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ABSTRACT  
Modern cruise ships employ many large windows to enable passengers to enjoy the marine environment. 
Most windows are insulating glass units (IGUs) consisting of laminated glass and a hermetically sealed 
cavity. These laminated IGUs exhibit three physical effects under bending: (1) geometric nonlinearity of 
the glass panes, (2) shear transfer in the laminated glass, and (3) load sharing due to the hermetically 
sealed cavity. The Authors have previously studied the (1) and (3) effects on the window mechanical 
behaviour and glass pane thickness determination. Hence, this paper investigates through optimisation 
how all these effects together lighten the IGUs, and how the shear transfer affects the IGU mechanical 
behaviour with the optimised thicknesses. All three combined effects have positive effects on the IGU 
weight. These results are more pronounced for large and thin IGUs subjected to high design loads. For 
example, the choice of interlayer material is less important (for optimum weight) for small windows 
subjected to a low design load. Since all the effects are important, using the finite element method is 
recommended to achieve a lightweight window design.
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1. Introduction

Passenger ships are complex floating structures, and a lot of 
research has been done on optimising their structural weight 
(e.g. Romanoff et al. 2013; Andric et al. 2019; Raikunen et al. 
2019; Andric et al. 2020). This is necessary because the size of the 
ships has increased significantly in recent decades (see Figure 1). 
Optimizations usually consider the steel parts of the hull and the 
superstructure, which is justified when the area of the windows is 
small. However, a typical state-of-the-art cruise ship today is cov
ered in windows, as are the facades of buildings (Bostick 2009). 
The purpose of windows is to enable passengers to enjoy the sur
rounding ocean view. Cabins often have large individual windows 
or fully glazed walls. Glass walls may also cover multiple deck 
heights in common areas (c in Figure 2), and dome-shaped glass 
structures (a and b in Figure 2) and smaller glass ceilings are a 
growing trend. However, this increased use of windows negatively 
affects the ship’s weight and centre of gravity. It is, therefore, impor
tant to consider these windows appropriately in the ship’s design.

1.1. Laminated IGU windows: class rules and standards

Insulating glass units (IGUs) that insulate the outdoor environment 
from indoor spaces are the focus of this research. IGUs are used, for 
example, in buildings, buses, ships, and trains. They consist of at 
least two glass panes separated by a hermetically sealed gas-filled 
cavity (see c, d, and e in Figure 3). The cavity provides thermal insu
lation, which is very important energy-wise to the ship and com
fort-wise to the passengers. Thus, except for windscreens, all the 
glazing covering the ship’s surface are IGUs. Most IGUs are 
designed to withstand wind loads on the upper decks and water 
pressure on the lower decks. Window failure prediction has been 
studied (Gerlach and Fricke 2016) as accidental failures have been 

reported on some cruise ships (e.g. NSIA n.d.). Windows can also 
be accidentally hit by passengers or loose objects and must be 
designed and built to ensure safety.

Window design in ships must, therefore, always fulfill the rules set 
by the classification societies. The following societies are considered 
here: Det Norske Veritas (DNV 2022), Bureau Veritas (BV 2022), 
and Lloyd’s Register (LR 2022). These specify how the monolithic 
glass pane thickness (a in Figure 3) and glass pane thickness in lami
nated glass (b in Figure 3) are calculated, what is the minimum 
allowed glass thickness, what types of glass panes are allowed, and 
what are the design loads. The required minimum monolithic glass 
pane thickness is calculated based on the linear plate theory so that 
the maximum principal stress does not exceed the 40 MPa limit. 
However, it is well known that as the deflection of thin-walled plates 
grows large, the von Kármán strains (i.e. geometric nonlinearities) 
make the structure stiffer (see Figure 4). This has a significant ben
eficial effect on the deflection and stresses of glass panes (Heiskari 
et al. 2022a) and is further promoted because all the glass panes in 
ships must be fully tempered (chemical strengthening is allowed in 
some cases), which itself increases the bending strength of the glass 
panes. The ISO 11336-1 standard (ISO 2012) for ships gives a charac
teristic failure strength of 160 MPa for fully tempered glass. The 
design strength is obtained from this with a safety factor of four. 
These treatments also reduce the shard fragment size in case of 
glass failure, which is important for safety. For example, the EN 
12150-1 standard (SFS-EN 2015) defines that for a fully tempered 
glass pane with thickness between 4 and 12 mm, there must be at 
least 40 shards in a 50 mm times 50 mm area.

Further safety is achieved by using laminated glass (b in Figure 3). 
The IGUs on cruise ships typically have either one laminated glass 
and one monolithic glass (d in Figure 3), or two laminate (e in Figure 
3) depending on the window’s location. The laminated glass consists 
of at least two monolithic glass panes glued together by a polymeric 
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interlayer. Its purpose is to retain broken shards and prevent them 
from falling on passengers if the windows break. The two most com
mon interlayer materials in ship windows are polyvinyl butyral 

(PVB) and ionomer (SentryGlas Plus®(SGP) from Kuraray America, 
Inc.). The latter is more expensive but is significantly stiffer than the 
former.1 This is important because the polymeric interlayers are 

Figure 1. The development of cruise ship size. (This figure is available in colour online.)

Figure 2. Examples of ship windows: (a) SkyDome from M/S Iona (2018) (courtesy of Francis Design), (b) AquaDome from Icon of the Seas (2023) (photo credit Niko 
Alakoski), and (c) side view of Icon of the Seas showing a large glass wall (photo credit Tuukka Salo /Mediascope productions). (This figure is available in colour online.)
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viscoelastic, meaning the stiffness properties depend on temperature 
and loading time. The longer the loading time and the higher the 
temperature, the less stiff the interlayer is. The stiffness then deter
mines how well the loads are transferred between the glued glass 
panes; this is the shear transfer (Figure 4). Including shear transfer 
in the laminated glass structural design has gained importance 
(Kuntsche et al. 2019) and is included in the classification rules 
(see Appendices A.1, A.2 and A.3). Because ship windows are 
exposed to hot weather and direct sunlight, choosing a stiffer inter
layer is tempting, as it is structurally a better option. However, it 
could lead to unnecessarily high-load-bearing laminated glass 
panes, which is not cost-effective for cruise ships.

Looking at the IGU structure, the sealed cavity in the IGU allows 
for a load sharing effect (see Figure 4) to occur between the glass 
panes. This increases the window’s load-bearing capacity and reduces 
the deflections and stresses (Heiskari et al. 2022a). The load sharing 
has been the subject of several studies (e.g. Vallabhan and Chou 1986; 
Wörner et al. 1993; McMahon et al. 2018; Galuppi and Royer-Car
fagni 2020; Respondek et al. 2022). Note that the load sharing 
effect is different from the shear transfer effect. The former occurs 
in IGUs and the latter in laminated glass. While the shear transfer 
is considered in the class rules, load sharing and geometric nonli
nearity are not considered. Neglecting these two effects may result 
in up to 50% thicker glass panes than necessary (Heiskari et al. 
2022a, 2023), which is not weight-effective for cruise ships.

1.2. Objective of study

The increased use of windows on ships means that there are a lot of 
large cut-outs in the hull on the ships’ sides. Their effect on a ship’s 
global response has been studied by Fricke and Gerlach (2015). 
However, there is a lack of study on the glass weight problem that 
considers the actual window structure sufficiently. Laminated glass 
has been optimised to reduce weight and cost by using the maxi
mum principal stress and the deflection criteria (Foraboschi 2014), 
but the analysis method was based on linear plate theory and did 
not include the IGU construction, i.e. the load sharing. On the 
other hand, load sharing and geometric nonlinearity have been 
studied for the thickness determination of monolithic IGUs (c in 
Figure 3) (Heiskari et al. 2022a, 2023). That is, no shear transfer 
was considered. Therefore, the goal of this study is to optimise the 
laminated IGU type of windows considering all three effects to 

find the smallest glass pane thicknesses by using methods and 
knowledge available in the ship’s concept design phase. This typi
cally means that the analyst knows the size and shape of the window, 
the configuration (Figure 3), the material properties (interlayer), and 
the design load. Furthermore, the thickness calculation must be fast 
and accurate to estimate weight. For brevity, only rectangular lami
nated IGUs of three different sizes are considered – (1) a = b = 1500  
mm, (2) a = 2500 mm b = 1500 mm, and (3) a = b = 3500 mm (a is 
the longer side). Two different uniformly distributed design loads 
are applied in a quasi-static manner – (1) 2.5 kPa, and (2) 15.0  
kPa. Two different interlayer materials are used with three different 
stiffness properties due to temperature change2 – (1) PVB, and (2) 
SPG at (i) 25◦C, (ii) 35◦C, and (iii) 50◦C. Hence, the total number 
of optimised cases is 36. The nonlinear finite element method is 
combined with the Particle Swarm Optimization (PSO) (Kennedy 
and Eberhart 1995) routine to obtain the response. These include 
maximum deflection and maximum principal stress of the glass 
panes, which are both used as design criteria. The results are 
expected to demonstrate how shear transfer affects the laminated 
IGU mechanical behaviour under large deflections with optimised 
glass pane thicknesses combined with the geometric nonlinearities 
and load sharing, how much weight can be saved with respect to 
the current classification rule methods, and whether choosing the 
stiffer but more expensive interlayer is justifiable (from a structural 
weight point of view). Hence, this paper aims to enhance the accu
racy and understanding of window thickness calculation in a ship’s 
concept design phase, which is important for exploring the feasibility 
of different design variants.

