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The latest developments in the field of non-linear
stress analysis are detailed here for different
types of window glass such as monolithic, IG, 
and laminated or safety glass. Based on maximum
allowable stress and deflection criteria, new
design charts are introduced for selecting window
glass and laminated glass to sustain a specified
lateral design pressure.

C.V. Girija Vallabhan*

INTRODUCTION
Glass windows behave non-linearly as

the deflection due to lateral pressures, such
as wind or blast, becomes larger than its thick-
ness. Numerical methods with the assistance of
high-speed computers have made the impossible
task of non-linear analysis possible. In the past
two decades, different methods, such as finite ele-
ment, finite difference and Galerkin methods, have
been employed successfully to solve these prob-
lems. The experience from these different meth-
ods has provided the optimum methodology for
the analysis of rectangular glass windows. Also
developed were models to study the effects of blast
and vibration characteristics of glass windows.
Vibration characteristics of rectangular glass
windows were utilized in developing design
techniques suitable to handle earthquake load-
ing. Besides monolithic glass windows, glass indus-
tries developed insulating glass, laminated or safe-

ty glass and the stress analysis of the same,
which became complicated by the presence of the
air gap or PVB material between the glass plates
respectively. Interaction of the glass plates in the
insulating glass with applied wind loads on one
side, and varying temperatures inside and outside,
required additional modelling techniques. In
laminated glass, the individual plates are thinner
than the corresponding mono plate and therefore
the laminated glass will deform with larger non-
linearity for the same lateral pressure. Further-
more, the PVB interlayer transferred stresses
from one plate to the other by way of shear
stresses which altered the stresses in both plates.
A new technique has been developed combining
finite element and finite difference methods to
obtain the displacement and stresses in the indi-
vidual glass and PVB interlayer in laminated glass.

One of the main purposes of this paper is to
show that a glass plate can be designed very
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easily by employing a maximum allowable ten-
sile stress and deflection criterion. Charts are shown
for designs of annealed, tempered and laminat-
ed glass for certain predetermined values of
maximum allowable stress and deflections. New
charts can be developed for other values of
stresses and deflection criteria.

ANALYSIS OF MONOLITHIC WINDOW
GLASS 

Large rectangular window glass panels are
extensively used in residential and modern
commercial buildings. They are supported on
their edges in a rubber gasket or by silicon
sealant, which are further supported on mullions.
When subjected to lateral pressures, such as those
produced by wind forces, these glass panels
deform elastically with large displacements
that are highly non-linear. The non-linear behav-
iour of the plate can be assessed by the value of
the ratio of the maximum displacement to its
thickness; if its value is greater than 0.7, then
the plate starts to deform with non-linear load-
deformation characteristics. Kaiser and I have
made solutions of rectangular glass plates using
the non-linear von Karman theory of plates,
assuming that these plates are simply support-
ed on the edges with zero in-plane forces on the
edges. Beason and myself made non-linear
analysis of window glass plates applying the
Galerkin method with the same boundary con-
ditions. Results of our studies have been pub-
lished and have also been the focus for statis-
tical glass design methodology. If the edges
of these panels are placed in rubber gaskets or
sealant that are encased by aluminium or wood-
en mullions or supported by sealant on the
edges, as in the case of structural glazing, these
edge conditions can create some rotational
edge restraints. We have modelled the effect of
sealant on the edges for structural glazing,
incorporating appropriate edge stiffness of the
sealant. Instead of assuming that the plates are
simply supported or elastically supported, as
assumed by previous investigators, here it is
assumed that edges are perfectly clamped with
zero displacements and zero normal slopes,
but without any edge in-plane forces. The actu-
al boundary conditions will be somewhere in
between these two extremes, as in the case of

the sealant support in structural glazing. In
this paper, solutions to plates with aspect ratios
1 and 2 with clamped edges are compared to cor-
responding solutions with simply supported
edges. Results are presented using non-dimen-
sional parameters for computing displacements,
maximum stresses and stresses at the centre
of the plate.

