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Abstract. Shell structure has a unique thin, curved plate shaped yet strong enough to
transmit applied forces by compressions but only being constructed as a roof structure with
minor external load applied onto it. The objectives of this research are to study the feasibility
in proposing elevated shell platforms in resisting heavy loading, to investigate the effect of
shell geometric on elevated shell platforms and to identify the suitable shell geometric as
economic and sustainable in construction development. Five different geometries of shell
structure have been proposed which are dome, cone, pendentive, clam shape and leaf-like
shape. LUSAS software has been used to analyze the different geometries of the shell and
study the effect of stresses and deformation. The optimum height was determined by
convergence test and proceeded to the modelling phase to obtain the output of stresses. In
findings, this study has justified that the elevated shell platform is feasible to be applied in
sustainable industry development and the effect of each different geometric has been
identified by stress comparison. Most suitable geometric which is toroidal has been
determined by extracting the least value of maximum stresses produced, with the optimum
surface area provided to accommodate the maximum load applied.
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1. Introduction

The method of constructing roofs by implementing
shell structure of large areas without any intrusive
intermediate supports method proved to be economical,
efficient, and aesthetically pleasing. It is economical in
terms of material used due to the ability of the shell under
its own load to resist normal stresses but not bending
moments [1]. The situation under dead load eliminates the
requirement of thicker shells since it has the least bending
moment to resist. Merits of shell structure that have a very
high stiffness, large space covered, no interior columns
and the aesthetic value. A primary difference between a
shell structure and a plate structure is the unstressed state,
where the shell has curvature compared to the flat plate
[2].

Other than the issues of the shell’s advantage in
transmitting compression that is not fully utilized, the
annual flood event occurring in Malaysia leads to damaged
buildings also has a limited solution in terms of
infrastructure. There is still no implementation of elevated
shell platforms as the alternative in minimizing damage
caused by the natural disaster or even applied widely as
sustainable development in construction [3]. This study is
not only applicable for Malaysia but also for other
countries which are often affected by catastrophes like
typhoons and earthquakes.

Several literature reviews have been made based on
the relevant topics of shell structure, related with the scope
of this study. There are several studies about the analysis
of different shapes of shell, but the application was limited
as a roof structure only. All the references have been cited
in this section where most of the values used in the
calculation of theirs’ paper are adapted in this study. The
previous research papers have been studied and the gap
between all of it with this study has been identified. Most
of the previous study were retrieved from journals and
several from standards required.

A study regarding analyzing the deflection and stress
of cylindrical shell and folded plates structure has been
made. It was found that barrel roofs have definite
advantage in stresses and deflections over the folded
plates, affected by the load distribution on the surface of
different shells [4]. Investigation on the effect of the
configuration of shell surface with curve fold lines found
that highest deflection has been found to occur at the
center of the surface with the lowest deflection observed,
in the case of fixed support. This is due to the stresses that
tend to be concentrated on the curved portions of the
model [5].

An evaluation in repairing and strengthening the
techniques of elliptical paraboloid reinforced concrete
shells with openings has been made and found that the
shell with support opening increases the failure load by
14% compared to enclosed shell, which justify the
effectiveness of shells without opening [6]. To identify the
data source in this study, several references have been
chosen based on the standard guideline. The minimum
clear vertical height should be at least 6.5m [7]. Thus, any

support opening proposed in this study should have a
clear height more than 6.5m. Historical data for maximum
height of flood occurred in Malaysia also has been done to
identify the minimum height required of shell peak in this
study. The worst flood event recorded was at Terengganu,
Malaysia in 2011 with 2.11 meters above the danger level

[8]-
2. Methodology

Selection of parameters, outlining the variables and
proposing the shell geometrics are included in this study
flow. The modelling and obtaining outputs are using
Finite Element method [9], LUSAS Software.

* Selection of Shell Dimension

To identify the most suitable height for all geometric,
the maximum depth of flood determined from previous
studied has been used as the reference. Based on the study,
the maximum flood depth at 1,000-year ARI is calculated
as 7.34 meters [10]. Thus, 20 meters peak height was
chosen as it is practical to allow another 12 meters height
that exceed the flood level to be used as the construction
area and can fit the targeted number of houses with the
proposed diameter of shells.

A fixed span of shell was chosen with 200-meter
length as the area of 200-meter diameter can fit up to 230
number of houses, calculated based on common size of
house in Malaysia [11].

* Variables

In this study, the constant variables are the height,
span, material used, support geometry and the loading
applied on the shell surfaces. The mesh size of surfaces
also has been fixed for all geometric to uniform the
interpolation process in LUSAS Software. The dependent
variable in this study are the individual component stresses
in direction X (Nx) and direction Y (Ny), and the
equivalent resultant stress (Ne) of shells after applied with
a heavy loading.

