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ABSTRACT

Experimental tests and numerical simulations of a full-scale segment of a foot and cycle bridge made of polymer
composites are presented in the paper. The analysed structure is made of sandwich panels, which consist of glass fibre
reinforced polymer (GFRP) multi-layered laminate faces and a PET foam (obtained from recycling) core. The dimensions
of the segment cross-section are the same as for the target footbridge; however, span length was reduced to 3 m.

The experimental tests were conducted in a laboratory of the Faculty of Ocean Engineering and Ship Technology at
Gdansk University of Technology. A single vertical force was generated by a hydraulic cylinder and was applied to the
platform of the structure. The experimental tests were supported by numerical analyses performed in Femap with NX
Nastran software by means of the finite element method (FEM). Results obtained in the computational model were
compared with results from experiments. Thus, the numerical model was validated and the obtained conclusions were

used in the next step of the design process of a composite footbridge with a span length of 14.5 m.
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INTRODUCTION

The design process of every engineering structure
is realized in stages: from conception, through design
assumption formulation, to calculations, technical drawings,
and technological process development. A properly
carried out process is the basis for efficient investment
implementation. This process is even more complicated
when the structure is innovative or unusual. The purpose
of experimental studies, in addition to obtaining information
about the behaviour of the structure itself, is predominantly
to validate the numerical model [1]. This process is about
checking and possibly modifying the parameters describing
a mathematical model representing a real structure to
provide results similar to reality with sufficient accuracy
[10, 11, 13]. Measured values (like displacement or strain)
at various points in the real structure are checked and
compared with those obtained from the numerical model
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at the beginning for the initial values of parameters.
When results received from this comparison seem to be
unsatisfactory, parameters of the numerical model have to
be modified. This process is extensively used in every field
of engineering - from the automotive industry, through the
aviation and maritime industries [17, 18], to civil engineering
[12, 14]. All abovementioned industries have in common one
more thing: the rapidly increasing popularity of the usage
of composite materials [7].

The paper consists of an analysis of a 3-m-long segment of
a fully composite footbridge which is assumed to be a sandwich
and shell structure. This kind of structure is very often used
in the maritime industry, especially while constructing hulls,
masts, or other elements of ships or yachts. Nowadays, a typical
yacht or catamaran hull is made from polymer composite
materials and works as a shell. Moreover, it is a sandwich
structure which increases its flexural stiffness by increasing
its thickness. Hence, the capacity of the structure is increased.



Fig. 1. Examples of a yacht and catamaran made from composites (https://sunreef-yachts.com)

Fig. 1a presents a luxury yacht from Sunreef Yachts, Gdansk,
while Fig. 1b shows an A-class Exploder catamaran produced
by Jakub Kopylowicz, Tczew (Poland).

A simplified diagram of the design process of a composite
pedestrian bridge [6] is shown in Fig. 2, in which one of the
stages was validation of the numerical model of a 3-m-long
segment with a full-sized cross-section. After the initial
concepts (a) the numerical model was created and on this
basis (1), the real structure of the segment was designed (b)
and then manufactured (c). Based on the numerical model, an
experimental test program was prepared (2). Results obtained
from experiments allowed us to conduct the validation (3) of
the numerical model of the segment. Therefore, the conclusions
allowed us to create a numerical model of the target footbridge
(4) and then to conduct numerical simulations to design the
target structure (d).

DESCRIPTION OF SEGMENT

The analysed segment has the same cross-section
dimensions as the target footbridge, with the exception that
its length is reduced to 3 m. The usable width is 2.5 m and
the handrail height is 1.3 m (Fig. 3). Hence, the legal and
standard requirements for pedestrian and cycle traffic are
met. The target footbridge will be erected over a two-lane
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Fig. 2. A simplified diagram of the design process of a composite pedestrian bridge

motorway or railroad. The shape of the cross-section was
assumed to be U-shaped; thus, the structure is a shell type.

The segment, as well as the target footbridge, was assumed
to be made only from composite materials. The first approach
was to build walls and a platform as a multi-layered laminate.
However, the numerical analysis showed a lack of capacity for
such a structure. Thus, to increase the stiffness of elements
of the segment, the walls and platform were assumed to
be a sandwich structure that could to a greater extent take
advantage of the benefits of high-strength laminate.