NON-LINEAR VON KARMAN PLATE
EQUATIONS

Since the theory and solution techniques have
been published many times already, only a very
brief account of the theory is presented here. Using
the von Karman assumptions for the strain ten-
sor at any point in the plate using rectangular carte-
sian coordinates (x,y,z), we have

εx = u,x+
1

2
_(w,x)

2

-- z w,xx;  εy = v,y +
1

2
_(w,y)

2

-
- z w,yy

γxy = u,y+ v, x+ w, xw,y-- 2zwxy

and the remaining strain components are equal
to zero. The displacements of the middle surface
are u, v and w in the respective axes. The sub-
script ‘comma’ notation represents differentia-
tion with respect to the variables following it.
Computing the corresponding stresses and tak-
ing equilibrium of the internal forces due to
these stresses, we have the first von Karman equa-
tion. The second equation is developed using the
compatibility equation and the Airy stress func-
tion. The von Karman equations are

D∇ 4w= ~q + tL (w,Φ) and ∇ 4Φ = --E_
2 L(w,w)

where D is the flexural rigidity of the plate, w,
~q and t are the lateral displacement of the mid-
dle surface, applied uniform lateral pressure,
and thickness of the plate; Φ is the Airy stress
function; E, the Young’s modulus of elasticity of
the plate; ∇ 4 is a biharmonic operator; and L
(w,Φ) = (w, xxΦ, yy - 2w, xy+w, yyΦ, xx) . The
Airy stress function represents membrane stress-
es such that σx = Φ, yy;σy =  Φ, xx1, and τxy = -
Φ, xx. For the simply supported case the bound-
ary conditions are: w = 0 and w, n = 0. Here, n
and t are the normal and tangential coordinates
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on the boundaries of the plate. For both cases, the
in-plane forces on the boundary are zeros: in oth-
er words, Φ, tt = Φ, nt = 0.

The von Karman equations for a rectangular
plate for both boundary conditions are solved
independently using the finite difference method,
as the plate is subjected to a uniform lateral pres-
sure. Since the problem is non-linear, an iter-
ative solution is necessary. The iteration is
continued until the solution converges to a sta-
tionary value for the (k+1)-th iteration; i.e.,
for every increment of pressure, the error in the
lateral displacement w for the (k+1)-th iteration,

N
∑ ||wi

k+1 -- wi
k ||

i=lε k+1= −−−−−−−−−−−−−−
Ν wmax

a small prescribed value defining the degree of
accuracy desired. An iterative technique, as sug-
gested by myself, is employed successfully to
obtain the final results. The bending stresses
are computed from the bending moments due to
the curvatures of the plate, while the membrane
stresses are computed from the second derivatives
of the Airy stress function as described earlier.

The final stresses are the algebraic sums of the
bending and corresponding membrane stresses
at each point in the plate. If the plate is loaded
on one side (windward or top of the plate), the
bending and membrane stresses on the opposite
side (leeward or bottom of the plate) have to be
added. Engineers in the past considered the win-
dow glass plates as simply supported on the
edges without edge in plane forces, and therefore
paid attention to the stresses at the bottom only.
This is because the glass, being a brittle material,
is observed to break in tension and maximum ten-
sile stresses in a simply supported glass plate on
the leeward side or bottom of the plate. But
when the plates are clamped on the edges, there
can be fixed end moments in the plate on the edges,
which will produce tensile stresses on the wind-
ward or top of the plate. Therefore, considering
clamped conditions of the plate, the maximum
tensile stresses in the plate will be on the loaded
surface of the plate and will be occurring on
the edge of the plate. It should be noted that, in
the case of glass plates which have flaws and are
fixed on the edges, these are likely to break on
the edges as the maximum tensile stresses occur
on the top (loaded side) of the edges.

NON-DIMENSIONAL PARAMETERS
For the convenience of design engineers, it is

customary to report results using non-dimen-
sional parameters, such as:  

wmaxwnon =−−−−−
t

for maximum displacement;  

q
qnon =−−(a

−−)4

E t
for lateralpressure; 

