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EFFECT OF CROSS-SECTION GEOMETRY ON LOAD CAPACITY
OF SINGLE-WAVE COMPOSITE SEGMENT

The study examines a shell segment made of glass-polyester layered composites with fabric- or mat-reinforced layers. The
segment is a single-wave, single-shell, and simply supported one, with a span, whose initial geometry and ply sequences were
patterned after the cover segments of a selected rectangular tank in a sewage treatment plant in Germany. The aim of the
study is multi-criteria quasi-optimization of the cross-section shape of the shell of the segment with flat flanges, with fixed,
overall dimensions and ply sequences. The segment is subjected to a static three-point bending test with kinematic excitation.
The optimization criteria are as follows: maximum load capacity of the segment, minimum weight of the segment, techno-
logical feasibility, and architectural effect. Numerical models of the segments with specified geometry of the cross-section
(6 objects in total) were built using the Altair HyperMesh 11.0 system (finite element mesh) and MSC.Marc / Mentat 2010
(analysis set). The geometries were earlier prepared in the Generative Shape Design Catia vS5r19 module. The numerical cal-
culations (simulations) were performed using the MSC.Marc 2010 solver for non-linear analyses. The methodology for model-
ling and simulation of the composite shells, developed in the authors’ previous papers, has been applied.

Keywords: polymer-matrix fibre-reinforced composite cover, single-wave rectangular segment, glass-polyester laminate, three-
point bending test, cross-section, multi-criteria optimization
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WPLYW GEOMETRII PRZEKROJU POPRZECZNEGO NA NOSNOSC
JEDNOFALOWEGO SEGMENTU KOMPOZYTOWEGO

W pracy rozpatrzono segment powlokowy wykonany z kompozytéw warstwowych poliestrowo-szklanych mieszanych
(warstwy wzmocnione tkaninga lub matg). Segment jest jednofalowy, jednopowlokowy, swobodnie podparty, o rozpigtosci,
geometrii wyjSciowej i sekwencji warstw wzorowanej na przekryciu wybranego zbiornika oczyszczalni $ciekéw. Celem pracy
jest wielokryterialna quasi-optymalizacja ksztaltu przekroju poprzecznego powloki segmentu z plaskimi kolnierzami przy
ustalonych wymiarach gabarytowych oraz sekwencjach warstw. Segment poddany jest prébie zginania statycznego tréjpunk-
towego przy wymuszeniu kinematycznym. Kryteria optymalizacji sa nastgpujace: maksymalna no$no$¢ segmentu, minimalna
masa segmentu, wykonalno$¢ pod wzgledem technologicznym, efekt architektoniczny. Modele numeryczne segmentéw o spe-
cyfikowanej geometrii przekroju poprzecznego (lacznie 6 obiektéw) zbudowano przy uzyciu systemu Altair HyperMesh 11.0
(siatka elementow skonczonych) oraz systemu MSC.Marc / Mentat 2010 (opcje analizy). Geometri¢ segmentéw przygotowano
w module Generative Shape Design Catia v5r19. Obliczenia numeryczne (symulacje) wykonano za pomocg solwera analiz nie-
liniowych w systemie MSC.Marc 2010. Zastosowano metodyke modelowania i symulacji powlok kompozytowych opracowana
w poprzednich pracach autorow. Metodyka quasi-optymalizacji ksztaltu przekroju poprzecznego fali segmentu przekrycia
kompozytowego, rozwinigta w niniejszej pracy, pozwala na relatywnie latwe i szybkie wyznaczenie ksztaltu quasi-
-optymalnego. Jest to przekréj posredni miedzy pélokregiem a tréjkatem rownoramiennym, ktéremu odpowiada wartos$é
zmiennej decyzyjnej & = 0,SR. Proponowany przekrdj quasi-optymalny jest estetyczny i atrakcyjny pod wzgledem architekto-
nicznym, latwy do realizacji technologicznej, majacy no§nos¢ prawie dwukrotnie wyzsza niz no$no$¢ segmentu bazowego
i mas¢ mniejsza o okolo 17% w poréwnaniu z segmentem bazowym. Przekrdj ten moze by¢ zastosowany rowniez w przypad-
ku segmentow wielofalowych wykorzystywanych w przekryciach kompozytowych zbiornikéw prostopadlosciennych.