2. Complexity and challenges in laminated glass 
design

When the laminated glass bends, the stresses are transferred 
through the interlayer between the glass panes. The shear transfer 
can be divided into three categories: (1) no shear transfer, (2) partial 
shear transfer, and (3) full shear transfer (as shown in Figure 4). (1) 
and (3) can be called the layered and monolithic limits, respectively. 
The glass panes bend independently without the shear transfer, and 
the interlayer is completely neglected. That is, there is a linear stress 
distribution in each glass pane through the thickness. In the mono
lithic limit, the interlayer is considered fully active, and there is a 
linear stress distribution through the whole laminated glass 

Figure 3. Different types of windows with glass pane thicknesses.
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thickness. With partial shear transfer, there is a zigzag stress distri
bution through the whole thickness. Laminate glass panes are prac
tically always in this partial mode. However, the behaviour 
approaches the monolithic limit with very stiff SGP interlayers. 
Similarly, the behaviour approaches the layered limit with more 
flexible interlayers.

There are different methods of analysing the behaviour of lami
nated glass panes, including shear transfer. A practical approach is 
to use something called the effective thickness (e.g. Galuppi and 
Royer-Carfagni 2012b, 2012a). A single effective thickness derived 
for stress or stiffness-based equivalency replaces the layered struc
ture with multiple thicknesses. The degree of shear transfer is 

Figure 4. A summary of the mechanical effects occurring under the bending of windows. Geometric nonlinearity: comparison between linear and nonlinear predictions for 
a glass pane (Haldimann et al. 2008) and the role of von Kármán strains on the overall stress state through the thickness (bending + membrane = total). Shear transfer: 
through-thickness normal stress distribution for varying degrees of shear transfer in laminated glass. Load sharing: (1) two glass panes in an IGU are in the initial state, (2) 
an external load is applied to the first glass pane resulting in deflection, (3) the deflection reduces the cavity volume, (4) the cavity volume change results in increased 
cavity pressure according to the ideal gas law, and (5) the second glass pane will deflect under the cavity pressure (Heiskari et al. 2022a). The cavity pressure is p, V is the 
cavity volume, N and R are the cavity gas properties, and T is the cavity temperature.
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then included in this effective thickness. However, this method 
requires different thicknesses for the response: one for the deflec
tion and another for the stresses, which makes the method unsuita
ble for structural optimisation with multiple constraints. 
Additionally, this method may require a shape parameter, which 
is dependent on the window shape and size, and boundary con
ditions (see Appendix A.4). Other effective thickness approaches 
can be found in some standards (e.g. EN 16612 SFS-EN 2019). 
An analytical solution for a simply-supported laminated glass was 
formulated by Foraboschi (2012). This yields an exact solution 
but works only for the linear region and is limited by the boundary 
conditions. To overcome these, the response can be obtained using 
the finite element method (FEM) with a laminated shell element 
developed by Liang et al. (2016). This element models the zigzag 
behaviour and includes the viscoelasticity of the interlayer material. 
However, such an element is not readily available in commercial FE 
packages. An alternative method is exploited here; the laminated 
glass is modelled using solid-shell elements (continuum shells) 
that possess a continuum solid topology. Fröling and Persson 
(2013) have used this type of analysis and obtained accurate results 
with respect to the displacements and stresses. Another solid-shell 
element study was conducted by Magisano et al. (2023), who 
included the nonlinear response with good results. Since it is 
necessary to get an accurate response of laminated IGUs of various 
shapes, sizes, and thickness configurations, nonlinear FEM with 
solid-shell elements for the laminated glass is chosen as the analysis 
method in this paper.

3. Structural analysis: finite element model of 
laminated IGU

The finite element model of the laminated insulated glass unit is 
described in the ANSYS Mechanical APDL. First, the used elements 
are explained. Then, a mesh convergence study is conducted to find 
the proper element size, and the behaviour of the solid-shell 
element is studied more closely with the resulting element size. 
Finally, the model is validated with the experimental results of 
McMahon et al. (2018).

3.1. Elements

The different element types are explained first (see Figure 5 for a 
graphical explanation). The glass panes and the interlayer are mod
elled with 8-node solid-shell elements (SOLSH190 in ANSYS 
ANSYS 2024c). They are used to model thin to moderately thick 
shell structures. The element has a 3D topology and eight nodes 
with three translation degrees of freedom in each node. The 

advantage of the solid-shell element over the single-layer shell 
element is that it has two nodes thickness-wise, which allows for 
modelling the shear transfer in a laminated glass more accurately 
(zigzag). Thus, there is no need to use separate thickness scaling 
based on deflection or stress (effective thickness method). The 
advantage over the solid element is that the solid-shell element is 
less prone to shear locking in bending dominant problems 
(ANSYS 2024c). Hence, it is sufficient to use only one solid-shell 
element through the thickness of each layer. The cavity volume is 
modelled with a 5-node hydrostatic fluid element (HSFLD242 in 
ANSYS ANSYS 2024a) that follows the ideal gas law. This element 
has three translation degrees of freedom in the ‘base’ nodes (I, J, K, 
L in Figure 5) and a pressure degree of freedom in the apex node (Q 
in Figure 5). The hydrostatic fluid elements are placed on top of the 
structural elements that face the cavity. The spacers are modelled 
with 4-node shell elements (SHELL181 in ANSYS ANSYS 2024b) 
that have six degrees of freedom in each node – three translations 
and three rotations. Their purpose is solely to create the enclosed 
cavity and not to participate structurally (modeled with low stiff
ness and thickness as done by Heiskari et al. 2022a, 2023).

3.2. Boundary conditions

The windows cannot be bonded so tightly that fixing all edge 
translations is realistic when large deformations are considered. 
Such boundary conditions are often used in the standards/rules 
because they are based on linear assumptions (i.e. small defor
mations). At large deflections, the validation by Heiskari et al. 
(2022a) showed that such boundary conditions heavily underesti
mate the deflections; therefore, a boundary condition allowing for 
sliding of the edges is used. An additional set of shell elements 
(4-node SHELL181) are added to the top and bottom edges of 
the solid-shell elements representing the supports, such as sili
cone sealant bonding (see Figure 6). It should be noted that 
the windows are typically bonded only on one side; this is just 
a modelling trick to avoid giving the spacers the real stiffness 
properties, which may not be such a trivial task. The geometric 
boundary conditions are applied to the ‘free’ edges of these sup
port elements. An alternative way of giving the same boundary 
conditions is shown in Figure 8 where no support elements are 
used. The out-of-plane translation constraints are simply placed 
on the edges of the laminated glass, and rigid body motion 
must be prevented by constraining some of the middle nodes 
in the in-plane direction. This becomes very difficult for irregular 
triangular shapes, which cruise ship windows often have. There
fore, the first modelling method is preferred.

Figure 5. The used elements in Ansys: 4-node structural shell element (ANSYS 2024b), 8-node solid-shell element (ANSYS 2024c), and 5-node hydrostatic fluid element 
(ANSYS 2024a), respectively.
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3.3. Analysis model

Figure 6 illustrates the meshed analysis model with its different 
components and corresponding element types. The element colours 
represent different materials, but both interlayer materials have 
identical properties in this study. All the analyses are conducted 
on a nonlinear basis (i.e. NLGEOM,on) with the Newton-Raphson 
method and the load is quasi-static. Note that the nonlinear analysis 
only includes geometric nonlinearities. The interlayers are mod
elled as linear elastic materials. The viscoelasticity is only con
sidered by changing Young’s modulus based on the 
manufacturer’s tables (e.g. Kuraray 2024) for different loading 
times and temperatures (as is the practical engineer approach).

