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Abstract Grillage topologies are commonly used
in many composite structural applications to pro-
duce low mass designs that have a high stiffness.
While composite failure criteria are being com-
pared in many different simple structures, for ex-
ample plates and tubes, literature must also com-
pare more complicated applications, including gril-
lages, as there are distinct differences in behaviour.
This paper therefore performs analysis of grillage
structures with more up to date failure criteria, tak-
en from the world wide failure exercise, than pre-
viously investigated. The grillage theory selected
is that of Navier theory with elastic equivalent prop-
erties due to its low computational expense for use
with a genetic algorithm to optimise a composite
structure. The results take an example from leisure
boatbuilding showing the grillages produced from
the different limit states, comparing the cost and
mass. The final results show that the method al-
lows a rapid analysis of grillages and that the se-
lection of the limit state has an important effect on
the optimised grillage topology.
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NOMENCLATURE

1 Introduction

Composite materials are used within a large num-
ber of products in many industries from aerospace
through to automotive and boatbuilding among
many others. They are generally utilised for their
ability to be created with properties specific to the
task required. They exhibit high strength to weight
ratio, excellent corrosion resistance and a large de-
sign freedom. To model the constraints of the ma-
terial properties on the composite a number of dif-
ferent failure criteria are used. These failure crite-
ria have been applied to different simple structural
applications from tubes to panels. Many of these
criteria are being investigated through the work be-
ing performed by the World Wide Failure Exer-
cise(WWFE) and are collated in [? ] among other
examples.

Counter to the many benefits composite mate-
rials exhibit they also suffer from a relatively low
modulus and therefore there is a requirement for
stiffeners to be utilised within the structure. Com-
posite structures are often stiffened using a tophat
approach, an application of a grillage of stiffener-
s is shown in the top left part of Figure 1. The top
right part of Figure 1 shows the idealised represen-
tation of this grillage and at the bottom an ideali-
sation of the stiffener geometery, which provides
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necessary flexural and axial stiffness to the struc-
ture.

Optimisation is often an approach that is tak-
en to investigate how the different structures be-
have given a specific condition. There are many
available papers discussing optimisation and more
specifically genetic algorithms to solve more com-
plex composite design problems. Genetic algorithm-
s have been used over gradient based methods as
this allowed a large, complex search space to be in-
vestigated without priming the result based on pre-
vious knowledge. Furthermore genetic algorithms
have a unique ability to deal with alpha-numeric
fields. A selection of literature for a range of appli-
cations follows.
Satheesh et al. [? ] looked at the use of multiple
failure criteria with genetic algorithms for design
optimisation of laminated plates. Kim and Kim[?
] looked at the optimal design of stiffened panels
from buckling. Kang and Kim [? ] looked at mini-
mum weight design of compressively loaded com-
posite plates using nonlinear finite element analy-
sis. Naik et al.[? ] used a genetic algorithm to look
at maximum stress and Tsai-Wu failure criteria for
minimum weight design of composite plates.
Lopez et al. [? ] investigated the use of optimisa-
tion for composites considering maximum stress,
Tsai-Wu and Puck failure criteria on a laminat-
ed plate. While this research has concentrated on
composite structural optimisation and the use of
more stringent failure criteria none have looked at
the structural response of grillages.

To find the mechanical response of a grillage
a number of theories can be used based on beam
theories defined by Clarkson [? ] which include
orthotropic plate method and folded plate method.
While these theories may lack some of the com-
plexities of modern techniques they are rapid to
solve and useful within highly computationally ex-
pensive algorithms, for example genetic algorithm-
s. Previous research has been performed that has
investigated using these different grillage theories
on composite structures including Nagendra [? ],
Eksik [? ] and Maneepan [? ], but these have con-
centrated on more basic failure criteria. Whilst gril-
lage analysis is an important method used for anal-
ysis of top-hat stiffened composite structures, the

analysis of up to date failure criteria for these struc-
tures has not before been introduced and the effects
of these criteria on the optimised structure must be
investigated to determine the effectiveness of the
method.

Research has been performed on the effects of
complex failure criteria on simple structures but it
is important to understand how these criteria affec-
t more complex topologies. For the first time this
paper investigates the effects of these failure crite-
ria on more complex structures using tophat stiff-
ened plates as an example. This paper determines a
method for rapid assessment of composite tophat
stiffened grillage panels, commonly used for in-
creased torsional stability, and performs an opti-
misation on an example taken from boatbuilding.
The structural model that has been developed uses
Navier grillage with Third Order Shear Deforma-
tion theory to ensure that the panels in between the
stiffeners do not fail. The optimisations have been
performed using constraints taken from those de-
veloped for the WWFE, a buckling criterion and
a deflection criterion where each has been used as
a constraint independently allowing an analysis of
the effects of using these as the overall limit state.
Results from the analysis show that the Puck fail-
ure criterion appears to be the most conservative of
the World Wide Failure Exercise but that this state
is easier to satisfy than the deflection limit state.