Stowa kluczowe: przekrycie kompozytowe, segment prostokatny jednofalowy, laminat poliestrowo-szklany, test zginania troj-
punktowego, przekréj poprzeczny, quasi-optymalizacja wielokryterialna

INTRODUCTION

Polymer-matrix composite covers of rectangular
tanks consist of single- or multi-wave segments joined
together along horizontal flanges with rivetnut-bolt
joints with structural clearances [1]. The segments are

single-shell or sandwich, anisotropic laminate struc-
tures, for which static calculation methods and design
are in the research and development process [2-4]. The
cross-sections of the individual waves of the cover



Effect of cross-section geometry on load capacity of single-wave composite segment 41

segments are generally of semi-circle or circle-segment
shapes [5]. The European leader in the design of FRP
composite roofs of civil engineering structures is
C.F. Maier Europlast GmbH & Co. KG, a German
company [1]. The company does not publish the metho-
dology of static calculations or design of their compos-
ite roofs. The national research and design offices have
been conducting research-design works in this area,
with no special standards or engineering tables,
e.g. [6].

The study concerns a shell segment made of mixed
glass-polyester layered composites with fabric- or mat-
reinforced layers. The segment is a single-wave, single-
shell, and simply supported one, with a span, initial
geometry and ply sequences patterned after the cover of
a selected tank in the ZABA Boehringer Ingelheim
sewage treatment plant, Germany [5]. The study fo-
cuses on a multi-criteria, quasi-optimization of the
cross-section shape of the shell of the segment with flat
flanges, assuming fixed overall dimensions and ply
sequences. The segment is subjected to the static three-
point bending test with kinematic excitation.

The optimization criteria are as follows: maximum
load capacity of the segment, minimum weight of the
segment, technological feasibility, and architectural
effect. The methodology for modelling and simulation
of composite shells, developed in Refs. [2-4], has been
applied.

STATE-OF-THE-ART

In FEM numerical modelling of laminates, compos-
ite layers are approximately modelled as linearly elas-
tic-short materials. The most general homogenized
model of layers reinforced with a balanced plain weave
glass fabric or with a glass mat is a homogeneous
orthotropic material with the orthotropy directions co-
inciding with the directions of the fibre alignments in
the fabric. The 3-axis is perpendicular to the laminate
plane. Each laminate layer is described by nine effec-
tive elasticity constants [7, 8]:

E - Young’s modulus in the i direction, where
i=123,

v, - Poisson’s ratio in the ¢ plane, where
ij =12,23,31,

G; shear modulus in the § plane, where
ij =12,23,31,

and by 18 effective strength constants [4, 5]:

R,,R_- tensile strength and compressive strength in the
i direction, where i=1,2,3,

S. - shear strength in the

i where
ij=12,23,31,

ij plane,

e,,e, - ultimate normal strains in the i direction, re-
garding tension and compression, respectively,
where i =1,2,3,

g, - ultimate shear strain in the i plane, where

ij=12,23,31.

These material constants are determined from the

following standard strength tests:

1. static axial tension in the laminate plane,

2. static axial compression in the laminate plane,

3. static shear by unidirectional tension at angle +45°
with respect to fibre directions,

4. static shear in the laminate plane with the losipescu
method,

5. static interlayer shear.

The macro-mechanical models of layered compos-
ites are formulated in accordance to the appropriate
lamination theory. Each layer is modelled as a separate
homogeneous material. In the case of 2D models of
layered shells, one can distinguish equivalent single-
layer theories and discrete-layers theories [9-12]. In
single-layer theory, a laminate is represented by a single
layer of micro-mechanical properties estimated as the
weighted average values of subsequent lamina proper-
ties. This model used in conjunction with the classic
Kirchhoff - Love thin shell theory, is commonly known
as the classical laminate theory (CLT) [8]. The von
Karman-type CLT model, useful for the analysis of
geometrically non-linear laminate plates, was devel-
oped by Sun & Chin [12], while the model for thin
shells was formulated by Saigal et al. [13].