3.4. Mesh convergence and element aspect ratio analysis

The objective here is to find the minimum element size that is prac
tical for the engineering optimisation problem. Therefore, the stres
ses and deflections must be accurate enough, and the computational 
time must be reasonable. Therefore, the hexahedron element size is 
increased from 30 mm to 100 mm in increments of 10 mm to study 
the element size effect on the deflection and the maximum principal 
stress of the glass panes. The load and the pane thickness are chosen 
as 15 kPa (a typical load for windows closer to sea level) and 10 mm, 
respectively, for producing stresses at the same magnitude as the 
design strength in the classification rules (40 MPa). The interlayer’s 
Young’s modulus is chosen as 1.8 MPa, which corresponds to PVB 
interlayer at 1 minute loading time and 25◦C (see Table 2). Three 
rectangular IGU sizes are used: (1) a = b = 1500 mm, (2) 
a = 2500, b = 1500 mm, and (3) a = b = 3500 mm (a is the longer 
side and b is the shorter side). The results are shown in Figure 7. 
The deflection changes 3.4% at maximum when the element size 
is increased from 30 mm to 100 mm. This corresponds to 0.2 mm 
in absolute value. Hence, the element size does not significantly 
influence the deflection. However, the stress change for the largest 
IGU is 6% when the element size is increased from 30 mm to 100  
mm. The change is only up to 3% with the element size of 50 mm. 
This is chosen as it is notably less computationally heavy than the 
30 mm element size, and the errors are at a reasonable range. The 
resulting number of elements, nodes, and degrees-of-freedom for 
the different IGU sizes are shown in Table 1. The selected mesh 
gives an aspect ratio for the thinnest solid-shell elements of 
50/1.52 ≈ 33. Ansys does have a limit for the ratio, but a user 

can specify it. Ansys gives a shape warning (which does not inter
rupt the simulation or automatically make the results invalid) 
after it is reached. No such limit is used in this study, and therefore, 
the aspect ratio is studied next more closely.

To ensure that such thin solid-shell elements still work well for 
bending problems, a smaller laminated glass model is studied 
where it is possible to reduce the element size more than in the actual 
laminated IGU model. A laminated glass with side lengths of a = 600  
mm and b = 200 mm is chosen with pane thicknesses of 4 mm and 
interlayer thickness of 1.5 mm. The interlayer Young’s modulus is 
1.8 MPa. The model is constrained vertically (z-direction) on two 
opposing sides to allow for sliding in the in-plane direction. The 
model is further constrained at the centre of the plate in the x- and 
y-direction to prevent rigid body motion. The meshed model is 
shown in Figure 8. A uniformly distributed load of 8.0 kPa, chosen 
to produce a relatively large deflection, is applied to the surface for 
nonlinear analysis. Seven element sizes are used: 4, 5, 10, 20, 25, 
50, and 100 mm, yielding aspect ratios of 2.7, 3.3, 6.7, 13.3, 16.7, 
33.3, and 66.7 for the interlayer element, respectively. The response 
is obtained in the centre of the laminated glass bottom surface 
((x, y, z) = (300, 100, 0)). The deflection and stresses are shown in 
Figure 9. The deflection is 11.0 mm for the smallest element size 
and 10.6 mm for the largest. On the other hand, the deflection differ
ence is 0.1 mm between the smallest element size and 50 mm element 
size (which is used in the large IGU model). This is an error of ≈ 1%. 
For the stresses, the difference between the smallest element size and 
the 50 mm element size is 1.8 MPa and 0.4 MPa in the x- and y-direc
tion, respectively. These correspond to errors of 3.6% and 3.4%, 
respectively. The numerical error increases with the element size 
and aspect ratio of the elements but is still at acceptable levels. The 
errors are less significant for the actual IGU models at large deflec
tions because the membrane action becomes more dominant (von 
Kármán strains). Besides, some accuracy must be sacrificed when 
structures are optimised in a ship’s concept design phase.

3.5. Validation

This subsection aims to ensure that the presented laminated IGU 
model can accurately predict the deflections so it may be used in the 
later sections to optimise the glass pane thicknesses. The laminated 
glass panes are treated as monolithic by ascribing the glass material 
properties to the interlayer for validation. That is, the model is a simple 
IGU with both monolithic panes having three 3D solid-shell elements 

Figure 6. A 1500× 1500 meshed rectangular laminated IGU with an element size of 50 mm. The magnified edge cut section shows the through-thickness composition 
with the corresponding element types. The spacer elements are not visible because they are behind the cavity elements. The boundary conditions are applied around the 
whole perimeter of the support edges. The uniformly distributed load is applied on the surface of glass pane 1 in the direction of − z. Note that the glass panes can slide in 
the in-plane direction with the x-, y-, and z-translation restraints on the support. (This figure is available in colour online.)
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through the thickness. This is because no published experimental 
results are available for laminated IGUs under bending (at least to 
our knowledge). The results have been compared with experimental 
results by McMahon et al. (2018) and with numerical results by Heis
kari et al. (2022a), where the monolithic IGU FE model is presented 
with 2D shell elements. For this reason, the size of the rectangular 
IGU is chosen as a = 1260 mm, b = 750 mm, s = 13 mm, and 
t1 + t2 + tint = t3 + t4 + tint = 5.7 mm. The uniformly distributed 
load varies from 0 kPa to 7 kPa in increments of 0.5 kPa. For the FE 
model, the supports are given the following material properties: E =  
500 MPa, n = 0.3, and thickness ts = 1 mm. The analysis considers 
geometric nonlinearities. The results are shown in Figure Figure 10
and are close to the experimental results with relative errors of 7.7 % 
and 5.6 % for panes 1 and 2, respectively, for the largest load. Further, 
the 3D solid-shell FE results are almost identical to those obtained by 
Heiskari et al. (2022a) for the IGU model with the 2D shell elements. 
That model was also validated against analytical methods on a linear 
basis. Therefore, it can be concluded that the model with the additional 
support elements for applying the geometric boundary conditions is 
working correctly. This also further demonstrates that the model 
behaves well under bending, even when the thinnest elements have 
an aspect ratio of 33.

4. Particle swarm optimisation

Particle swarm optimisation (PSO) (Kennedy and Eberhart 1995) is 
a metaheuristic optimisation algorithm that has proven to be 

powerful, e.g. in optimising ship structures (Raikunen et al. 2019; 
Romanoff 2014). One of its strengths is that it does not require gra
dient information – only design variables, the objective function(s), 
and equality and/or inequality constraints are enough. PSO is sto
chastic and uses a ‘trial and error’ type of search process. In the cur
rent study, this means that the four different glass pane thicknesses 
(e in Figure 3) are randomly generated in MATLAB at the begin
ning of the PSO routine, and MATLAB creates the corresponding 
input file for Ansys. Then MATLAB calls and executes the Ansys 
simulation, which solves the response. The MATLAB algorithm 
then checks the feasibility of the current design (thickness values). 
Based on this information, the PSO algorithm calculates new thick
nesses in MATLAB, and the process is repeated until the function 
gives the optimum solution. That is, the thicknesses that produce 
the least weight without breaking the design constraints. The 
optimisation flowchart is shown in Figure 11.3

The PSO has a swarm that consists of a certain number of par
ticles. These are denoted with an index i. Each particle has a pos
ition vector 􏿻xi(t) and a velocity vector 􏿻vi(t). The former is the 
particle’s current position, and the latter shows the direction in 
which the particle moves. Both are updated at each iteration t. At 
all times, each particle remembers its personal best position 􏿻Pi(t), 
and all particles know the global best position G(t). Once the first 
iteration is completed with the initial positions, a new position is 
calculated as:

􏿻xi(t + 1) = 􏿻xi(t)+ 􏿻vi(t + 1). (1) 

The velocity vector may be calculated using the current velocity 
(initially 0), the personal and the global positions, and certain 
coefficients:

􏿻vi(t + 1) = w􏿻vi(t)+ r1c1
􏼂
􏿻Pi(t) − 􏿻xi(t)

􏼃
+ r2c2

􏼂
G(t) − 􏿻xi(t)

􏼃
(2) 

where r1 and r2 are random numbers with intervals of 0 and 1. The 
movements of the particles are visualised in Figure 11. The 

Figure 7. Mesh convergence analysis of rectangular laminated IGUs of three sizes. The applied load is 15 kPa, and the boundary conditions are shown in Figure 6. The top 
row presents the maximum principal stresses of each glass pane of each IGU size, while the bottom row presents the maximum deflections.

Table 1. Number of elements, nodes, and degrees of freedom (DOFs) for each 
meshed laminated IGU model.