2 Structural Modelling

2.1 Grillage method

The structural analysis is performed on a grillage
under the loading condition shown in the top right
part of Figure 1.

For the structural modelling of the stiffened plate
Navier method grillage analysis has been adopt-
ed. This work is originally covered in Vedeler [?
] and the has been shown in Maneepan et al. [? ]
to closely approximate the more accurate methods
while being computationally more efficient. Navier
theory is based upon the deflection of intersect-
ing points found between longitudinal girders and
transverse beamswith a pressure applied to the pan-
els from the opposite side of the plate to the stiff-
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eners, as shown in the top right part of Figure 1.
From these deflections it is possible to determine
the stresses within the stiffeners. This method has
been used for many years and is combined with
elastic stress analysis as covered in Datoo [? ].

The grillage analysis uses the Navier summa-
tions of points within the grillage to develop the
deflection of the stiffeners. This methodology has
been performed based on a panel under simply sup-
ported boundary conditions as this will allow a con-
servative estimate of the stresses and deflection-
s. The equation giving deflection of the stiffened
plate is assumed to be

w(x, y) =

∞∑
m=1

∞∑
n=1

amn sin
mπx

L
sin

nπy
B

(1)

where the value of amn is a coefficient found
from Eq.2. The coefficient amn is found based on
the assumption that the change in potential energy
from a small deflection will be a minimum. The
coefficient amn is dependent on the flexural rigidi-
ties of the stiffeners (Dg,b).

amn =
16PLB

π6mn
{

m4(g + 1)
Dg

L3 + n4(b + 1)
Db

B3

} (2)

The moments can be found in the beams or
girders (Mg,b) from Eq.3:

Mg,b = −Dg,b
∂2w
∂x2 (3)

Finally using the maximum moments in the
grillage the maximum stress σmax can be deter-
mined, where Es(i) is the Young’s modulus of the
element of a stiffener, either girder or beam, Ms is
the moment created in the stiffener, Zsis the ver-
tical distance of the centroid of an element to the
neutral axis and Ds is the structural rigidity of a
stiffener:

σmax =
Es(i)MsZs

Ds
(4)

The tophat stiffeners are idealised as shown in
the bottom part of Figure 1 with each stiffener be-
ing made up of 4 elements labelled 1 to 4 where
elements 1 to 3 are attached to a large base plate
forming element 4. Each of these elements is made
up of a number of different plies.

A grillage panel is then constructed of a num-
ber of these stiffeners on top of a flat base plate.
The flexural rigidity can be found using these e-
lastic equivalent properties method which can be
found in Datoo [? ]. The flexural rigidity can then
be used to determine the stresses in the stiffeners
using the Navier grillage method.

2.2 Third Order Shear Deformation Theory

The grillage method that has been used finds the
maximum stresses in the stiffeners by assuming
that the entire load is passed through to the stiffen-
ing members. It is also important to make sure that
the plate of the hull is thick enough to withstand
the expected loads between each of the stiffener-
s. This can be done computationally easily using
classical laminate plate theory and first order shear
deformation theory for thin structures with uncom-
plicated layups. As more complex layups are re-
quired it is necessary to use higher order shear de-
formation theories but these are computationally
more expensive. Plate analysis has been calculat-
ed using third order shear deformation theory [? ]
to determine the properties required for the failure
criteria as this will allow the full benefits of using
different layups in the material to be used.

The forces at each point on the plate, q(x,y),
are determined from Eq.5:

q(x, y) =

∞∑
n=1

∞∑
m=1

Qmn sinαx sin βy (5)

where Qmn is the lateral loading on the plate
and is given by:

Qmn(z) =
4

LB

∫ L

0

∫ B

0
q(x, y) sin

mπx
L

sin
nπy
B

dxdy

(6)
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It is then possible to find the coefficients of the
boundary conditions using the stiffness matrix [C]
by substituting into the equations of motion the E-
qs.5 to 6.

[C][∆] =

∣∣∣∣∣∣∣∣∣∣∣∣∣∣

0
0

Qmn

0
0

∣∣∣∣∣∣∣∣∣∣∣∣∣∣
[∆] =

∣∣∣∣∣∣∣∣∣∣∣∣∣∣

Umn

Vmn

Wmn

Xmn

Ymn

∣∣∣∣∣∣∣∣∣∣∣∣∣∣
(7)

The stresses and strains then allow the use of
failure mechanisms to determine whether a given
thickness of plate will fail. The maximum stress
and deflection from the plate can therefore be used
with the failure criteria to determine whether the
plate is safe.

