bolts) was studied.
As shown in Fig. 4, the distance between two bolts D is 0.2 m and three levels of the width
of high temperature zone H = L/4, L/3 and L/2 are adopted. The Young’s modulus of the
glazing is 67 GPa, Poisson’s ratio is 0.25, tensile strength is 40 MPa, and thermal expansion
coefficient is 8.5 x 107%/K. Temperature increasing rates are 1.2 and 0.5 K/s for high and low
temperature zones respectively. The horizon radius is 3.015 times the initial particle spacing.
A total number of 121,203 particles are used in this example.

L

¢ >
<

High temperature zone

Figure 4:  Test setup of the square single glazing. (a) Temperature distribution; and (b)
Geometry.
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The crack patterns of the glazing with different temperature distributions are presented in
Fig. 5. As can be observed, crack initiates at the fixed points for all the three test cases.
However, once initiated, the crack propagation paths are remarkably different for different
widths of the high-temperature zone. For the case of H = L/4, initiated cracks first grow into
two parallel cracks in the direction vertical to the two temperature—transition interfaces. After
these cracks meet the two interfaces, they propagate along the interfaces until they fully
penetrate the glazing. For the case of H = L/3, the crack pattern is quite similar despite that
the cracks form curved paths instead straight ones before meeting the temperature—transition
interfaces. For the case of H = L/2, the crack pattern is much more complex. Cracks not only
form bended paths before meeting the temperature—transition interfaces they also merge into
a straight path parallel to the temperature—transition interfaces. In addition, the cracks at the
temperature—transition interfaces bifurcate before penetrating the glazing. These results
imply that both the mechanical factors (e.g., point supports or frame supports) and the thermal
factors (e.g., the temperature distribution and gradient) play significant roles in the cracking
mechanisms of glass fagades.
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Figure 5:  Crack evolution processes of the square glazing of different temperature
distribution with (a) H = L/4; (b) H=L/3; and (¢) H=L/2.
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4 CONCLUSIONS

In this paper, we present a peridynamic framework to simulate the thermomechanical
behaviours of glass facades exposed to fire. The computational effectiveness and accuracy
of our PD method was verified by the thermomechanical deformation of a square plate. The
proposed PD method was applied to explore the effect of temperature distribution on the
crack patterns of glazing. Results indicate that both the mechanical factors such as point
supports and the thermal factors like the temperature gradient play significant roles in the
cracking of glass fagades. To predict the thermomechanical and fracture behaviour of glass
fagades more accurately, the realistic boundary conditions at supporting frame or fixed points
should be carefully considered and the temperature distribution in the glazing should be
accurately measured or modelled.
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