σσnon =−− (a
−−)2

E t

for stress at any point. Here, the size of the plate
is 2a by 2b with b > a; in other words, 2a is the
minimum size or width of the plate. The values
of the modulus of elasticity and the Poisson
ratio of the glass material are kept as 69 GPa andFigure 1
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0.22 respectively. If the value of modulus of
elasticity is varied slightly, the displacements will
change, but stresses do not vary significantly. How-
ever, for small differences in the value of the Pois-
son ratio, the results vary slightly. Figures 1, 2
and 3 illustrate the variation of non-dimension-
al parameters for displacements, maximum prin-
cipal tensile stress on the leeward and the wind-
ward sides for a rectangular plate with aspect ratios
a/b = 1 and 2. In Figure 1, it can be seen that the
maximum deflection at the centre for the fixed
case is about 30 per cent less than the corresponding
simply supported case. However, the stresses at
the centre of the plates remain fairly the same
except for large non-linearity for a/b = 2. In
Figure 3, it is seen that the stresses on the fixed
edge of the plate are higher than the maximum
stress in the simply supported case. All these vari-
ations only demonstrate that the central deflec-
tion and the maximum stresses in the plates
depend on fixity or even partial fixity of the
plate on the edges. To illustrate the use of these
parametric curves, an example is shown below.

EXAMPLE OF NON-LINEAR STRESS
ANALYSIS OF A GLASS PLATE

Consider a rectangular plate with an aspect ratio
equal to 2, having dimensions equal to 2 x 4 m,
with a plate thickness equal to 6 mm and subjected

to lateral pressures equal to 1 and 4 kPa respec-
tively. Assuming the value of modulus of elas-
ticity of glass as 69 GPa, the values of a = 1000
mm, t = 6 mm, the values of :

q
qnon =−− (a

−−)4

E t

are 11.18 and 44.73 respectively. Now there are
two cases; one for the simply supported case and
the other for the fixed edge case. For the sim-
ply supported case, from Figure 1, the corre-
sponding values of :

wmaxwnon =−−−−−
t

are 6.92 and 12.97 respectively. Thus the 
values of maximum deflection at the centre 
are 41.53 and 77.84 mm respectively. For
stresses at the centre of the plate, looking at Fig-
ure 2, the values of:

σσnon =−−    (a
−−)2

E t
are 7.37 and 16.05, and the corresponding stress-
es at the centre are 18.31 and 39.87 MPa. Con-

Figure 2

Figure 3
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tinuing the procedure for the maximum absolute
values of stresses, and observing Figure 3, they
are computed as 27.77 and 102.99 MPa respec-
tively. Now, considering that the plate is fixed on
the four edges, and, from Figure 1, the values of
the maximum displacement are calculated for the
two pressures as 22.08 and 50.12 mm respectively.
It is to be noted that these displacements are
less than those computed for the simply supported
case. Examining Figure 2, the values of stress-
es at the centre of the plate at the leeward side are
18.36 and 35.57 Mpa respectively, which are not
very different. But, for a glass plate that is
clamped on its four edges, one has to look for the
maximum tensile stresses on the windward side
also. Following such a procedure, the values of
maximum tensile stress on the windward side are
computed as 42.18 and 117.89 MPa respective-
ly. These charts are very useful for making very
quick computations of maximum displacements
and critical stresses in the glass plates with
aspect ratios 1 and 2 respectively. For any gen-
eral size of the plate, it is necessary to run the com-
puter program for the desired size, thickness
and lateral pressures if one needs more accurate
results. For the case of rectangular plates, this finite
difference model yields very accurate results
in few seconds even on a PC. It is also capable
of solving a wide range of lateral pressures and
could be modified to consider concentrated
forces or other distributed forces. However, the
methodology being iterative, it is not as straight-
forward as the conventional finite element codes
that are either “total Lagrangian” or “updated
Lagrangian”. However, finite element proce-
dures require extensive computations of both
linear and non-linear stiffness matrices of each
element for every load increment, and the final
solution is obtained using an iterative proce-
dure. But for a general loading case with complex
geometry, finite element models are the best.