2.3 Failure Criteria

Having determined the stress and deflection with-
in the panel it must be determined whether these
values are applicable within a real structure both
in terms of the strength of the structure and the
serviceability, in this case deflection. Failure cri-
teria have therefore been selected to determine a
limit for the dimensions that will survive the giv-
en condition. Further to previous work reported by
Sobey [? ] extra failure criteria have been added to
the model to more accurately model the behaviour
of the composite materials. The failure criteria used
came from the ‘World Wide Failure Exercise’ (WWFE) [?
], [? ] and [? ]. The choice made for each failure
type can be seen from Table 1 and was based upon
the findings of the World Wide Failure Exercise.

The failure envelopes generated for maximum
stress for a given material property are also shown
in Figure 2(a) to 2(c).

The exercise concluded that in the case of buck-
ling criteria that they ‘did not address the predic-
tion of buckling modes of failure’ [? ]. Buckling
is a key part of failure in hull stiffeners and there-
fore an Euler based rule, seen in equation 8 and 9,
where the crown and web are assumed to be taken
as clamped at both ends has been used to constrain
the model for both the crown and the webs and is

taken from [? ]. This criterion shows that the max-
imum stress in the web or crown must not increase
beyond that defined using the material properties
and the geometry.

σcri,web =
6.97π2Es

12(1 − υ2
12(ds/cs)2)

(8)

σcri,crown =
6.97π2Es

12(1 − υ2
12(as/bs)2)

(9)

Furthermore an arbitrary deflection criterion of
10% of the length has been included to ensure that
materials with a low stiffness and cost cannot be s-
elected without creating a thicker topology. These
failure criteria had require the inputs of material
properties and maximum stresses and deflection-
s provided for the stiffeners by the grillage theory
and the panels in between the stiffeners by the TS-
DT theory reported in subsections 2.1 to 2.2.

2.3.1 Puck Failure Criteria

The Puck failure criterion is based upon 3-D phe-
nomenological models where the development of
the method is done through matching current the-
ory to experimental results. The method is a com-
posite laminate theory method which is nonlinear
to solve. The Puck method is recommended by the
World Wide Failure Exercise to be used for pre-
dicting strength of unidirectional laminae and this
method has been used as it gives a more conser-
vative view for the failure of the laminates. Puck’s
formulation is also used for predicting the initial
strength of multidirectional laminates as other meth-
ods did not predict the failure well. Puck is further
recommended to be used to predict final strength
of multidirectional laminates. While this method
is recommended for most cases there is a require-
ment to use other criteria at the same time to en-
sure that a conservative analysis is performed as
this criteria is not conservative for all cases.

2.3.2 Zinoviev Failure Criteria

The Zinoviev failure criterion is based on the de-
velopment of maximum stress theory. This method
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is based on composite laminate theory and has a
linear solution. Zinoviev is recommended by the
World Wide Failure Exercise to predict the defor-
mation of laminates along with a non-linear method
such as Puck.

2.3.3 Tsai Failure Criteria

The Tsai failure criterion is developed through an
interactive progressive quadratic failure criterion.
This method is also based on composite laminate
theory and is linear in its solution. The Tsai fail-
ure criterion is used in conjunction with Puck to
determine the response of lamina. The Tsai failure
criterion is the best fit to the test data reported in
Soden [? ] for the behaviour of the laminates. This
criterion underestimates the failure stress at given
points and so the Puck failure criterion can be used
to check that failure does not occur.(

σ1

XT XC

)2

+
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3 Optimisation

Due to the nature of modeling structures there is
a compromise between many different input vari-
ables all of which must be manipulated correctly
so that the optimum structure for the design cri-
teria can be created. Design is also a process that
will require rapid generation of results and for this
reason genetic algorithms have been used due to
the large search space available.

3.1 Genetic Algorithms

Genetic algorithms are a multiobjective optimisa-
tion method that will allow fast resolution of re-
sults while searching a large search space. Genetic
algorithms work by copying the process of DNA
transfer in living organisms. They then use the pro-
cess of evolution to find the optimum solution for
a given search space.

3.1.1 Introduction

Embedded genetic algorithms have been used in
the optimisation process as shown in Figure 3 and
developed from [? ]. The main genetic algorith-
m is used to optimise the stiffener spacing in the
longitudinal and transverse directions, the materi-
al type and layup angles. The embedded algorithm
is used to determine the optimal geometry of the
stiffeners through creation of the crown width and
thickness as well as the web height and thickness.
This means that the embedded algorithm will de-
velop an optimal stiffener geometry, with respect
to mass and cost, for each given stiffener spacing
and material property generated in the main algo-
rithm. The main algorithm will then determine the
reaction for the total grillage and compare these
grillages over many generations until the optimal
topology is found.

The constraints for these different properties
are shown in Table 4.