* Modelling

Modelling was done using LUSAS Software. The
selection of geometric was based on basic shapes which
are dome and cone and a common shape of shell structure,
pendentive and toroidal. Adaptation of nature has been
considered in clam and leaf-like geometric [12]. Dome is
used as the control geometric in this study. The complete
modelling of all geometrics are as shown in Fig. 1.
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Fig. 1. Different geometric of elevated shell platform
structures.

2.1. Results and Discussion

* Stress distribution contour

Contours of each geometric were recorded to identify
the area of higher and lower stresses besides observation
on the distribution for different curvatures. Contour is
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able to show the stress distribution act on the structure.
Different geometries have given a different pattern of
contour since the maximum stresses occurred depending
on the surface curvature of the shell.

Contours display the results of the active load case on
the model as color fringes or lines of equal results value.
Contours were plotted using averaged nodal results to give
a smoothed plot, or unaveraged nodal results to contour
the results on an element-by-element basis, revealing any
inter-element discontinuities. This is used to check the
mesh discretization error and for displaying results across
geometry or material discontinuities.

The appearance of the contour key was adjusted to
specify the number of significant figures and draw red
uppermost. Equivalent stress is the combined of
individual component stresses in direction X and direction
Y, in a scalar stress state [13]. The values ate obtained from
software output based on the von Mises yield criterion
[14]. Table 1 shows the stress contour of Equivalent
resultant stress (Ne) for each geometric.

Table 1. Equivalent Resultant Stress, N. contout for each
geometric.

Geo- Equivalent resultant stress (Ne) Contour
metric
Dome Lo
l 20500263
41000363
61.5005€3
-
123.001E3
5 w27
Max value: 187.33E3
Min value: 2.82E3
Cone Tite: Loadcase 1

Results Fie: 0

Enity: Stress

RESULTS ANGLE = MATERIAL
Companent: NE

1151363
23026€3
345.389E3
B ose
575849E3
690.779E3
805.908E3
921.038E3
10361766

Max 1.038566 3t Node 186
Mn23325E3 ot Node 435

Max value: 1.04E6
Min value: 2.33E3
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Clam
Max value: 5.76E6
Min value: 28.37
Leaf-
like
Max value: 2.23E6
Min value: 1.61E3
Pen-
dentive
Max value: 102.89E6
Min value: 7.55E3
Toroid
al

Max value: 575.02E3
Min value: 3.02E3

Based on Table 1, the stress contour of dome has
shown a uniform stress distribution. This can be justified
by the contours for all stress resultants generated has
appeared and not concentrated at a certain point only.
Shells with a constant radius across them have definite
advantage in stresses and deflections. Cone shows a
contour that concentrates at the peak of the geometric.
This phenomenon shows the effect of stress surface
towards load distribution on the shell.

Clam shows the distribution of highest stress obtained
at the stress surface profile and the other half of it which
is made of smooth surface profile has overall of
intermediate stress level. The combination of surface

profiles made the high stress concentrated at the junction
between these surfaces. This finding was similar to
previous paper that stated high stresses have been found
to occur around the curved folds of shell and at the
convergent points [15].

Leaf-like geometric shows most of the contour
covered with low levels of stress. The maximum and
minimum value of stresses obtained near to the surface
intersection between closed support and open boundary
condition. Even Though the total span of leaf-like is the
same as other geometrics proposed, it has a different
radius of curvature that contribute to a larger area of
experience bending moments. It also has a non-
continuous boundary condition with open base that was
proven in a previous study which this condition produced
higher stresses compared to the geometric with close base
support.

Pendentive geometric generated almost the same
pattern of stress distributions as leaf-like geometric since
they have the same behavior with open boundary
condition. Numerous openings at boundary conditions
made pendentive as the highest equivalent stresses
resultant generated among all of the geometric proposed.

Toroidal geometric contour shows majority in low
stresses throughout its surface but highest stress have
focused at the intermediate support boundary condition.
All of the highest equivalent resultant stress from contour
have been used to calculate the maximum stress of shells.

* Maximum stress

The tabulation of data in Table 2 below shows the
stresses among each geometric as stated in the contour
outputs. For a shell structure, the resultant stress is
expressed in force per unit length. Thus, to obtain the
maximum stress generated by each geometry, the resultant
stress should be divided by the thickness to convert the
stress into per unit area. Maximum stress is calculated
using Formula 1 [16] and all stresses are in N/m unit and
maximum stress in N/mm?2.

. N
Maximum stress = Te M

Where,
N, -
t -

Equivalent Stress
Thickness of Shell

The highest stresses obtained by pendentive followed
by leaf-like geometric that are caused by the open and
discontinuous boundary condition of both geometries
which theoretically have larger bending moments
occurred near the supports due to its curvature. Most of
the models are showing negative stresses that indicated the
surfaces are under tension. For those positive stresses
generated by the geometrics still can be resisted by low
reinforcement contact. As the rest of geometric, toroidal
geometric has come out as the best stress distribution after
dome. Patterns of stresses comparison can be shown as
Fig. 2, based on the data tabulated in Table 3.
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Table 2. Stresses of geometric.