Size No. of elements No. of nodes No. of DOFs
1500× 1500 8348 7928 25,228
2500× 1500 13,828 12,968 40,828
3500× 3500 44,668 40,888 126,028
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coefficients c1 and c2 are calculated as:

c1 = xf1
c2 = xf2

w = x

x = 2k
|2− f−

������
f2− 4f
√

|

f = f1 + f2

(3) 

where k = 1, f1 = 2.05, and f2 = 2.05 (Clerc and Kennedy 2002). 
Here, no further damping is used. The c coefficients are acceleration 

coefficients, and w is the inertia coefficient. The velocities are lim
ited by using the range that a particle can take values of:

Velocityij, max =
Variableij, max − Variableij, min

f
Velocityij, min = − Velocityij, max

(4) 

where f = 5, which the Authors have found to be sufficient by trial 
and error process. The index j describes the variable number that 
each particle has. The Equations (3) and (4) are used to ensure 
that the particles do not take too large steps and potentially 

Figure 9. Deflection and the stresses in the middle of the bottom surface (x = 300, y = 100, z = 0) of the laminated glass model in Figure 8.

Figure 8. Meshed model of a 600× 300 mm laminated glass with a glass pane thickness of 4 mm and interlayer thickness of 1.5 mm. This model is used to study the effect 
of the solid-shell aspect ratio on the deflections and stresses. The load is uniformly distributed on the top surface with a magnitude of 8 kPa. The boundary conditions are 
shown in the figure. The analysis type is nonlinear static structural. Note that the element size in this figure is the largest (100 mm). The response is obtained in the middle 
of the bottom surface (x = 300, y = 100, z = 0). (This figure is available in colour online.)
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skip over the optimum solution. There are studies on how to 
improve the performance of the PSO routine (e.g. He et al. 
2019; Freitas et al. 2020), but the presented and used ‘basic’ rou
tine is sufficient for the current optimisation problem as it con
verges to the optimum solution with reasonable computational 
efforts.

4.1. Optimization problem

This study has four design variables, meaning that j = 4 and the 
optimisation is four-dimensional. That is, each particle contains 
information for four variables. The objective function that the 
PSO tries to minimise is:

Minimize M(t) =
􏽘4

j=1
t jA (5) 

where M is the IGU weight (consisting of only glass), t is the glass 
pane thickness, and A is the glass pane area. The design constraints 

limit this objective function:

s+ ≤ s+,d
d ≤ b

dd
1/r ≤ t1/t2 ≤ r
1/r ≤ t3/t4 ≤ r

t1 + t2 ≤ r(t3 + t4)
t3 + t4 ≤ t1 + t2

tlower ≤ t1,2,3,4 ≤ tupper

(6) 

where s+ is the maximum principal stress, δ is the deflection, b is 
the shorter side of the rectangular glass pane, subscript d is the 
design value, and r is the thickness ratio. Maximum in-plane trans
lation is not used as a criterion because it is critical only for rec
tangular windows with very high aspect ratios a/b (Heiskari et al. 
2022b, 2023). The maximum nodal stresses and deflections are 
obtained from each glass pane (see Figure 11 in (Heiskari et al. 
2022a) for additional details) and they are compared with the 

Figure 10. Comparison of 1260× 750 mm monolithic IGU with glass pane thicknesses of 5.7 mm and cavity thickness of 13 mm: experimental results by McMahon et al. 
(2018), nonlinear FE analysis with 2D shell elements (Heiskari et al. 2022a), and nonlinear FE analysis with 3D solid-shell elements. Pane 1 is the directly loaded glass pane, 
and pane 2 is loaded through the load sharing effect.

Figure 11. Flowchart of the optimisation routine and determination of the new particle position in PSO.
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design values:

hc1 =
max
􏽨

max (s+,1), max (s+,2), max (s+,3), max (s+,4)
􏽩

s+,d
− 1

hc2 =
max
􏽨

max (d1), max (d2), max (d3), max (d4)
􏽩

dd
− 1.

(7) 

From these, the maximum is found:

h = max [hc1, hc2]. (8) 

Depending on the η sign, the weight is calculated as:

M(t) =

􏽘4

i=1
tiA, if h≤0

􏽘4

i=1
tiA(1+ 100h), otherwise.

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(9) 

That is, if η is negative, the candidate particle is a feasible solution. If 
η is positive, then the particle is unfeasible, and a penalty is added to 
the weight. The algorithm is stopped once the weight has not 
improved in four consecutive iterations.

5. Case study

5.1. Design parameters and constraints

The four glass pane thicknesses are the optimisation variables. 
Three different temperatures are considered in the optimisation 
that affect the interlayer material properties. The lowest tempera
ture is 25◦C and the loading time is 1 minute. This condition is 
what the classification societies typically require at minimum. The 
material properties for the chosen conditions are shown in Table 
2. Three rectangular sizes are considered: (1) a = b = 1500 mm, (2) 
a = 2500 mm b = 1500 mm, and (3) a = b = 3500 mm. The first one 
represents a typical smaller square window, the second one is a lar
ger window that can cover a full deck height, and the third is a very 
large window. The spacer thickness is 14 mm. The design loads are 
chosen as 2.5 kPa and 15 kPa, which are typical for windows in 
ships on the upper decks and on decks closer to sea level, 
respectively.

All the constraints are shown in Table 3. The lower limit for a 
single glass pane thickness is set as 4 mm. Only discrete thickness 
values are used in the Ansys simulation. The initial thickness values 
generated by MATLAB and the updated thickness values by 
Equation (1) are continuous but rounded off to the nearest discrete 
value in MATLAB. The maximum allowed deflection is given by b/ 
100, and the maximum allowed principal stress is 40 MPa. The for
mer is the same limit as used by Heiskari et al. (2023). The deflec
tion limit may originate from the spacer manufacturers to ensure 
the sealing of the cavity. The thickness ratios of the glass panes 
(Equation 6) are controlled with parameter r, which is set to 2 as 
it was found by Heiskari et al. (2023) (where r = 3) that the optim
isation always caps the r for monolithic IGUs, which is better for the 
weight but worse for the load sharing and geometric nonlinearity. 

Therefore, choosing r is a trade-off between the weight and redun
dancy.4 Large thickness difference between t1 and t2 could imply 
optical distortions of some degree, but they are not considered in 
the current study. The total thickness of the directly loaded lami
nated glass must be larger than the total thickness of the indirectly 
loaded laminated glass but can only be twice as large. The interlayer 
thickness is chosen as 1.52 mm.

5.2. Optimized laminated IGUs

The optimised thicknesses are shown in Tables 4 and 5 for the 2.5  
kPa and 15.0 kPa design loads, respectively. First, for the 2.5 kPa 
load and the small sizes, all the thicknesses are at their lower 
limit (4 mm) regardless of the temperature. For a larger window 
size, the total minimum required thickness only grows by 2 mm 
at maximum when the temperature increases (for a given window 
size). That is, for the typical 2.5 kPa load, the thickness may well 
be chosen for a 25◦C temperature since the increase in the tempera
ture does not significantly increase the required minimum thick
ness. A similar trend can be observed also for the higher design 
load of 15.0 kPa. Looking at the thicknesses between the two inter
layer materials (PVB and SGP) at a given temperature for large win
dows and large loads, it is very beneficial to use the stiffer SGP 
interlayer. The difference varies between 0% and 26%. Large poten
tial weight savings can be achieved using an SGP interlayer instead 
of a PVB interlayer.

5.3. Response

The maximum principal stress of each glass pane, the maximum 
deflection, and the load sharing percentage for the optimised thick
nesses are presented in Tables 6 and 7 for the 2.5 kPa and 15.0 kPa 
design loads, respectively. The limiting response values are bolded 
and colours are used to indicate which criterion is the limiting one. 
In cases where all the thicknesses are at the lower limit of 4 mm, the 
stress and deflection limits are not reached. Only in three of the 
cases is the stress a limiting factor. In two other cases, the stress 
and the deflection are both limiting factors. Deflection is the limit
ing factor in the remaining cases. One can also observe that with the 
PVB interlayers, the stresses are quite high in both laminated glass 
panes. The load sharing percentage is close to 50% when the two 
laminated glass panes have almost equal total thickness. It drops 
significantly as the ratio between the total thicknesses decreases. 
Hence, the optimisation leads to a configuration where the directly 
loaded laminated glass carries most of the load, and the other lami
nated glass is as thin as possible. Further, the interlayer stiffness 
does not seem to influence the load sharing significantly. It is 
more a function of the thickness configuration and size as was 
found by Heiskari et al. (2023).

This can further be demonstrated by considering a case, say a 
3500× 3500 window subjected to a 15 kPa load and having a thick
ness configuration of 21, 18, 12, and 8 mm for t1, t2, t3, and t4, 
respectively (optimised thickness for PVB at 25◦C). Young’s mod
ulus for the interlayer varies from 1 MPa to 413 MPa at intervals of 
2 MPa. The influence of the interlayer stiffness on the load sharing 

Table 2. Young’s modulus for the PVB interlayer (Trosifol UltraClear) and the 
ionomer interlayer (SentryGlas Plus) at different temperatures for a 1-minute 
loading time. The data is obtained from the Trosifol technical data sheet 
(Kuraray 2024). The shear modulus is calculated from Young’s modulus with 
Poisson’s ratio of 0.49.