This leads to a description of the objective func-
tion and constraints in terms of the design vari-
ables used

minψ(cost,mass) =

1/cost(ab, bb, cb, db, eb, ag, bg, cg, dg, eg,

Nplies, a, b,CMaterial)

+1/mass(ab, bb, cb, db, eb, ag, bg, cg, dg, eg,

Nplies, a, b, ρMaterial)

(11)

subject to

σ < σlimit, σ < σcriandδ < δlimit (12)

3.1.2 Initial population

The first step in generating a solution for the ge-
netic algorithm is to develop the initial population
of strings. The strings are made up of binary num-
bers, each section of which represents part of the
geometry of the stiffener. This is done through a
random number generator found in [? ]. The first
algorithm is made up of 100 strings of 60 numbers
the second algorithm is created from 100 strings of
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80 numbers. Each algorithm runs for 300 genera-
tions as this was found to be a value for which an
adequate convergence occurred.

3.1.3 Exploiting operator

The exploiting operator is the selection process which
chooses the strings to be used and those which will
no longer be used. This is done using the criteria of
a fitness function which will normally be based on
a function of the inputs f (x) for maximisation or
1/ f (x) for minimisation problems. The main ex-
ploiting operators are outlined below. Tournamen-
t selection is carried out by using only the val-
ues with the best fitness. This is done by picking
a tournament size and from this selection choos-
ing the fittest selections to go through to the next
round.

4 Production Modelling

To determine the cost accurately it is importan-
t to model the production route. For the example
given later hand layup is used for the production
technique as it is the method most prevalence used
within boatbuilding community. Production mod-
elling was originally performed using a parametric
cost model taken from the SSA report by Shenoi et
al. [? ] as shown in Table 5.

This model has no cost for stiffeners and is for
a sandwich plate. This has therefore meant that a
stiffener cost model has been attached to the main
model replacing the cutting and laying core section
of the SSA production model for each longitudinal
and transverse section and shown in Table 6.

The time for each action has been transformed
into a cost by using a wage of £ 20/hour. To deter-
mine the raw material costs for the stiffeners cost
per kg for each material has been used developed
from a database of materials form Lloyds Register.

5 Applications

5.1 Structural Verification

Verification of both parts, Navier grillage analysis
and TSDT, of the first principles structural analysis

method was performed. The results from the gril-
lage method have been compared to those found in
Clarkson [? ] for a panel with a length and width
of 3810 mm. The panel consisted of 4 transverse
beams and longitudinal girders with dimensions
254 mm deep 127 mm wide with 18.288 mm thick
flanges and 9.144 mm thick webs and a pressure
of 137.9 kPa was applied to each panel. The re-
sults are presented in Table 7.

These results were obtained with a wave num-
ber of 11, shown in eq. 1 as m and n, as it is this
minimum value at which the deflection converges.

These values were found to be close to results
found in Maneepan as can be seen in Table 7. Fur-
thermore these values are similar to Clarkson, us-
ing the folded plate method, which has been com-
pared to experimental results but also remain con-
servative. The grillage method was deemed valid
for the stiffener modelling.

A validation of the shear stress has been made
in comparison with a theoretical rectangular box
beam found in Datoo [? ]. The web height is 50
mm and the flange widths are 200 mm. The Y-
oung’s modulus of the flanges are 54.1 kN/mm2.
The Young’s modulus of the web is 17.7 kN/mm2.
A shear force of Q= 10.0 kN is found in the stiff-
eners. The thickness of the flanges are 1.0 mm and
the thickness of the web is 0.5 mm. τ1 is the shear
stress at the corner of the crown element, τ2 is the
shear stress at the neutral axis of the cross section.

These values had no deviation from the results
found in Maneepan and there is only a small devia-
tion found compared to the results found in Datoo.
It is therefore considered that the grillage theory is
capable of calculating the shear stress.

Finally the elastic equivalent properties were
compared to Datoo [? ] using lamina properties
E1= 140 kN/mm2, E2= 10 kN/mm2, G12= 5 kN/mm2,
υ12= 0.3 and a ply thickness= 0.125 mm for each
of the 8 plies all having a 0◦ ply angle where the
result was identical to Datoo’s value of 140 GPa.

For the validation of third order shear deforma-
tion theory a layup of [0/90/90/0] has been used.
The length to width ratio (L/B) of the plate is e-
qual to 1.0 and the length to thickness ratio (L/t)
is 100. The material properties are E1 = 175 GPa,
E2 = 7 GPa, G12 = G13 = 3.5 GPa, G23 = 1.4 GPa,
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and υ12 = υ13 = 0.25. The load acting on the plate
is q0=50 kPa.

From the validation of the third order shear de-
formation theory it is possible to see that the result-
s have at most a 1% deviation from those given in
Reddy at a value for the wave numbers of eleven
showing Third order Shear Deformation Theory
has been modelled accurately.