Geometric  Equivalent stress, Maximum
Ne (x 10%) stress

Dome 187.3 0.62

Cone 1,038.5 3.46

Clam 5,753.7 19.18

Leaf-like 6,498.3 21.66

Pendentive 102,893.0 342.98

Toroidal 575.0 1.92

Table 3. Resultant stresses for different geometries of shell
structure.

Geo - LocalX, LocalY, Equivalent,
metric Nx Ny Ne
(x10%) (x10%) (x 10%)
Dome 5.4 13.3 187.3
Cone 40.5 20.6 1,038.5
Clam 932.6 1,358.9 5,753.7
Leaf-like 526.0 251.4 6,498.3
Pen-dentive  60,277.4 15,637.5 102,893.0
Toroidal 79.1 74.4 575.0
Stresses Resultant againsts Geometr
g \| Ny Ne

120000

E ADOO

20000
GEOMETRIC

Fig. 2. Graph of resultant stress against geometrics.

* Stress-to-weight ratio
The comparison of ratio for all geometric towards
control geometric is done as shown in Table 4 below. The
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density taken is 24 kN/m3 as the material use is concrete
BS8110 with the compressive concrete strength of long
term C40 [17]. Total area is in m? unit and total weight is
in kN,

Table 4. Resultant stresses for various heights of dome
geometric.

Geo - Area Weight Max.  Stress to

metric stress  weight ratio
(x103)

Dome 32,662 235,162 0.62 0.002

Cone 21,838 157,230  3.46 0.022

Clam 33,398 240,460 19.18  0.080

Leaf-like 21,706 156,283 21.66  0.139

Pen- 28,113 202,413 34298 1.694

dentive

Toroidal 35,030 252,216  1.92 0.007

All the geometrics have almost the same total weight
but differ capability in resisting the stresses. Table 3 shows
that the pendentive geometric has the largest stress-to-
weight ratio which justified it is less effective in
transmitting the load applied, providing a lesser area for
the application of constructing buildings on it compared
to other geometric with the lower ratio [18]. Contrast with
dome that obtained the lowest ratio followed by toroidal
and cone, resisted by a larger surface area with higher total
weight. This finding can justify that low stresses produced
with a larger total area will allow more loading applied
onto it [19].

The analysis shows that different geometties of shell
platform effect on the performance in carrying high load
applied onto it. Calculation in identifying the comparison
of maximum stress for all proposed shell geometrics was
made as shown in Table 5, using formula 2 and 3 [20].

Maximum stress of dome

Stress ratio = @)

maximum stress of geometric

Total weight of dome

Weight ratio = 3

Total weight of geometric

Maximum stress of dome as the control geometric
only generated 18% from cone’s stress, 3.0% from clam’s
stress, 2.0% from leaf-like stress, 0.2% from pendentive
stress, and 30% from toroidal stress even though all of
them have almost the same total weight.
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Table 5. Stress and weight ratio of geometrics.

Geometric Stress ratio Weight ratio
Cone 0.18 1.49
Clam 0.03 0.97
Leaf-like 0.02 1.50
Pendentive 0.002 1.16
Toroidal 0.3 0.93

2.2. Conclusion

As the conclusion, both objectives in this study have
been achieved. Objective 1 was aimed to study the
feasibility in proposing an elevated shell platform. The
elevated shell platform is feasible to be implemented in
industry since the maximum stress obtained from the
control geometric is lesser than the concrete strength of
characteristic used [21]; C40 (40 N/mm?) except for
pendentive. Theoretically, the ultimate strength of
concrete used is adequate safety against limitation to resist
the maximum stress generated by the elevated shell
platform. The strength limit is used to reveal the strength
and ductility capacity of the material [22]. Mostly, the
stresses distributed on the shell surfaces are compression
and the minor tension surfaces can be strengthened by
reinforcement in future implementation [23].

Objective 2 is to investigate the effect of shell
geometric on elevated shell platforms and identify the
suitable shell geometric. All the analysis of contours,
maximum stresses, stress-to-weight ratio, stress ratio and
weight ratio have justified the performance affected by
different geometrics proposed. Based on the justification,
the suitable shell geometric can be decided with the basic
geometric like dome and cone are the best among other
geometrics proposed because despite of the ability to
distribute the stresses uniformly, their stress-to-weight
ratio, stress ratio and weight ratio are also proven more
effective to be constructed than the complex geometric.

A structural mitigation should be made to control the
building damage from natural disaster as based on the
descriptive statistics of the function of buildings, 65.7% of
residential house were damage consequence from the
catastrophic event [24].

Various subsystems need to consider such as structures
and material in ensuring the sustainable development of
the construction industry. Shell structure implementation
is important to assist the measurement of sustainable
development in the construction industry by minimizing

the material used [25]. This is because shell structure is a
lightweight structure which requires lesser material to
construct, thus able to reduce the construction waste
disposal meanwhile being applied to minimize catastrophic
effect towards economy and public safety.
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