Modelling the elastic behaviour of laminates with
high accuracy requires taking into consideration the
transverse shear deformation. Refined theories have
been developed in [14] for plates and in [15] for shells.
In these theories, a respective transverse shear correc-
tion coefficient is incorporated due to the assumption of
constant shear deformation through the shell thickness.
The mathematical modelling of laminates and sandwich
laminate structures loaded statically was developed by
Kreja [16] who analysed the geometric non-linearity of
elastic shells in small, medium and large rotations, with
a constant shell thickness. The strength of a polymer-
matrix fibre-reinforced composite is associated with
determining the effective limit stresses/strains in the
complex stress/strain state, transmitted through the
material, which cause total destruction of the material at
any point. To assess the degree of effort of the laminate
layer in a complex stress/strain state, respective strength
theories should be used. To date, a number of strength
hypotheses related to a single layer of laminate have
been formulated including: the maximum stress crite-
rion, maximum stain criterion, Tsai-Wu criterion,
Hashin criterion, modified Hashin criterion and many
other criteria formulated by Hill, Tsai, Hoffman, Chang
etc. [7, 8, 17-19]. In the MSC.Marc system [18],
the following layer-by-layer failure criteria are im-
plemented: MAX Stress, MAX Strain, TSAI-WU,
HOFFMAN, HILL, HASHIN, HASHIN-FABRIC,
HASHIN-TAPE, and PUCK. In the simulation, one can
select up to three hypotheses simultaneously. Based on
the numerical and experimental identification and vali-
dation studies presented in Refs. [2-4], the following
hypotheses have been selected: the HASHIN-FABRIC
criterion for layers reinforced with balanced plain
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weave fabric and the MAX Strain criterion for mat-
reinforced layers. The HASHIN-FABRIC criterion is an
extension of the Hashin failure criterion for orthogonal
fabric materials. At each integration point, the
MSC.Marc system calculates six failure indices in the
stresses, of the values belonging to the interval [0, 1],
as defined in [18]. Analogically, for the MAX Strain
criterion, six respective failure indices in the strains are
calculated, as defined in Ref. [18].

NUMERICAL MODELLING OF SEGMENT,
THREE-POINT BENDING TEST SIMULATION
AND QUASI-OPTIMIZATION

Let us consider a glass-polyester composite segment
which is a single-wave, single-shell, simply supported
one, with a span of / = 12.00 m. The geometry and di-
mensions of the base segment which has a semicircular
cross-section of the shell are mapped in Figure 1.
Figure 2 shows the free support of the segment on rigid
flat steel supports and loading of the segment during
the three-point bending test using a rigid machine
punch.

Fig. 1. Overall dimensions of base segment

Rys. 1. Wymiary gabarytowe segmentu bazowego

Detail 1
y Detail 2 A
240
[ L 660
1 i OL—
]
12 }\ 12

Fig. 2. Supporting and loading of single-wave composite segment in
three-point bending test

Rys. 2. Podparcie i obcigzenie segmentu kompozytowego jednofalowego
W probie zginania trojpunktowego

The original segment, which is a component of the
rectangular tank cover of the ZABA Bochringer Ingel-
heim waste-water plant, Germany [5], was made with
Polimal 104T resin-based contact technology. The pro-
tective layers (gelcoat, topcoat) are 0.35 mm thick. The
ply sequences and thicknesses of the mixed laminate
structural layers are shown in Figure 3, where the fol-
lowing indications are introduced:
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STR450 - a balanced plain weave E-glass fabric-
reinforced layer, 450 g/m” weight (warp parallel to the
axis of the segment),
CSM300, CSM450 - an E-glass mat-reinforced layer,
300/450 g/m” weight.

Fig. 3. Ply sequences in shell and flange of segment

1 - CSM450 (1,0mm)
2 - STR450 (0,9mm)
3 - CSM450 (0,9mm)
4 - CSM300 (0,7mm)

t=8,0mm

BEROWRWN WL —

W%

Rys. 3. Sekwencje warstw powloki i komierza segmentu

The material models of the laminae are linearly elas-
tic-short orthotropic materials. The material constants
were determined from identification experiments of the
mechanical properties of uniform laminates at the tem-
perature of 20°C [3]. Table 1 summarizes the material
constants of uniform laminates reinforced with the
fabric or mat. Subscripts t, ¢ denote tension and com-
pression, respectively. Some material constants were
determined from the conditions imposed on orthotropic
materials balanced in the 1,2-plane [7, 8, 19], i.e.