5.2 Genetic Algorithm Verification

Genetic algorithms can be tested to determine if
the optimisation that has been carried out reach-
es the optimum value. This is investigated by s-
tarting the algorithm at different points and deter-
mining if, at the finish, all the algorithms reach
a similar fitness function. Genetic algorithms re-
quire that the best fitness value, after each gener-
ation, will gradually increase. This leads to a dis-
tinctive “handgun” shaped graph when fitness func-
tion is plotted against generation. If the same algo-
rithm is started from different points this will lead
to the optimisation reaching similar fitness func-
tions as shown in Figure 4.

As can be seen from the examples in Figure 4
the graph follows the distinctive genetic algorithm
shape where each of the individual strands reaches
a similar final result from whichever starting po-
sition. This shows that the algorithm is working
correctly therefore validating the optimisation.

6 Results

For each failure criterion reported a comparison
has been made between the optimised structures
that can be created for the constraints of those fail-
ure criteria. The grillage that is generated is devel-
oped for use within leisure boats, as an example.
This optimisation used a genetic algorithm reduc-
ing both the mass and the cost of the developed
structures. The cost was developed using a sim-
ple parametric model. The genetic algorithm used
a weighting of 0.5 for cost and mass. The choice
of structural models comprises of Navier Grillage
theory for assessing the stiffeners and Third or-
der Shear Deformation Theory for assessing the

plates between the stiffeners. Each failure model
has been used as the assessment for failure or suc-
cess separately to determine how these failure cri-
teria affect the optimal structure.

For each different failure criterion a simple s-
tudy has been performed on a horizontal section of
hull at the bottom of the boat. This has been car-
ried out using a grillage panel length of 24m and
width 2m. The structural analysis has been imple-
mented using the pressure, 131.47kPa, from Lloy-
d’s Register for Special Service Craft as this gives
the most conservative estimate ensuring that the
masses and costs used within the comparison are
likely to be for the worst case scenario.

6.1 Puck

The first optimisation was undertaken using the
Puck failure criterion of sub-section 2.3.1. The topol-
ogy of the stiffened panel that was produced us-
ing the Puck failure criteria with the first principles
method, shown in section 2.1 can be seen in Table
10. The optimised thickness of the stiffened plate
and the spacing of the transverse and longitudinal
stiffeners from the Puck criteria analysis are also
reported in Table 10.

The web thickness of 0.86mm is small in com-
parison to those that would be expected in a real
application. Due to the Puck failure criteria being
stress-based the optimisation is attempting to re-
duce the maximum stress within the whole panel.
This involves an increase in the moment of inertia
in the stiffeners and for a low stress in the stiff-
ener a high neutral axis is therefore required. The
thickness of the web therefore does not affect the
moment of inertia as much as the thickness of the
crown and its distance from the plate. The panel
topology has a wide stiffener spacing and a small
plate thickness. Out of plane pressure on the panel
develops a stress that is not as complex as a re-
al life situation, lacking axial, torsional and shear
forces, leading to thinner panel dimensions and a
large stiffener spacing, than is realistic.
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6.2 Tsai

The second optimisation was undertaken using the
Tsai failure criterion of sub-section 2.3.3. The op-
timised topology produced using only the Tsai fail-
ure criterion can be seen in Table 11.

This failure criterion again produced a topol-
ogy with a thin web thickness due to the nature
of the optimisation attempting to reduce maximum
stress but web thickness having little effect on the
neutral axis and hence on this value. The stiffeners
themselves are small in comparison to those from
the Puck criterion. Furthermore the stiffener spac-
ings are narrow and the panel thickness is thin-
ner than the other cases. The criteria of the World
Wide Failure Exercise are similar, being reliant on
the maximum stress and having been produced to
fit the same experimental data, it would be expect-
ed that the panel produced would be similar to that
of the Puck criterion. The mass produced using the
Tsai failure criterion is small and the cost quite
large compared to the other plates, as seen in Fig-
ures 5 and 6, and therefore it is likely that the dif-
ferent shape of the failure envelope, shown in Fig-
ure 2(b), led the evolution of the genetic algorith-
m down a different route. This is shown from the
small stiffener spacing. The extra stiffeners there-
fore allowed a reduction in the stiffener size but
created extra cost. This shows that for a large num-
ber of stiffeners a high cost is incurred but a low
mass is possible. Due to the weightings being e-
qual between the mass and the cost it was possible
to gain a similar fitness function through a plate
that concentrated on low mass and high cost, high
cost and low mass or a compromise.

6.3 Zinoviev

The third optimisation was run using the Zinoviev
failure criterion of sub-section 2.3.2. The topolo-
gy of the optimum stiffener plate using only the
Zinoviev failure criterion can be seen in Table 12.