Temperature [◦C] Trosifol UltraClear [MPa] SentryGlas Plus [MPa]
25◦C 1.8 413
35◦C 1.2 209
50◦C 0.69 33.8

Table 3. Design constraints.

Design constraint Symbol Value
Maximum principal stress s+,d [MPa] 40
Maximum deflection dd [–] 100
Thickness ratio r [–] 2
Thickness lower limit tlower [mm] 4
Thickness upper limit tupper [mm] varied
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is shown on the left-hand side of Figure 12. It drops slightly at the 
beginning but then remains constant at 14%. If the total thickness of 
the glass panes is kept almost the same but is distributed evenly 
between the glass panes, i.e. all panes are 15 mm thick, then the 
load sharing is much higher, as can be seen on the right-hand 
side of Figure 12. However, the load sharing remains constant at 
47% after the initial small drop. It should be noted that this latter 
configuration is not feasible because the total thickness of the 
directly loaded laminated glass is too thin to fulfill the design cri
teria. It can be concluded that the interlayer does not significantly 
influence the load sharing.

The through-thickness stress distribution is plotted to show the 
difference between the optimised IGUs for the PVB and SGP inter
layers. A square IGU with a 3500 mm side length is chosen for this 
demonstration. The design load is 15.0 kPa, and the thicknesses are 
as optimised in Table 5. Normal stresses in the x- and y-direction 
(which are identical to each other) are plotted in the middle of 
the IGU, even though the maximum value of the stress may not 

be located there. The results are shown in Figure 13. The monolithic 
stress distribution is also plotted with a blue line for comparison 
because it pushes towards this behaviour as the interlayer becomes 
stiffer. First, it is obvious that the laminated glass panes are in par
tial shear transfer mode. The stresses are naturally higher for the 
directly loaded laminated glass as it is thicker than the other one. 
The SGP interlayer shows weaker zigzag behaviour, as expected. 
The stress distribution with the SGP interlayer in glass panes one 
and three is equivalent to the monolithic stress distribution. 
Further, the maximum compressive and maximum tensile stresses 
are almost the same for the zigzag and monolithic cases. Clearly, 
including the zigzag behaviour is important, especially with the 
less stiff interlayers because the tensile stresses are high on the bot
tom of both panes of laminated glass (locations (1,2) and (1,4), and 
(2,1) and (2,4)). Pane one may even have higher tensile stress than 
pane two, as shown with PVB at 50◦C.

By observing the stress difference at the top and bottom of the 
interlayer, we can determine how effective the interlayer is, that 

Table 4. Optimized thicknesses with maximum principal stress and maximum deflection criterion for a 2.5 kPa design load.

Temperature [◦C] 25 35 50

Material PVB SGP PVB SGP PVB SGP
a = 1500 b = 1500 mm
t1 [mm] 4 (1) 4 (1) 4 (1) 4 (1) 4 (1) 4(1)
t2 [mm] 4 4 4 4 4 4
t3 [mm] 4 (1) 4 (1) 4 (1) 4 (1) 4 (1) 4 (1)
t4 [mm] 4 4 4 4 4 4
Total [mm] 16 [1] 16 [1] 16 [1] 16 [1] 16 [1] 16 [1]

a = 2500 b = 1500 mm
t1 [mm] 5 (1.25) 4 (1) 6 (1.5) 4 (1) 7 (1.75) 4 (1)
t2 [mm] 4 4 4 4 4 4
t3 [mm] 5 (1.25) 4 (1) 4 (1) 4 (1) 5 (1.25) 4 (1)
t4 [mm] 4 4 4 4 4 4
Total [mm] 18 [1] 16 [1] 18 [1.25] 16 [1] 20 [1.22] 16 [1]

a = 3500 b = 3500 mm
t1 [mm] 8 (1.33) 6 (1) 9 (1.5) 8 (1.6) 9 (1.29) 8 (1.6)
t2 [mm] 6 6 6 5 7 5
t3 [mm] 7 (1.75) 4 (1) 7 (1.75) 4 (1) 7 (1.75) 4 (1)
t4 [mm] 4 4 4 4 4 4
Total [mm] 25 [1.27] 20 [1.5] 26 [1.36] 21 [1.63] 27 [1.45] 21 [1.63]

Notes: The resulting thickness ratios t1/t2 and t3/t4 are presented in the parenthesis after t1 and t3, respectively. The thickness ratio (t1 + t2)/(t3 + t4) is presented in 
brackets after the total thickness.

Table 5. Optimized thicknesses with maximum principal stress and maximum deflection criterion for a 15 kPa design load.

Temperature [◦C] 25 35 50

Material PVB SGP PVB SGP PVB SGP
a = 1500 b = 1500 mm
t1 [mm] 11 (1.83) 8 (2) 11 (1.57) 8 (2) 12 (2) 6 (1)
t2 [mm] 6 4 7 4 6 6
t3 [mm] 5 (1.25) 4 (1) 5 (1.25) 4 (1) 5 (1.25) 5 (1.25)
t4 [mm] 4 4 4 4 4 4
Total [mm] 26 [1.89] 20 [1.5] 27 [2] 20 [1.25] 27 [2] 21 [1.33]

a = 2500 b = 1500 mm
t1 [mm] 16 (2)) 11 (1.57) 16 (2) 11 (1.57) 16 (1.78) 11 (1.57)
t2 [mm] 8 7 8 7 9 7
t3 [mm] 7 (1.4) 6 (1.5) 7 (1.4) 6 (1.2) 7 (1) 7 (1.75)
t4 [mm] 5 4 5 5 7 4
Total [mm] 36 [2] 28 [1.8] 36 [2] 29 [1.63] 39 [1.79] 29 [1.63]

a = 3500 b = 3500 mm
t1 [mm] 21 (1.17) 15 (1) 24 (1.5) 16 (1.14) 26 (1.73) 19 (1.58)
t2 [mm] 18 15 16 14 15 12
t3 [mm] 12 (1.5) 8 (1.14) 13 (1.86) 9 (1.5) 14 (2) 11 (1.83)
t4 [mm] 8 7 7 6 7 6
Total [mm] 59 [1.95] 45 [2] 60 [2] 45 [2] 62 [1.95] 48 [1.82]

Notes: The resulting thickness ratios t1/t2 and t3/t4 are presented in the parenthesis after t1 and t3, respectively. The thickness ratio (t1 + t2)/(t3 + t4) is presented in 
brackets after the total thickness.
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is, how well the interlayer transfers the shear. First, the ‘stress jump’ 
is calculated as:

s j,i = si,3 − si,2 (10) 

where subscript i = 1, 2 indicates the laminated glass number, j is 

the jump, and 2 and 3 are the stress values at the top and bottom 
of the interlayer, respectively. These locations are shown in Figure 
13. Next, this jump is scaled with the interlayer thickness:

Ri,int =
tint

si,jump
. (11) 

Table 7. Largest maximum principal stress and maximum deflection (in parenthesis) of the optimised cases (Table 10) for a design load of 15.0 kPa.

Notes: The load sharing percentage is calculated as the ratio of the cavity pressure to the applied pressure. The maximum stress and deflection criteria are inside the 
brackets after the IGU planar dimensions. The bolded response indicates the activated criterion. Furthermore, the cell colours green, red, and orange indicate if the 
deflection, stress, or both criteria, respectively, are activated.

Table 6. Largest maximum principal stress and maximum deflection (in parenthesis) of the optimised cases (Table 9) for a design load of 2.5 kPa.

Notes: The load sharing percentage is calculated as the ratio of the cavity pressure to the applied pressure. The maximum stress and deflection criteria are inside the 
brackets after the IGU planar dimensions. The bolded response indicates the activated criterion. Furthermore, the cell colours green, red, and orange indicate if the 
deflection, stress, or both criteria, respectively, are activated.
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Then the ratio of the monolithic thickness to monolithic stress 
(blue line in Figure 13) is calculated:

Ri,mono =
ti+(i− 1) + t2i + tint

abs(si,1 − si,4)
. (12) 

Finally, the effectivity of the laminated glass can be obtained by 
comparing these two ratios:

Hi =
Ri,int

Ri,mono
. (13) 

The results are shown in Table 8. Clearly, the SGP interlayer is more 
effective than the PVB interlayer. The effectivity drops as the temp
erature increases. It is better to make the panes in the laminated 
glass equally thick with the SGP interlayer. For example, the thick
nesses of the SGP interlayer at 25◦C in the first laminated glass are 
t1 = 15 mm and t2 = 15 mm. These could be changed to 17 mm 
and 13 mm, respectively, without changing the overall response sig
nificantly, but the effectivity is lowered. On the other hand, the 
shear transfer with the PVB interlayer is far lower anyway, so it is 
better to make the directly loaded glass panes, i.e. t1 and t3, much 
thicker so they carry most of the load. The optimisation has done 
exactly that (Table 5).