1
E = E(Elt tE, )’

E,=E, E . =E, E=E,
Vio = Va1 Va1 T Vi Va3 T i3
Gy, =Gy, 85, =55,

R, =R.R. =R,

elt :ezt’elc :eZC’g31 = g32’
1
) "

E E

Based on the numerical and validation experimental
studies developed in Refs. [2-4], the modelling and
simulation of static processes in the mixed laminate
shells use the options / values of modelling / simulation
parameters given in Table 2.

In the 2D model of the composite segment, bilinear
thick-shell finite elements (code 75) were used. This
element is a 4-node 2D bilinear finite element of a thick
shell type and has 3 translational and 3 rotational DOFs
at each node. The membrane stresses are obtained from
the displacement field, and the curvature is derived
from the rotation field. Transverse shear strains are
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calculated at the edge centres and interpolated to the
integration points. The element can be used for analysis
of the curved shells and complex plate structures. All
the constitutive equations are available for this element
[21].

TABLE 1. Material constants for mat- and fabric-reinforced

TABELA 11.?1%’;:'; materialowe warstw wzmocnionych mata
i tkaning

E; 8250 16550 MPa
E, 8250 16550 MPa
E; 4150 5000 MPa
Vi2 0.390 0.155 -
Va3 0.235 0.234 -
V31 0.118 0.0707 -
Gy 3200 2300 MPa
G 3100 2400 MPa
Gy 3100 2400 MPa
Ry 95.7 269 MPa
Ry 216 202 MPa
Ry 95.7 269 MPa
Ry 216 202 MPa
Ri; 70 70 MPa
R;. 231 344 MPa
Sz 91 32.6 MPa
823 359 22.5 MPa
Si3 359 22.5 MPa
e 0.021 0.021 -
e 0.031 0.011 -
ey 0.021 0.021 -
€ 0.031 0.011 -
ey 0.017 0.020 -
[ 0.061 0.100 -
g2 0.043 0.050 -
82 0.040 0.045 -
&1 0.040 0.045 -

mass density p 1.42:10° 1.68:10° t/mm’

Quasi-optimization of the cross-section shape of the
shell segment of the semi-circular base cross-section
was conducted in two stages. In the first stage, the
semi-circular base outline was replaced by a semi-circle
section and tangents, as shown in Figure 4. Numerical

modelling and simulation of the three-point bending test
were performed in the base scenario and in two variants
illustrated in Figure 4. In the second stage, the semi-
circular base outline was replaced by a semi-circle sec-
tion, as depicted in Figure 5. Numerical modelling and
simulation of the three-point bending test were per-
formed in the base scenario and in three variants ac-

cording to Figure 5.

TABLE 2. Options/values of modelling / simulation parameters
of static processes in mixed laminate shell structures
TABELA 2. Opcje/warto$ci parametréw modelowania / symu-
lacji procesow statycznych konstrukcji powloko-

wych z laminatéw mieszanych

Parameter in MSC.Marc system
[20,21]

Selected / determined option /
value

Element Types

75 (Bilinear Thick-shell)

Element Dimensions

~20%20 mm

FAILURE

Failure Criteria

Hashin-Fabric (fabric)
Max Strain (mat)

Max Strain

Failure

Progressive Failure

Stiffness Degradation Method

Gradual Selective

Residual Stiffness Factor 0.02
CONTACT
Type Touching (Node to Segment)
Separation Force 0.1
Distance Tolerance 0.25
Bias Factor 0.95
FRICTION
Type Coulomb

Numerical Model

Bilinear (Displacement)

Friction Force Tolerance 0.05
Slip Threshold Automatic
ANALYSIS OPTIONS
Max # Recycles 30
Min # Recycles 2

Iterative Procedure

Full Newton-Raphson

Convergence Testing

Residual and Displacement

Relative Force Tolerance 0.1
Relative Displacement Tolerance 0.1
Time Step 0.001

Nonlinear Procedure

Small Strain, Large Rotations
Assumed Strain
Large Rotation

Composite Integration Method

Full Layer Integration
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The following symbols are adopted:
cover 00 - base segment in Figures 4 and 5 (for
h=0),
cover 01 - segment shown in Figure 4 for 4 =
=0.2R =90 mm,
cover 02 - segment shown in

Figure 4 for h

=0.5R =225 mm,
cover 10 - segment shown in Figure 5 for 4 =
=0.2R =90 mm,

cover 20 - segment shown in Figure 5 for h=
=0.4R =180 mm,

cover 30 - segment shown in Figure 5 for A=
=0.6R =270 mm.