The Zinoviev criterion produced a similar pan-
el to the other failure criteria selected from the
World Wide Failure Exercise producing a high s-
tiffener with a thin web and a thick crown. The

Zinoviev criterion did show a large difference be-
tween the transverse and longitudinal stiffeners. The
longitudinal stiffener shape did not appear to make
much of a difference to the plate strength with the
transverse stiffeners providing most of the strength
which is why the longitudinal crown is small. Fur-
thermore the stiffener spacings are a large distance
apart with a thin panel. The stiffener topology was
most similar to that produced using the Puck fail-
ure criteria. This result is to be expected as the en-
velope, shown in Figure 2(c), within in which the
combined stresses would not cause a failure for the
Zinoviev and Puck criteria are similar.

6.4 Deflection

The fourth optimisation was run using the arbi-
trary failure criterion of 10%. This failure criteri-
on meant that the maximum deflection of the plate
could be no more than 10% of its length. The re-
sulting optimised stiffener topology can be seen
from Table 13.

This optimised plate topology is similar to those
found using the World Wide Failure Exercise cri-
teria and this is due to the stress in the panel be-
ing based upon the deflection. This requirement
means that to minimise one output, stress, a simi-
lar topology will be required to minimise the other,
deflection. This therefore meant for a low deflec-
tion it was also important to have a high neutral
axis. Further to this criterion, the material property
would have been more important as the material’s
stiffness would have made a difference to the de-
flection. Since the material selected was E-glass,
due to its low cost, the stiffening elements were
required to be much larger due to the poor stiff-
ness characteristics of the material or a larger num-
ber of stiffeners are required. This showed that in
terms of the grillage plate, the failure criteria cho-
sen and the predicted pressure that the constraints
for deflection were more important than those of
stress. The deflection criterion requires that the s-
tiffener spacing is small as more stiffeners created
a less flexible panel. Furthermore the thickness of
the panel is small as this part of the topology did
not affect the deflection of the plate.



Title Suppressed Due to Excessive Length 9

6.5 Buckling

Finally buckling failure criteria have been applied
to the stiffeners on the grillage. The buckling crite-
rion was applied to the stiffeners only. The result-
ing optimised topology for the buckling criteria is
given in Table 14.

The buckling criteria developed a stiffener topol-
ogy different to those found using the other fail-
ure criteria. The main difference with this criteri-
on was it developed a stiffener web thickness and
crown height that was thicker than the correspond-
ing dimensions found using the other criteria as
seen in section 2.1. This is due to buckling being
dependant on the equivalent thickness of the stiff-
ening elements in comparison the length of those
elements. For buckling not to occur there is still
a requirement that the stress was low and there-
fore it can be seen that the stiffening elements pro-
duced during the optimisation were tall to increase
the neutral axis. The panel topology developed a
wide stiffener spacing and a thin panel thickness
as these criteria did not affect the buckling of the
stiffener.

7 Discussion

A method for first principles structural modelling
has been developed and verified. The model has
been attached to an optimisation algorithm and d-
ifferent failure models have been tested to deter-
mine the manner in which they affect the optimum
structure. A review of these results for the mass
and cost of this section are shown in Figures 5 and
6.

The models of the World Wide Failure Exer-
cise, Puck, Tsai and Zinoviev, and maximum de-
flection criteria developed a similar topology with
small web thickness and crown height. These re-
sults show a similarity between them except for the
Tsai failure criterion where the genetic algorithm
may have followed a different evolutionary route.
This was due to the use of a 50/50 weighting be-
tween mass and cost. It was therefore possible to
gain a similar fitness function result between those
that used a small stiffener spacing, and therefore
generated a lower mass and higher cost, and those

that used a larger stiffener spacing for a lower cost
but a higher mass. The buckling failure criterion
ensured that the stiffener web and crown thick-
nesses were larger than for the other cases. This re-
sult could be improved through the introduction of
more generations within the optimisation. This can
be seen from the manner in which it varies from
the other topologies with a higher cost but a lower
mass than the other World Wide Failure Exercise
criteria. A fault of the genetic algorithm is that it
may find a close to optimum solution. A compari-
son of the fitness functions show that the Tsai fail-
ure criterion was slightly below that of the Puck
failure criterion supporting this argument, as does
Figure 4 which shows that the final fitness function
was slightly different for optimisations that were
run from different starting points. This behaviour
can be reduced through an increase in generations.

The implications for these results are that the
criteria used show a difference in the optimum ge-
ometry that was developed showing the method
developed works to a reasonable level of complex-
ity. As expected for the e-glass composite mate-
rials the serviceability limit state is most difficult
to satisfy with a low cost and mass than that of
ultimate strength. It is important to note, as none
of the failure criteria developed match all failure
modes, as can be seen in Table 1, that each of these
failure criteria individually do not incorporate the
entire strength limit state. It can be seen howev-
er from the WWFE [? ], [? ] and [? ] that the
Puck failure criteria in particular match many of
these failure criteria well and therefore represents
a criteria close to matching this limit state. This is
due to its phenomelogical nature allowing effects
noticed in experiments to be replicated within the
theory allowing a more accurate representation of
the real life phenomena. While the Puck criteria
is the most conservative of the World Wide Fail-
ure Exercise criteria its use within structural de-
sign can be difficult due to the requirement for a
large amount of material data. This requires esti-
mates of the properties required to implement new
materials or the use of previously used materials
only.