5.4. Comparison with classification rules

First, if the window has laminated glass, the monolithic thickness is 
used as a baseline thickness to determine the equivalent laminated 
thickness (Equation (A9)). The second thing to consider is the 
allowed minimum glass thickness. For DNV (2022), these are either 
6, 8, or 10 mm, depending on the window size and location. For the 
laminated glass, the individual thickness of any pane must not be 
smaller than 4 mm. Currently, the smallest thicknesses (to our 
knowledge) on a ship for a large laminated IGU are 6, 6, 6, and 6  
mm. However, the smallest total thickness for a laminated IGU is 
16 mm in this study (i.e. 4 mm for each glass pane).

The determination of the laminated glass thickness is shown in 
the appendices. Only the Bureau Veritas (BV 2022) formulation 
allows for a user-defined value of the interlayer shear modulus. 
Loyd’s Register (LR 2022) has a few shear transfer coefficients 
depending on the load type and interlayer. For comparison, only 
25◦C and 1 min loading are used in the BV formulation, and the 
shear transfer coefficients of 0.3 and 0.7 are used in the LR formu
lation for the PVB and SGP interlayers, respectively. For the IGUs, 

the directly loaded laminated glass is calculated according to the 
rules, and the indirectly loaded laminated glass is chosen as the 
minimum possible. However, the total thickness of the indirectly 
loaded laminated glass cannot be more than two times smaller 
than the total thickness of the directly loaded pane. This is not 
specified in the rules but is simply used to allow a fairer comparison 
between the methods.

The results are shown in Tables 9 and 10 for design loads of 2.5  
kPa and 15.0 kPa, respectively. The optimised results for 25◦C and 1 
min loading time are also shown in the last column. First, the BV 
and LR rules are quite similar. The BV rules result in slightly thin
ner solutions for the SGP interlayers than the LR rules do because 
they allow high shear transfer. However, this difference is only vis
ible for the higher design load. For the PVB interlayer, BV and LR 
are almost the same, with minor differences. The DNV rules result 
in very thick glass panes compared to other methods, especially for 
a higher design load. Second, there is no big difference in the PVB 
interlayer between the BV (or LR) rules and the optimised thick
nesses. In one case, the class rules provide up to a 1 mm thinner 
configuration than the optimisation. Generally, however, the 
optimisation results in a 1 mm to 3 mm thinner configuration. 
On the other hand, the difference is more significant for the SGP 
interlayer and the higher design load. Depending on the size, the 
optimisation configuration is 2 mm to 8 mm thinner than the thin
nest class rule configuration. All these correspond to weight savings 
of −6 to 15% with respect to the class rules. While the class results 
can be good from an engineering perspective, they do not account 
for the underlying physical principles, i.e. they neglect the geo
metric nonlinearity and the load sharing.

5.5. Recent ISO 11336-1 updates

The ISO 11336-1:2012 (ISO 2012) standard was recently updated to 
a 2023 version (ISO 2023) where the main updates relating to the 
current study are as follows: 

(1) A deflection limit has been introduced – a/50 mm.
(2) The minimum characteristic failure strength of fully tempered 

glass has been lowered to 120 MPa from 160 MPa.
(3) The strength safety factor has been lowered from 4 to 3.
(4) The design load time for interlayer material property definition 

has been lowered from 60 seconds to 10 seconds.

Figure 12. Load sharing percentage (ratio of cavity pressure to applied load) for 3500× 3500 laminated IGU subjected to 15.0 kPa load with two different thickness 
configurations. Left-hand side: optimised thickness for 25◦C PVB interlayer. Right-hand side: a case with equally thick glass panes.
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Points (2) and (3) result in the same design strength of 40 MPa 
as did the previous version. Point (4) makes the design stiffness of 
the interlayer larger, but it is not implemented in the current study, 
as the classification rules still use 60 seconds. Point (1) is the most 
relevant change to the study because a deflection limit of b/100 was 
used in optimising the thicknesses in this chapter. In the standard, a 
is the longer rectangular side, but when a ≥ 1.4b, a is given as 1.4b. 
Implementing that to the cases in this study means that the allowed 
maximum deflections would be 30 mm, 42 mm, and 70 mm for a =  
b = 1500 mm, a = 2500, b = 1500 mm, and a = b = 3500 mm, 
respectively. These appear to influence only the direct calculation 

methods (such as FEM analysis), as the monolithic thickness 
equation as per standard has not been updated.

To have an idea what such limits mean, all the cases in Tables 4
and 5 were optimised again by using the a/50 mm criterion. Inter
estingly, the new deflection limit was never reached (it only reached 
70% of it at most), and all the designs were limited by the 40 MPa 
stress criterion. That is, all the thicknesses in Table 4 for the 2.5 kPa 
loads can be replaced with 4 mm (except for 3500× 3500 PVB with 
1.2 MPa and 0.69 MPa interlayer stiffnesses). This lightens the 
design from 0% (already at the minimum of 16 mm total thickness) 
up to 40% by using the a/50 mm criterion over the b/100 criterion. 

Figure 13. Through-thickness normal stress distribution for the glass panes at the geometric midpoint of the IGU. The thicknesses are optimised for a 3500× 3500 IGU 
subjected to a 15.0 kPa design load. Each row has a certain loading temperature, and the left-hand side column is PVB and the right-hand side column SGP. The blue line is 
the stress distribution if the laminated glass were of monolithic construction (i.e. the interlayer has the same properties as the glass). i = 1, 2 and k = 1, 2, 3, 4 indicate the 
layer position. For example, (1, 2) is the layer between the first glass pane and the interlayer in the first laminated glass. (This figure is available in colour online.)
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On the other hand, the weight difference for the 15.0 kPa design 
load varies from 0% (some designs were already at the stress 
limit) up to 30% between the two deflection criteria. These results 
further demonstrate (as previously discussed by Heiskari et al. 
2022b, 2023) how important an allowable deflection limit can be. 
However, there is no clear physical reasoning for any of the limits 
(not even in the updated ISO standard). For example, the prEN 
13474-3 standard (prEN 2009) suggested ‘span’/65 mm or 50 mm 
(whichever is the lower value) to ensure that the glass panes are 
not excessively flexible under loads, which can cause alarm to build
ing users. Clearly, choosing the limit is not a trivial task to do, and it 
will require future studies.

5.6. Comments on the optimisation

The PSO swarm size was set to 100. That is, each iteration included 
100 analyses. The optimum was found typically in 8 to 12 iterations, 
which included 4 iterations that did not improve the weight (stop
ping criterion). One ANSYS analysis took anywhere between 2 
seconds to 2 minutes, depending on the IGU configuration (size 
and thickness) and the load level. One optimisation routine could 
take up to 2 hours using a home desktop PC (16.0 GB RAM and 
AMD Ryzen 5 5600x 6-core processor).

6. Discussion

When calculating the required minimum glass pane thickness of ship 
windows, it is important that the method used considers the physical 
effects that occur. First, this means accounting for geometric nonli
nearities. The classification society rules are still limited to the linear 
approach. The difference between the linear and nonlinear method 
for a large, laminated glass (not an IGU) subjected to a large load 
is shown in Figure 14. When the class rules are compared with 
each other for monolithic glass panes, they are practically identical 
(Heiskari et al. 2022a). Second, the load sharing between the glass 
panes due to the enclosed cavity in IGUs significantly increases the 
load-bearing capacity of the windows. The classification rules are 
identical also in the sense that their methods cannot yet consider 
the load sharing effect.5 Finally, shear transfer plays an important 
role. There are clearly differences in how it is treated in different 
classification rules. The most flexible approach is that of Bureau Ver
itas (BV 2022), which is equivalent to that given by the ISO 11336-1 
standard (ISO 2012, 2023), where one can freely determine the 
degree of the shear transfer. On the other hand, Lloyd’s Register 
has a few discrete predetermined values, while the DNV (2022) 
rules do not really consider the shear transfer. However, the DNV 
rules do mention that the ISO 11336-1 method can be used, provid
ing certain criteria are met. In that light, the class rules in this study 
are almost at the same level as each other.

However, looking at Figure 14, it is clear that analysing the win
dows on a linear basis can heavily underestimate the deflections and 
stresses. If the glass pane thicknesses are kept constant and only the 
interlayer properties are changed (Figure 14), then the importance 
of nonlinearity is more significant for the PVB interlayer. On the 

other hand, if the glass pane thickness is determined for a certain 
interlayer so that no maximum deflection and stress criteria are vio
lated, like in this study, then the difference between the nonlinear 
FEM and the classification rule method is larger for the stiffer 
SGP interlayer than for the PVB interlayer. This can be observed 
in Table 10. The reason is that the stiffer SGP interlayer allows 
for thinner glass panes, which promotes the von Kármán strains, 
i.e. the geometric nonlinearity. If the PVB interlayer is used, then 
the directly loaded glass pane becomes thicker and carries most 

Table 8. Effectivity of 3500× 3500 optimised laminated IGUs at three 
temperatures and two different interlayer materials.