Variants:

h=0,2R=90 mm

i h=0,5R=225 mm

R=450

1ol 450 | 450

Fig. 4. First stage of quasi-optimization

Rys. 4. Pierwszy etap quasi-optymalizacji

Variants:
h=0,2R=90 mm
: h=0,4R=180 mm
| h=0,6R=270 mm

R=450

1o[__| a0 | 450

Fig. 5. Second stage of quasi-optimization

Rys. 5. Drugi etap quasi-optymalizacji

Figure 6 shows the selected numerical model of
the composite segment and depicts the planes of sym-
metry, the punch and the support. Because of bisym-
metry, the model is limited to a quarter of the system.
The base model (cover 00) consists of more than
40 000 thick-shell finite elements. The individual
finite elements of the model have assigned the orienta-
tion of the material properties in the Material Proper-
ties / Orientations card [18, 20]. The ply sequences are
defined using the Global Ply Number option [20]. The
supports were modelled as rigid surfaces rounded
with a radius of 5 mm on the inside of the support.
The loading punch was also modelled as a rigid body.
The Selective Gradual Degradation model was ap-
plied [18].
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Between the different components of the model
(a quarter of the segment, the support and the punch)
the Node Segment - Touching friction model was de-
clared, based on the direct method [18]. In the contact
model, the bilinear friction model was taken into ac-
count by declaring the friction coefficient = 0.29 and
the limit stress o, = 91 MPa. The slip threshold was set
by default.

The problem was solved using the full Newton-
-Raphson method in the FE code MSC.Marc, taking
into account large displacements and small strains. The
calculations took into consideration the force and dis-
placement convergence criteria [18]. The tolerance of
convergence in both cases was taken as 0.1 (the de-
fault). The calculation uses an adaptive increment in the
loading time, assuming the values of the numerical
parameters collected in Table 3.

Fig. 6. Numerical model of composite segment in cover 02 variant

Rys. 6. Model numeryczny segmentu kompozytowego w wariancie
cover_02

TABLE 3. Parameters of adaptive increment in loading time
TABELA 3. Parametry zmiennego kroku przyrostowego w cza-
sie obcigZania

Parameter Default Assumed value

Initial Fraction of Loadcase Time 0.01 0.01
Minimum Fraction of Loadcase s 4

. 10 10
Time
Max1mum Fraction of Loadcase 05 001
Time
Desired # Recycles/Increment 5 5
Time Step Increase Factor 1.2 1.2

The numerical models of the segments were built
using the Altair HyperMesh 11.0 system (finite element
mesh) and MSC.Marc / Mentat 2010 (analysis set), and
geometries prepared earlier in the Generative Shape
Design Catia v5r19 module. The numerical calculations
were performed using the MSC.Marc 2010 solver for
non-linear analyses.
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Each composite segment was divided into 4-node
finite elements of a bilinear thick-shell element type,
of an average size 20 x 20 mm. The segment model
was loaded in two phases. In the first phase (0 -
-0.05 s), the linearly increasing gravity load was
applied, while in the second phase (0.05 - 1 s), the
linearly increasing kinematic loading was applied via
vertical motion of the punch at a constant quasi-static
speed. The nonlinear static equations of equilibrium
were solved using the method of linearization of
anon-linear curve in the incremental step with an
iterative correction of the imbalance (full Newton-
Raphson method).

Figure 7 shows the diagrams of the machine punch
pressure force versus the testing machine traverse
vertical displacement (F—s), corresponding to the first
stage of quasi-optimization. Figures 8-10 present the
deformations of the cross-section at the midspan of
the segment for the quasi-optimization variants, corre-
sponding to the characteristic positions of the loading
punch. Figure 11 presents the diagrams of the testing
machine punch pressure force as a function of the
testing machine traverse vertical displacement (F—s),
corresponding to the second stage of quasi-optimi-
zation.