FOLDED GLASS PLATE CONSTRUCTION
For architectural aesthetics, large glass plates

are arranged like folded plate structures in com-
mercial buildings and shopping malls. Here,
flat glass plates are glued together by sealant at
their common joints. But little is known to me of
the effectiveness of these structural forms. These
structures are subjected to wind loads if they are

exposed to the outside environment. A theoret-
ical and experimental task was undertaken at Texas
Tech University to investigate the stresses and
displacements of these folded glass plate struc-
tures. A laboratory model was made of alu-
minium plates simulating a folded glass plate struc-
ture. In order to create a uniform pressure load-
ing on the system, an enclosed chamber was
created using a steel channel section, and the inside
air was sucked out using a pressure vacuum
machine which had a capacity of 10 psi (69
kPa) suction pressure. Two cases were examined
with the same set-up: in the first case, the alu-
minium plates were glued together using silicon
sealant (i.e., no moment transferred at the joint),
and in the second case, the joints were welded
together (i.e., the moments were allowed to
transfer at the joints). In both the cases, three dis-
placement transducers and three strain gauges were
used to measure displacements and strains at
different locations. The results were collected
through a data-collecting computer system. In the
first case, failure started when the vacuum
reached 1.0 psi (6.9 kPa), and occurred along the
folded joints. In the second case, the vacuum was
taken to a level of 6.5 psi (44.85 kPa) and fail-
ure started at the side of the model. In the finite
element model, a nine-noded quadrilateral shell
element was employed. Three translational and
three rotational displacement parameters were
selected per node, and thus each element has 54
d.o.f.. The displacement and rotation functions
were interpolated using Lagrangian shape func-
tions, and the equations are:

9 9
u= ∑

i= l
Ni 

(ζ, η) u
i    

; v= ∑
i= l

Ni 
(ζ, η) v

i 
;

9 9
w= ∑

i= l
Ni 

(ζ, η) w
x    

; θ
x= ∑

i= l
Ni 

(ζ, η) θ
x i

;
9 θ

y= ∑
i= l

Ni 
(ζ, η) θ

y i

where Ni, (ζ, η), i = 1,9 are the shape functions
of 9-noded quadrilateral element. ζ , η , are
coordinates that are used to transform the quadri-
lateral into a square. The nodal displacement vec-
tor {u} t = {u1 v1 w1 θx1 θy1 θz1 u2 •  •}

t
• .

This finite element model was used to analyze
all types of window glass plates and excellent
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sive stresses at the centre on the loaded surface
initially. At this time, the global maximum
stress occurs close to the edges. But as time pass-
es, the deflection mode takes the shape with
maximum displacement at the centre; 
however, depending on the loading magni-
tude, the maximum stress need not be at the cen-
tre of the plate as in the case of static loading.
Later, Das, Kamineni and I used this dynam-
ic programme to determine the frequencies
of glass plates subjected to a sudden uniform
lateral pressure. They developed non-dimen-
sional frequencies in terms of non-dimen-
sional lateral pressures. Sucuoglu and I used
this data and developed a simplified tech-
nique for the design of window glass sub-
jected to earthquake loads.

STRESS ANALYSIS OF IG UNITS
Another glass fixture that evolved during the

Seventies is the concept of the insulating glass
units, which became popular on account of
saving heat energy in buildings. A unit consists
of two glass plates separated by a sealed air gap.
The lateral pressure on the unit is shared by both
plates, as the pressure on the windward plate
transfers part of the pressure to the other plate
by means of pressure build up in the air gap. Tem-
perature variations during the life of a unit
can also cause stresses in the plate. Together with
Chou, I made extensive studies on the analy-
sis of this type of unit and have developed a mod-
el to determine the load sharing between the
plates as the unit is subjected to lateral wind pres-

agreement was obtained. One of the advan-
tages of an element like this is that even glass
plates with complex geometry can be analyzed.
Special techniques were introduced in the finite
element model in order to simulate a joint that
will transfer forces, but not moments, along the
folded joints. The results from this finite element
model for the folded plate structure indicated
very good agreement with experimental results.
The displacements in the first case with silicon
sealant joints were higher than those of the
second case. Details of the finite element for-
mulation, comparison of the experimental and
theoretical results were published by Mostafa,
Kandeel and myself.