Material PVB SGP

Temperature [◦C] 25 35 50 25 35 50
H1 [%] 11 7 6 67 45 23
H2 [%] 24 16 13 55 39 30

Notes: The applied load is 15.0 kPa. The percentage is calculated from the thick
nesses and stress values shown in Figure 13 using Equation (13).

Table 9. Required minimum glass pane thicknesses for laminated IGUs according 
to the different classification societies for 2.5 kPa design load at 25°C.

Class BV LR DNV Opt.

Material PVB SGP PVB SGP PVB SGP PVB SGP
a = 1500 b = 1500 mm
tmono [mm] 6.3 6.4 6.3 –
t1 [mm] 4 4 4 4 5 4 4
t2 [mm] 4 4 4 4 5 4 4
t3 [mm] 4 4 4 4 4 4 4
t4 [mm] 4 4 4 4 4 4 4
Total [mm] 16 16 16 16 18 16 16

a = 2500 b = 1500 mm
tmono [mm] 8.7 8.6 8.7 –
t1 [mm] 5 4 5 4 7 5 4
t2 [mm] 4 4 5 4 6 4 4
t3 [mm] 4 4 4 4 4 5 4
t4 [mm] 4 4 4 4 4 4 4
Total [mm] 17 16 18 16 21 18 16

a = 3500 b = 3500 mm
tmono [mm] 14.7 15.0 14.7 –
t1 [mm] 9 7 9 8 12 8 6
t2 [mm] 8 7 8 7 10 6 6
t3 [mm] 5 4 5 4 6 7 4
t4 [mm] 4 4 4 4 5 4 4
Total [mm] 26 22 26 23 33 25 20

Notes: The optimised results are shown in the last column. For DNV, there is no dis
tinction between different interlayers.

Table 10. Required minimum glass pane thicknesses for laminated IGUs according 
to the different classification societies for 15.0 kPa design load at 25°C.

Class BV LR DNV Opt.

Material PVB SGP PVB SGP PVB SGP PVB SGP
a = 1500 b = 1500 mm
tmono [mm] 15.4 15.7 15.4 –
t1 [mm] 9 7 9 8 11 11 8
t2 [mm] 9 7 9 8 11 6 4
t3 [mm] 5 4 5 4 6 5 4
t4 [mm] 4 4 4 4 5 4 4
Total [mm] 27 22 27 24 33 26 20

a = 2500 b = 1500 mm
tmono [mm] 21.3 21.0 21.3 –
t1 [mm] 13 10 12 11 16 16 11
t2 [mm] 13 10 12 10 15 18 7
t3 [mm] 7 6 6 6 8 7 6
t4 [mm] 6 4 6 5 8 5 4
Total [mm] 40 30 36 32 47 36 28

a = 3500 b = 3500 mm
tmono [mm] 36.0 36.7 36.0 –
t1 [mm] 20 18 21 20 26 21 15
t2 [mm] 20 17 21 18 26 18 15
t3 [mm] 10 9 11 10 13 12 8
t4 [mm] 10 9 11 9 13 8 7
Total [mm] 60 53 64 57 78 59 45

Notes: The optimised results are shown in the last column. For DNV, there is no dis
tinction between different interlayers.◦
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of the load through bending. The BV and the LR class rules result in 
thickness configurations that are close to the optimised configur
ations, as can be seen in Tables 9 and 10, even though they neglect 
the load sharing and geometric nonlinearity. The difference 
between the BV and optimised thicknesses vary from -6% to 9%, 
and 2% to 15% for 2.5 kPa and 15.0 kPa design loads, respectively. 
However, the comparison is problematic as the classification rules 
use only stress criterion while a b/100 mm deflection criterion 
was used in optimisation, which was the limiting criterion in 
most of the cases. By using a deflection limit of a/50 (as given in 
the new ISO 2023 113361-1 standard), which did not activate in 
the presented case studies and the stress was the limiting criterion, 
the difference to the class varies from 0% to 38%, and 10% to 33% 
for 2.5 kPa and 15.0 kPa design loads, respectively. Hence, the cho
sen design constraints play a major role in the thickness 
optimisation.

By comparing only the PVB and SGP interlayers together (no 
class), it was found that it is better to use equally thick glass 
panes in laminated glass with the stiffer SGP interlayer because 
then the stress jump, i.e. the zigzag behaviour, becomes smaller. 
This increases the effectiveness of the interlayer. On the other 
hand, with less stiff PVB interlayers, the directly loaded glass 
pane in the laminated glass should be much thicker so it can 
carry most of the load on its own. This is because the interlayer can
not transfer the load as effectively. This becomes apparent from 
Table 5, where one can observe in how much thicker t1 than t2 
the optimisation algorithm converges. Then, the maximum value 
of the maximum principal stress is found at the bottom surface 
of the t1 glass pane, while it is at the bottom of the t2 glass pane 
for the SGP case. Because of the very thick t1 glass pane in the 
PVB case, deflection limit is always activated before the stress 
limit. In fact, the stress is always 10 to 15 MPa from the 40 MPa 
limit, as shown in Table 7. On the other hand, the stress becomes 
the limiting criterion for the SGP cases with higher design load 
and larger sizes. With the lower design load and small window 
sizes, the minimum allowable glass pane thickness of 4 mm is limit
ing the design. That is, optimisation would have reduced the thick
ness even further. However, many of the thin IGUs in modern 
cruise ships are built with 6 mm glass panes and SGP interlayers. 
Looking at the optimised thicknesses in Table 4 and their response 
in Table 6, it is clear that 4 mm can be enough to fulfill the design 
criteria in this study. Further, at least for smaller windows, a PVB 
interlayer seems to be sufficient. This offers potential cost savings. 
On the other hand, an SGP interlayer provides potential weight sav
ings with larger windows.

It is clear that the FEM analysis is very useful, as it allows 
inclusion not only of the geometric nonlinearity but also of the 
load sharing and shear transfer. Furthermore, it allows the window 
shape and boundary conditions to be freely determined. This offers 
a significant advantage over analytical methods (e.g. class rule 
methods), as windows in ships can have, for example, very irregular 
triangular shapes, and the bonding of windows to the steel frame 
does not follow the typically assumed simply-supported boundary 
condition. Therefore, it is recommended to determine the glass 
pane thickness based on the FEM when lightweight windows are 
designed. Finally, it should be noted that these findings relate to 
windows that are not expected to encounter wave loads. This is 
because the dynamic loads, such as waves, on windows and result
ing load magnitudes have not been studied well.

7. Conclusions

This paper studied the bending behaviour of insulating glass units 
that consist of laminated glass. Their response was obtained from 
nonlinear finite element method (FEM) analysis. Using the FEM 
analysis allowed for the inclusion of geometric nonlinearities of 
the glass panes, shear transfer in the laminated glass, and load shar
ing in the unit. The goal was to calculate the required minimum 
glass pane thickness for the two most used interlayer materials, 
three different window sizes, and two different design loads so 
that no structural design criteria were violated. These were then 
compared to the minimum thicknesses set by the classification 
society rules. The motivation for the study was to reduce the weight 
of windows in ships and find potential cost savings.

The results show that with smaller windows and a small design 
load, it makes no practical difference whether the glass pane thick
nesses are chosen based on nonlinear FEM analysis or classification 
rules. This is because the allowed minimum glass pane thickness 
has been reached. With these conditions, the interlayer material 
is also irrelevant, which opens potential cost savings. The difference 
becomes more important as the design load and window size 
increase. First, one can save weight by choosing the stiffer SGP 
interlayer material over PVB. Second, the difference between the 
nonlinear FEM and the class rule method becomes more significant. 
That is, potential weight savings are available. However, at what 
point do the FEM analysis and class rule method deviate from 
each other heavily depends on the used design constraints.

The FEM offers far more design freedom regarding loading con
ditions, boundary conditions, window shape and construction, and 
analysis type than analytical methods do (e.g. class rule methods). 