25

cover_00

cover_01

——cover_02

FLkN]
o

0

0 100 200 300 400 500 600 700
s[mm]

Fig. 7. F-s diagrams for first stage of quasi-optimization

Rys. 7. Przebiegi F-s odpowiadajace pierwszemu
-optymalizacji

etapowi quasi-

Fig. 8. Deformations of cross-section at midspan of cover 00 segment
for selected translations of punch

Rys. 8. Deformacje s$rodkowego przekroju poprzecznego segmentu
cover_00 odpowiadajace wybranym przesunigciom stempla

Fig. 9. Deformations of cross-section at midspan of cover 01 segment
for selected translations of punch

Rys. 9. Deformacje $rodkowego przekroju poprzecznego segmentu
cover 01 odpowiadajace wybranym przesunigciom stempla

Fig. 10. Deformations of cross-section at midspan of cover 02 segment
for selected translations of punch

Rys. 10. Deformacje $rodkowego przekroju poprzecznego segmentu
cover_02 odpowiadajace wybranym przesunigciom stempla

cover_00|

cover_10|

cover_20|

cover_30|

0 100 200 300 400 500 600 700
s[mm]

Fig. 11. F-s diagrams for second stage of quasi-optimization

Rys. 11. Przebiegi F-s odpowiadajace drugiemu etapowi quasi-optyma-
lizacji

The first phase of quasi-optimization leads to the
following conclusions:

- The s ranges of the linear elastic responses of the
segments to the kinematic excitation (vertical motion
of the machine punch) increase as parameter / rises,
by 14% for 4 = 0.2R and 43% for 2 = 0.5R.

- The non-linear elastic responses of the segments are
consistent in quality and also increase with the in-
crease in parameter /.

Composites Theory and Practice 13: 1 (2013) All rights reserved
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- The responses above a nonlinear elastic zone corre-
spond to the progressive destruction and local buck-
ling of the segment shell. The inelastic responses are
different for the searched values of parameter 4.

- The load capacity of the segments, defined as the
upper limit of the non-linear elastic response, is F =
= 6.5 kN for & = 0 (the base segment), /' = 8.0 kN for
h = 0.2R (up 23%), F = 12.5 kN for & = 0.5R (up
92%). The load capacity increases as parameter /
grows. In the same conditions, the segment mass
decreases by ~ 10% for 2 = 0.2R and by ~17% for h =
=0.5R.

- For the maximum value # = R, the cross-section of
the segment shell has the shape of an isosceles trian-
gle. Architecturally, the semi-circle shape (in the
base segment) is the most attractive, whereas a trian-
gular shape is the least attractive.

- Taking into account the capacity, technological and
architectural considerations, it was estimated that the
intermediate segment with parameter 2 = 0.5R is the
quasi-optimal segment.

The second phase of quasi-optimization leads to the
following conclusions:

- The linear elastic zones extend themselves with the
increase in parameter 4. For &= 0.6R, this zone is
twice as long as compared to the case of 2 =0 (base
segment).

- The non-linear elastic response is varied in quality
and quantity for the studied variants of the segment.
The base segment provides the most stable solution.
Together with the flattening of the shell, the critical
load decreases.

- As expected, the load capacity of the segment, de-
fined as the upper limit of the non-linear elastic
response, decreases with flattening in the segment
and is F'= 6.5 kN for & = 0 (base segment), F'= 5.7 kN
for & = 0.2R (down 12%), F =4.5 kN for h=0.4R
(down 31%), F=3.5 kN for 4 =0.6R (down 46%).
In the same conditions, the segment mass decreases.

FINAL CONCLUSIONS

The method to quasi-optimize the shape of the
cross-section of the wave of the segment of the com-
posite cover, developed in the study, allows for rela-
tively easy and rapid determination of the quasi-optimal
shape. This is an intermediate cross-section, between
a half-circle and an isosceles triangle, which corre-
sponds to the value of the decision variable # = 0.5R.
The proposed quasi-optimal cross-section is aesthetic
and attractive in terms of design, and easy to manufac-
ture. This cross-section can also be applied to the
multi-wave segments commonly used in the composite
covers of rectangular tanks.

The methodology of numerical modelling of layered
glass-polyester composite shells, was developed and
validated experimentally by the authors in previous
papers [2-4]. The results obtained in this study are
therefore fully reliable.
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