DYNAMIC STRESS ANALYSIS OF WINDOW
GLASS

Selvam and I analyzed stresses in rectan-
gular glass as it is subjected to a sudden blast
pressure. Neglecting the inertia forces in the in-
plane motions, one of the governing differen-
tial equations is modified as:

D∇ 4 w = ~q + tL (w,Φ) -- ρ ̈w

where ρ is the mass density of the glass per
unit area of the surface and 

..
w is the lateral accel-

eration of the glass. The second equation
remains the same. For the dynamic analysis,
it is assumed that the plate is stationary initially.
The well-known Newmark ρ method with ρ
= .25 was used in the analysis. A 66” x 66” x
0.222” sample plate was subjected to a trian-
gular pulse of magnitude 0.3 psi with a dura-
tion of 100 ms as shown in Figure 4 . The
Finite difference method was used for modelling
the glass. Both the discretization of the plate
and the time were equally important for obtain-
ing good results in the dynamic analysis. A grid
size of 15” x 15” was used for the quarter of
the plate. Various values of time increment such
as 0.5, 1, and 2 ms were studied and it was found
that for this problem even a 2-ms time incre-
ment yielded sufficiently accurate results.
Results are presented in Figure 4. During the
initial phase of the sudden loading, displace-
ment patterns contain higher modes, which
resulted in negative curvature at the centre
of the plate. This produces some compres-

Figure 4
Displacement,

velocity and
acceleration 

at centre 
of the plate 
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sures and temperature fluctuations. The inter-
action is studied by employing the classical
Boyle’s law and we have:

p0V0 (p0+p2 ) (V0+   ∆V)
−−−−−   =   −−−−−−−−− −−−−

T0 Tc

where *lado* are the initial pressure, volume
and temperature (in Kelvin) inside the air
space, and *lado* are the increase in pres-
sure and volume of the air space between the
plates. From non-linear von Karman solutions
of the plates, the difference in volume between
the deflected surfaces of the plates are computed,
and an iterative procedure is used to arrive at
the final equilibrium state.

STRESS ANALYSIS OF LAMINATED GLASS
A finite difference model for non-linear

analysis of laminated glass was developed
and verified experimentally by Behr et al. and
by myself et al. A new model was developed
by combining finite element and finite dif-
ference methods. The finite difference technique
was used for the analysis of the bending stress-
es and finite element for the analysis of the mem-
brane stresses in the plates. By this way, the mod-
el has been made very efficient from a com-
putational point of view. The involved equa-
tion for the lateral displacement of the plate unit
is modified as expressed as:

G t1 t2{(D1+D 2)∇
4 --  ---- [---- + ---- + h] 2∇ 2} w =

2
h 2 2

= q+∑
i=l 

(NxiW,yy+Nyi w,xx+2Nxyi w,xy) -- 

G t1 t2--  ---- [---- + ---- + h]  (u1,x-u2,x+v1,y-- v  2,y)h 2 2

where w is the lateral deflection of the plate; D1
and D2 are the flexural rigidities of the individual
plates; t1 and t2 are the individual glass plate thick-
ness; h and G are the thickness and the shear mod-
ulus of the PVB interlayer; Nxi, Nyi and Nxyi are
the membrane in-plane force resultants. For
the membrane effects, the equations for the
plate in terms of in-plane displacements on the
loaded side in the x-direction is:

1 1
u1, xx +---- (1 - µ ) u1, yy +---- (1 - µ ) v1, xy =

2 2

--w, x[w, xx+ ----
1

(1 - µ ) w, xy]------1 (1-µ )w, xy2 2

w, y -- sgn  τxz(1 - µ2) / Eh1

where sgn = 1 for the top plate and = -1 for the
bottom plate. The other equation for the top plate
can be formulated by changing v for u and y
for x, and viceversa. For the bottom plate,
the subscript 1 has to be changed to 2. If one
examines these equations, it can be seen that
they are the differential equations in dis-
placements u and v in a plane stress condition.

Therefore, these equations can be transformed
into plane stress rectangular finite element equa-
tions, which can be formed as half banded stiff-
ness matrix equations. Moreover, only one stiff-
ness matrix is necessary to represent both the plates.

The boundary conditions are assumed as
simply supported on all edges with no lateral pre-
scribed in-plane forces on the edges. Since the
matrix equations are formed only for the linear
part with non-linear parts kept on the right-
hand side of the equations, the two matrices, one
for the bending and the other for in-plane con-
dition can be formed, decomposed once and used
for solution of the simultaneous equations
repeatedly very efficiently during the iteration
process. The iteration is accomplished by the same
technique that was developed for the stress
analysis of monolithic glass plates by myself.
The results obtained are identical to those pub-
lished before. The model is further used for
the development of a design technique that is
explained later in this paper.