Grillage theory has advantages in the speed with
which the results can be processed while giving a
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good indication for the final structural topology.
Though these results can be useful for initial de-
sign the complexities for the manner in which s-
tiffener spacing and geometry affect the final limits
is not fully taken into account. From the analysis
performed it is possible to see that the failure cri-
teria affected the optimised structures in a different
manner. While the method used is not as complex
as others that can be chosen the method was rapid
allowing the use of the model without developing
a metamodel. It will be important for future anal-
ysis to compare the final results to that done using
a finite element analysis comparing and contrast-
ing these different methods for use in rapid initial
grillage design. While the results of the grillage
analysis are not as complex of those used within
FEA it can also be seen that changes to the fail-
ure criteria have a large effect on the design of the
grillage.

8 Conclusion

A method for rapid analysis of composite struc-
tures has been proposed and validated. This method
has been used for the first time to assess the effects
of a number of failure criteria on complex tophat
stiffened structures. While it can be seen that the
deflection criteria produced the most constrained
overall result it is possible to see that the Puck cri-
teria was the most constraining of the world wide
failure exercise criterion. The results show further
indicate that this method of modelling could be u-
tilised in concept design work allowing investiga-
tion of complex structures at an early stage. This
method will allow rapid analysis of structures than
that obtainable by combining FEA and genetic al-
gorithms and allowing a less constrained analysis
than using metamodels.
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Fig. 1: Example of a Grillage Stiffened Plate in a Composite Boat
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(a) Puck criterion

(b) Tsai criterion (c) Zinoviev criterion

Fig. 2: Failure criteria stress envelopes
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Fig. 3: Genetic Algorithm Flow Diagram
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Fig. 4: Validation of genetic algorithm using different starting points
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Fig. 5: Comparison of cost for failure criteria Fig. 6: Comparison of mass for failure criteria
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a,b Stiffener spacing
as Crown width
amn Coefficient for grillage analysis
Ai, j Laminate stiffness terms
Asx,sy Axial rigidities of stiffeners
bs Crown thickness
b,g Numbers of beams and girders
cs Web width
Dsx,sy Stiffener rigidities
dna Cross sectional area

to neutral axis distance
ds Web height
E Young’s modulus
E f 1 Young’s modulus of fibre
G Shear modulus
I Second moment of area
Icx Moment of inertia
L,B Length and breadth of plate
Ms Moments of stiffeners
m,n Wave numbers
mσ f Mean stress magnification factor
nb,g Number of beams or girders
P Pressure
q(x,y) Pressure at a given point on plate
S12 Shear strength in the ply
t Ply thickness
U,V,W, X,Ymn Coefficients for initial conditions
w Deflection
w̄ Non-dimensionalised deflection
XC ,XT Strength parallel to fibres
YC ,YT Strength transverse to fibres
ε, γ Stiffness
ε1T Tensile failure strain
ε1C Compressive failure strain
ρ⊥‖ Slope of the longitudinal

fracture envelope
ρ⊥⊥ Slope of the transverse

fracture envelope
σ Stress
σcri Critical Stress
σ1D Stress value for linear degradation
τ Shear stress
υ Poisson’s ratio
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Table 1: Failure Criteria

Failure Type Criteria
Predicting the Puck [? ], [? ] and Tsai [? ], [? ]
response of lamina
Predicting final strength Puck [? ], [? ]
of multidirectional laminates
Predicting the Zinoviev [? ], [? ] and Puck [? ], [? ]
deformation of laminates
Predicting final strength of multidirectional laminates Puck [? ], Zinoviev [? ] and Tsai [? ], [? ]
deformation of laminates



TABLES 19

Table 2: Puck failure criteria

Fibre failure in tension 1
ε1T

(
ε1 +

υ f 12
E f 1

mσ fσ2

)
= 1

Fibre failure in compression 1
ε1C

∣∣∣∣∣(ε1 +
υ f 12
E f 1

mσ fσ2

)∣∣∣∣∣ = 1 − (10γ21)2

Inter-fibre failure mode A

√(
τ12
S 12

)2
+

(
ρ(+)
⊥‖

YT
S 21

)2
+

(
σ2
YT

)2
+ ρ(+)
⊥‖

σ2
S 12

= 1 − σ1
σ1D

(for transverse tension)

Inter-fibre failure mode B 1
S 21

√τ2
21 +

(
ρ(−)
⊥‖
σ2

)2
 + ρ(−)

⊥‖
σ2 = 1 − σ1

σ1D

(for moderate transverse compression)