Figure 14. Deflection and maximum principal stress comparison of rectangular laminated glass (not an IGU) with a side length of 3500 mm subjected to a 15 kPa uniformly 
distributed load on a linear and nonlinear basis. The thickness of the glass panes and the interlayer are 20 mm and 1.52 mm, respectively. The Young’s modulus of the 
interlayer is varied. The vertical lines represent the typical interlayer conditions for PVB and SGP interlayers at 25◦C and 1-minute loading. Pane 1 is the directly loaded glass 
pane. The results are obtained from FEM analysis.
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These are all important aspects, as an accurate response of the struc
ture must be obtained already in the early design phases of the ships 
when different design variants are explored. Further, finding the 
potential weight and cost savings is not possible with simple design 
methods, as the results have shown. For these reasons, it is rec
ommended to use the FEM when analysing ship windows and opti
mising them for lightweight designs.

This study had a single objective optimisation routine that 
assumed that reducing the thickness of the glass panes has only a 
positive effect. However, it also affects the sound insulation and 
thermal insulation properties, and the material and building costs 
were not considered appropriately. It is possible to run a multi- 
objective optimisation where these aspects are considered. How
ever, such an optimisation is more complex than presented here 
but is worth exploring. The choice of interlayer material affects 
the noise and vibration properties of the laminated glass. If win
dows are located in areas where significant vibration is expected, 
a vibration study might be necessary to check that the window’s 
natural frequency is not too close to the excitation frequency. How
ever, this may require details that are not available in the concept 
design phase of the ship. Furthermore, the load was quasi-static; 
it is possible to have dynamic loads that can break the windows. 
Therefore, the effect of dynamic loading on laminated IGU behav
iour should be studied in the future. Finally, the results are based on 
numerical studies; future experimental studies of large laminated 
IGUs under large deflection will add further understanding.

Notes
1. These materials have different noise and vibration properties. For 

example, PVB may provide better sound transmission loss as a softer 
material. However, the present study does not consider these aspects.

2. The effect of the ambient pressure and temperature changes on the cavity 
pressure of the IGU, i.e. climate loads (Buddenberg et al. 2016; 
Kozłowski et al. 2023), are neglected in this study.

3. Note that the used PSO algorithm is the same as in the Authors’ earlier 
studies (Heiskari et al. 2022b, 2023), but it is presented here again for 
clarification purposes.

4. Redundancy, in this case, means that if either glass pane breaks in the 
laminated glass (no shear transfer), or if either laminated glass breaks 
completely (no load sharing), the remaining glass panes have better 
chances to carry the load on their own.

5. The new ISO (2023) 11336-1 standard acknowledges the significance of 
load sharing and suggests designers consider it according to simple 
equations presented in SFS-EN (2019) 16612 standard.
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Appendix. Determination of equivalent laminated 
thickness

A.1. Bureau veritas
The thickness determination of glass panes in laminated glass according to the 
Bureau Veritas classification rules is given in Sections 3.3.6 and 3.3.7 (BV 2022) 
for independent panes and collaborating panes, respectively. That is, the latter 
includes the shear transfer through the lamination layer. Hence, only that case 
is of interest and explained here. In this formulation, three different thicknesses 
are calculated for calculating the response: (1) equivalent deflection thickness, 
(2) equivalent stress thickness for directly loaded pane, and (3) equivalent stress 
thickness for indirectly loaded pane. Hence, three separate analyses are needed 
to obtain the response. If the glass panes are equally thick, then (2) equals (3). 

That is, the stresses in both glass panes are identical. Having only one thickness 
for the deflection implies that the deflection through the thickness of the lami
nated glass is constant, which is a valid assumption. It should be noted that the 
presented Bureau Veritas method is identical to that of the ISO 11336-1 standard 
(ISO 2012, 2023).

The equivalent thickness (te) for a laminated glass is chosen as:

te = min [t1eq,s, t2eq,s] (A1) 

where t1eq,s and t2eq,s are the equivalent stress thicknesses for panes one and two, 
respectively. The stress equivalent thicknesses are calculated as follows:

t1eq,s =

�������
t3
eq,d

t1+2Gts2

􏽲

t2eq,s =

�������
t3
eq,d

t2+2Gts1

􏽲 (A2) 

where teq,d is the deflection effective thickness, Γ is the shear transfer coefficient 
(taking values between 0 and 1 depending on the interlayer material properties), 
t1 and t2 are the pane thicknesses, and ts1 and ts2 are coefficients. These are given 
by:

teq,d =
�
[

􏽰
3]t3

1 + t3
2 + 12Gls (A3) 

ts1 =
hs× t1

t1 + t2

ts2 =
hs× t2

t1 + t2

(A4) 

The coefficients ls and hs are given by:

ls = t1t2
s2 + t2t2

s1 (A5) 

hs = 0.5(t1 + t2)+ t1. (A6) 

Finally, the shear transfer coefficient is:

G =
1

1+ 9.6 E
G

ls
hs2

t1
s2

1
106

(A7) 

where G is the shear modulus of the interlayer (typically given at 25◦C tempera
ture and for 60 s duration load), E is the Young’s modulus of the glass panes, and 
s is the shorter side of the rectangular glass pane.

When the equivalent thickness is calculated according to this procedure, it 
must be larger than required for a monolithic glass pane:

te ≥ tr. (A8) 

The calculation for the required monolithic thickness is shown, for example, in 
the appendix of Heiskari et al. (2022a).

A.2. Lloyd’s register
According to Lloyd’s Register rules for laminated glass, the equivalent thickness 
determination is given in Sections 11.5.2 and 11.5.3 (LR 2022) and is identical to 
that of Bureau Veritas except for the shear transfer coefficient. While Equation 
(A8) can be used to calculate the coefficient for any interlayer material properties 
and rectangular size, Lloyd’s Register provides a table for the coefficient for 
different cases. These are shown in Table A1.

A.3. DNV
The equivalent thickness determination according to DNV classification rules is 
given in Section 4.2.3 in DNV (2022). The equivalent thickness is calculated as:

te =

���������􏽐n
i=1 t3

i
tmax

􏽳

(A9) 

where n is the number of layers. This equivalent thickness then must be larger 
than the required minimum thickness for a monolithic glass pane:

te ≥ tr. (A10) 

No specification for the shear transfer is given. However, the thicknesses may be 
calculated as per ISO 11336-1 standard (i.e. same as Bureau Veritas) if the glass 
characteristics are determined in a four-point bending test according to EN 
1288-3 (SFS-EN 2000) and the interlayer properties are specified by the 
manufacturer.

A.4. Enhanced effective thickness (Galuppi et al. 2013)
Galuppi et al. have proposed an enhanced effective thickness for laminated glass 
beams (Galuppi and Royer-Carfagni 2012b), which have been extended to 
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laminated glass panes (Galuppi and Royer-Carfagni 2012a), and its applicability 
has been demonstrated (Galuppi et al. 2013) also with respect to other methods. 
Here, an equivalent deflection and stress-effective thicknesses are calculated. The 
equivalent deflection thickness is:

teq,d =
1

h

t3
1+t3

2+12ls
+

1− h
t3
1+t3

2

􏼐 􏼑1/3 (A11) 

where η is the non-dimensional weight parameter. It is determined as:

h =
1

1+ t
G

D1+D2
Dtot

12D1D2
D1 t2

2+D2t2
1
C

(A12) 

where G is the shear modulus of the interlayer, D is the flexural rigidity of the 
corresponding glass pane, and Ψ is a coefficient depending on the glass pane 
shape, the load distribution p(x, y) and the boundary conditions. The calculation 
of Ψ is presented elsewhere (Galuppi et al. 2013), and values are given for mul
tiple different load cases, boundary conditions, and rectangular glass panes sizes. 
For brevity, only the values of interest in this paper are shown in Figure A1.

The flexural rigidity values are calculated as:

D1 =
Et3

1
12(1− n2)

D2 =
Et3

2
12(1− n2)

Dtot = D1 + D2 + 12 D1D2
D1 t2

2+D2t2
1

H2

(A13) 

where ν is Poisson’s ratio of the glass, E is Young’s modulus of the glass, and H is 
a coefficient given by

H = ti +
t1 + t2

2
. (A14) 

The quantity ls is calculated as:

ls = t1t2
s,2 + t2t2

s,1 (A15) 

where ts,1 and ts,2 are:

ts,1 =
Ht1

t1+t2

ts,2 =
Ht2

t1+t2
.

(A16) 

Finally, the equivalent stress-effective thicknesses are:

t1eq,s =
1������������

2hts,2
t31+t32+12ls

+
t1

t3
eq,d

􏽱

t2eq,s =
1������������

2hts,1
t31+t32+12ls

+
t2

t3
eq,d

􏽱 .
(A17) 

Table A1. Shear transfer coefficient determination according to Lloyd’s Register 
rules (LR 2022).

Load type Family 1 (e.g. PVB) Family 2 (e.g. SGP)
Weather 0.3 0.7
Personnel -- normal 0.1 0.5
Personnel -- crowds 0 0.3

Figure A1. Values of coefficient C× 10− 6 mm2 for simply supported shape (Galuppi et al. 2014).
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