NEW DESIGN TECHNIQUE FOR
RECTANGULAR WINDOW GLASS

Ceramic engineers have noted in the past
that the strength of glass depends on time dura-
tion of load. Based on experimental data, glass
industries had developed their own design charts
for selection of glass plate thickness suitable for
resisting wind pressures. Beason came up with
a statistical model noting that glass plates fail due
to surface flaws. He used Weibull distribution
for the distribution of surface flaws and devel-
oped two parameters such as m and k for the
design of window glass plates. ASTM has adopt-
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and k parameters are hard to come by, and users
do not have a hands-on feeling for the per-
formance of the glass, such as maximum stress
or maximum deflection used in the design.
Recently, Jacob, from experiments on glass
plates, and using fracture mechanics, deter-
mined that the maximum tensile stress at which
a glass plate breaks depends on the depth of the
surface flaw. He also showed that there is a
threshold value for the maximum tensile stress
at which a glass plate will break, no matter
what the value for the depth of the surface flaw
is. This concept leads to a new design model where
an allowable maximum tensile stress is assigned
to a glass plate and, based on that, the thickness
of the plate is selected. Furthermore, the design
of a glass plate should also consider some con-
trol over the maximum lateral deflection. At
present, there are codes that specify that the
maximum deflection of the plate shall not be
greater than a/90, where a is the size of the
short edge of the plate. Based on these two cri-
teria, I have made the following curves for the
design of simply supported rectangular glass plates
subjected to a specified, uniform lateral pressure.

For computing the maximum deflection, the
modulus of elasticity of the glass is assumed as
69 GPa. Two curves are presented in Figure 5.
Curve one is for a maximum allowable tensile
stress equal to 17.5 MPa and maximum deflec-
tion limited to a/90. Curve two is for a maximum
tensile stress equal to 50 MPa (suitable for
tempered or heat-strengthened glass) with the
same limitation of maximum deflection. These
two curves are made in terms of a/t ratio with
respect to the lateral pressure q in kPa for var-
ious values of the aspect ratio n of plates such
as equal to 1, 1.5, 2, 3, 4 and 5. The curves are
prepared for values of q from 1 to 10 kPa. It can
be seen that the curve for an aspect ratio n
greater than 3 is almost the same as the one for
3 for both cases. These curves are prepared by
selecting the thickness of glass plates satisfy-
ing these two criteria for a specified value of lat-
eral pressure. More than one thousand cases  are
considered for the preparation of these curves.

One of the unique features of these curves is
that, for a given value of aspect ratio of the
plate and the corresponding lateral pressure,
there is a unique value of a/t ratio for the plate.

n=1

n=1,5

n=2

n=3

n=4

n=5

n=1

n=1,5

n=2

n=3

n=4

n=5

Figure 5 
Design charts
for monolithic

glass

ed this technique and has prepared alternate
design procedures and curves known as E 1300
standards. Although the statistical model is
accepted by few engineers, the values of the m
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From the value of a/t ratio, one can easily deter-
mine the minimum thickness t. For example, if
one has to design the thickness of a plate of
size 1,000 x 2,000 mm that is subjected to 3
kPa and maximum allowable stress limited to 17.5
MPa. From the graph corresponding to aspect
ratio n = 2, the a/t ratio is obtained as equal to
99.0, from which the required minimum thick-
ness is obtained as 10.1 mm. The next available
size of the plate is 12 mm. Similarly, if the
design pressure is 2 kPa, the a/t ratio is 122.5
and the corresponding thickness is 8.16 mm, then
the next available size is 10 mm. Suppose the
maximum allowable stress is increased to 50 MPa
(say for the case of tempered glass), for the same
size of plate, the a/t ratio is 160 and the required
minimum thickness is 6.25 mm and the next avail-
able thickness is 8 mm. If one makes a stress
analysis of this plate, it can be noted that it is
the maximum deflection, not the maximum
stress, that controls the selection of the glass thick-
ness for this case. The advantage of these design
curves is that the designer has a direct control
on the maximum allowable stress and the max-
imum allowable deflection of the plate when the
plate is subjected to his selected design pressure.
Curves can be developed for other values of
allowable stresses and deflections also.