Inter-fibre failure mode C

( τ21

2
(
1+ρ

(−)
⊥⊥

)
S 21

)2

+
(
σ2
YC

)2
 YC

(−σ2) = 1 − σ1
σ1D

(for large transverse tension)
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Table 3: Zinoviev failure criteria

Longitudinal tension failure σ1 = XT
Longitudinal compressive failure σ1 = XC
Transverse tensile failure σ2 = YT
Transverse compressive failure σ2 = XC
In-plane shear failure τ12 = S 12
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Table 4: Genetic Algorithm Constraints

Property Bounds Property Bounds
Long. Stiffener Spacing 0-10230mm Ply Angles 0,90
Trans. Stiffener Spacing 0-2046mm Ply Materials E-glass, Aramid, Carbon, HM Carbon

Number of Plies 0-32 Long. Crown Width 0-102.3mm
Long. Crown Height 0-20.46mm Long. Web Width 0-20.46mm
Long. Web Height 0-102.3mm Trans. Crown Width 0-102.3mm

Trans. Crown Height 0-20.46mm Trans. Web Width 0-20.46mm
Trans. Web Height 0-102.3mm Plate Thickness 0-102.3mm

Stiffener Base Width 0-102.3mm Stiffener Base Width 0-102.3mm
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Table 5: SSA Sandwich Panel Production Model [? ]

Action Cost(mins)
Fairing Compound 10 minutes/m2

Smoothing Fairing Compound 60 minutes/m2

Apply Release Compound 10 minutes/m2/ply
Cutting cloth 10 minutes/m2/ply
Laying cloth 5 minutes/m2/cloth
Cutting and laying core 60 minutes/m2/core
Apply resin with brush or rollers 10 minutes/m2

Remove the components 30 minutes/m2

from the mould
Quality Inspection 3 minutes/m2

Trim 15 minutes/m/edge
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Table 6: SSA Production Model

Action Cost(mins)
Cutting cloth 10 minutes/m2/ply
Laying cloth 5 minutes/m2/cloth
Cutting and laying core 60 minutes/m2/core
Apply resin with brush or roll 10 minutes/m2



24 TABLES

Table 7: Validation of Navier method grillage analysis - Stress

Property Clarkson [? ] Maneepan [? ] Current
Deflection 9.63mm 9.93 mm 9.87 mm

Stress 165.52MPa 171.19 MPa 170.13 MPa
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Table 8: Validation of Navier method grillage analysis - Shear Stress

Property Datoo [? ] Maneepan [? ] Current
(MPa) (MPa) (MPa)

τ1 99 98.72 98.72
τ2 101 102.76 102.76
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Table 9: Validation of Third Order Shear Stress Deformation theory (TSDT)

L/t Reddy(w̄ × 102) TSDT(w̄ × 102)
10 1.0219 1.0102
20 0.7572 0.7546
100 0.6697 0.6696
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Table 10: Panel Topology for Puck Failure Criteria

Stiffener Type Web Web Crown Crown Stiffener Plate Ply
Height Thickness Width Thickness Spacing Thickness Angles

Longitudinal 100.7mm 0.86mm 5.6mm 1.78mm 2200mm 1.2mm 0/0/90
Transverse 36.1mm 4.16mm 5.6mm 2.78mm 570mm 1.2mm
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Table 11: Panel Topology for Tsai failure criterion

Stiffener Type Web Web Crown Crown Stiffener Plate Ply
Height Thickness Width Thickness Spacing Thickness Angles

Longitudinal 38.3mm 0.02mm 1.1mm 6.28mm 430mm 0.5mm 0/90
Transverse 71.3mm 0.14mm 12.5mm 4.9mm 40mm 0.5mm



TABLES 29

Table 12: Panel Topology for Zinoviev failure criteria

Stiffener Type Web Web Crown Crown Stiffener Plate Ply
Height Thickness Width Thickness Spacing Thickness Angles

Longitudinal 91.9mm 0.06mm 0.2mm 17.22mm 1130mm 1.5mm 0/90
Transverse 95.3mm 0.02mm 22.4mm 2.02mm 2200mm 1.5mm
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Table 13: Panel Topology for Deflection

Stiffener Type Web Web Crown Crown Stiffener Plate Ply
Height Thickness Width Thickness Spacing Thickness Angles

Longitudinal 45.8mm 0.84mm 6.6mm 13.86mm 430mm 0.7mm 0/90
Transverse 83.5mm 0.52mm 23.5mm 1mm 170mm 0.7mm



TABLES 31

Table 14: Panel Topology for Buckling

Stiffener Type Web Web Crown Crown Stiffener Plate Ply
Height Thickness Width Thickness Spacing Thickness Angles

Longitudinal 37.2mm 2.34mm 33.9mm 6.76mm 2130mm 0.1mm 0/90/0/90
Transverse 45.9mm 2.94mm 82.7mm 2.1mm 2200mm 0.1mm
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