NEW DESIGN TECHNIQUE FOR
RECTANGULAR LAMINATED GLASS

Here it is assumed that each of the two plates
in the laminated glass has the same thickness t.
The thickness and the shear modulus of the
PVB interlayer are assumed as 0.78 mm and 700
kPa respectively. The technique used for creat-
ing the design curve for the monolithic glass is
extended to create a similar design curve for lam-
inated glass. The maximum allowable tensile stress
in the laminated glass is limited to 17.5 MPa with
maximum lateral deflection not to exceed a/90.
Here it is seen that the a/2t ratio of the plate for
a given pressure varied with respect to the sizes
of the plate as illustrated in Figure 6. For small
pressures, the variation is large for the smaller
size of the plate, but for larger values of the plate,
the ratio stabilizes to some value. But for large
pressures, say equal to 10 kPa, the a/2t ratio
increases from a lower value of 91 to 103. By tak-
ing the smallest value of the a/2t ratio for a
given lateral pressure, a design curve is made sim-
ilar to that of the monolithic glass. This curve is
shown in Figure 7 . Only two aspect ratios are
shown here at the present moment. To determine
the individual plate thickness of a laminated

Monolithic (n=1, a/2t)

Laminated (n=2, a/2t)

Laminated (n=1, a/2t)

Monolithic (n=1, a/2t)

Figure 6 
a/2t versus a

in laminated
glass

Figure 7 
Design charts
for laminated
and 
monolithic
glass
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glass of size 1,000 mm and 2,000 mm to with-
stand a lateral pressure equal to 2 kPa, use the
curve for n = 2. The value of a/2t ratio is obtained
as 117 and the required thickness of the individual
plate is thus 4.27 mm. The next available thick-
ness of the plate is 5 mm.

COMPARING LAMINATED AND
MONOLITHIC GLASS OF EQUAL SIZE

A monolithic glass of equal size means that
the thickness of the monolithic glass is equal
to the sum of the thickness of the plates in the
laminated glass excluding the thickness of
the PVB interlayer. Here, the laminated glass
is assumed to have plates with equal thickness.
The value of the a/t ratio of the monolithic glass
is compared to the smallest value of the a/2t ratio
of the laminated glass of different sizes sub-
jected to the same pressure. This relationship
is illustrated in Figure 7.  The behaviour of a
layered glass plate is dependent on the value
of the a/2t ratio. It is observed from these
curves that for aspect ratio n = 1, up to a lat-
eral pressure 2.8 kPa, both monolithic and
laminated glass required the same plate thick-
ness. As the lateral pressure increases, the
a/2t ratio for the laminated plate becomes
smaller than the corresponding value for the
monolithic glass. Lesser values of a/2t ratio mean
that the thickness has to be bigger. But for
aspect ratio n = 2, the equality holds good up
to a lateral pressure of 1.5 kPa only, and for larg-
er lateral pressure the a/2t ratio is less than that
of the corresponding monolithic glass. These
observations are true only for the criteria that
the maximum allowable stress equals 17.5
MPa and the maximum deflection is limited to
a/90, with assumed values of the thickness
of the PVB interlayer and its shear modulus.
For other maximum allowable stresses and
aspect ratios, the above statement need not
be applicable. The most controversial topic with
regard to the comparative strength character-
istics of the laminated glass with monolithic
glass can be resolved by this method.

FUTURE AREAS OF IMMEDIATE RESEARCH
Development of design curves for both mono-

lithic and laminated glass using other values of
maximum tensile stresses and deflection criteria

is necessary. More research is required to estab-
lish the comparative design strength of laminated
and monolithic glass for different aspect ratios
and allowable stresses. Research for the devel-
opment of the dynamic non-linear response of
insulating glass and laminated glass is anoth-
er task. This is more important for laminated glass,
since it is also called safety glass. The extent of
its safety, as it is subjected to blast pressures,
has to be investigated by creating numerical mod-
els and comparing the results with experimen-
tal data. These analysis techniques can become
the backbone for the design of laminated glass
if they are used as safety glass to protect peo-
ple from nearby blast loads, etc. The analysis
can be extended to special monolithic or lam-
inated glass that is reinforced to increase their
stiffness to lateral forces.   
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