The faces of the sandwich structure (Fig. 4) of the segment
were built using multi-layered glass fibre reinforced polymer
GFRP laminate. Two types of glass-stitched fabrics were
used, denoted as BAT and GBX, with fibre orientations of

Fig. 3.Geometry of analysed segment
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Fig. 4. Span and support cross-section of segment (after [2])

[0/90] and [+45/-45], respectively. The density of both fabrics
is 800 g/m’. The laminate matrix is constituted of polymer
and vinyl ester resin with an additional component that
maKkes it flame retardant. The stack sequence of laminate
in the whole structure is constant, as is its thickness. Both
faces, in the walls and platform, have six layers [BAT/GBX/
BAT/BAT/GBX/BAT] and a total thickness of 3.978 mm
which is the result of the multiplication of the thickness of
asingle laminate layer which is 0.663 mm. The density of the
laminates is 1.71 g/cm?. In specific areas the stack sequence
was reinforced by adding extra longitudinal and transverse
ribs. Longitudinal ribs were added near handrails and near
the connection of walls and platform for two reasons. First,
for technological considerations, these were added between
blocks of PET foam. The second reason was to increase the
stiffness of the structure. Additionally, transverse ribs were
used mainly because of the technology. The core is made of
PET foam produced in blocks with a density of 100 kg/m?’
obtained from the recycling of plastic bottles. The thickness
of the core is constant in the walls and platform at 10 cm.
Furthermore, instead of typical PET foam, strengthened
elements were used around the support zone (Fig. 4b).

Material parameters of laminates were determined within
the project (by the Military University of Technology in
Warsaw [3] and the Gdansk University of Technology [15]) and
are listed in Table 1. Material parameters for PET foam were
taken from the producer and are as follows: elastic modulus
E =70 MPa and Poisson’s ratio v = 0.4. Near the support
zone, instead of PET foam, strengthened elements were used
in the form of a composite block; material properties are
listed in Table 2.

The segment was manufactured using an infusion process
that involved placing dry constructive elements, like stitched
fabrics and PET foam, on a mould, and then covering
everything with a bag and, finally, by applying liquid resins
under pressure. The production of the segment was conducted
under the same conditions as the target footbridge, which
was itself a manufacturing test.

The segment was supported on four rectangular rubber
bearings with dimensions of 30x30x3 cm. The material
parameters of the bearings were investigated in compressive
tests — the stiffness modulus is E = 12.58 MPa and Poisson’s
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ratio is v = 0.48. Although the total length of the segment is
3 m, the theoretical length was assumed to be 2.5 m.

EXPERIMENT

Experiments were conducted in the laboratory of the
Faculty of Ocean Engineering and Ship Technology at Gdansk
University of Technology. Although several load schemes
were used, including static [2], dynamic, and cyclic tests [16],
one was ultimately chosen as the most representative scheme
for the validation process of the numerical model. In that
scheme, a single vertical force was generated by a hydraulic
cylinder and was applied on the platform of the segment. The
level of force was assessed before conducting the experiment
to avoid micro-cracking in laminates and destruction of the
PET foam. Hence, a single force of 50 kN was applied at the
middle of the platforms’ width and span lengths (Fig. 5).
That load was established at a level that causes stress of about

Tab. 1. Material parameters of single GFRP ply [2]

Parameter Description Value | Unit

E, E, longitudineaiill s(tli)car?l(ci) (tlfﬁ?sverse ) 234 | [GPa]
Vi Poisson’s ratio 0.153 [-]
G, in-plane shear modulus 3.52 | [GPa]

G, | G, transverse shear moduli 1.36 | [GPa]

Tab. 2. Material parameters of single composite blocks [2]

Parameter Description Value | Unit
E | E longitudinea;; S(tli)canr}l((i) éll'lzi?sverse (2 8.25 | [GPa]
E, transverse (3) elastic modulus 4.15 | [GPa]

Vi in-plane Poisson’s ratio 0.39 [-]
Vi transverse (23) Poisson’s ratio 0.235 [-]
vy transverse (31) Poisson’s ratio 0.118 [-]
G, in-plane shear modulus 3.04 | [GPa]
G, |G transverse shear moduli 3.1 [GPa]




20% of the strength of the laminate, computed according to
the Tsai-Wu criterion.

During the experiment, several measurement instruments
were used to measure segment parameters. To obtain strain,
15 strain gauges (T) were installed (Fig. 6a), to measure
displacement, seven displacement sensors (U) were used
(Fig. 6b) and to measure displacement around the support
zone, four dial gauges (O) were attached — one next to each
rubber bearing (Fig. 6¢).

To specify the location of each sensor (Fig. 7), preliminary
calculations were carried out on the initial numerical model.
The measuring points were chosen in order to obtain a high
value of the measured parameter.

NUMERICAL MODEL OF THE SEGMENT

A numerical model of the segment was created and
analysed using Femap (with NX Nastran) environment by
means of the finite element method (FEM). Geometry was
assessed according to the dimensions of structure. Two kinds
of finite elements were used - laminated faces of the sandwich
were modelled using four node shell elements by means of
the equivalent single layer (ESL) approach with first order
shear deformation theory (FOSD) while a PET foam core was
modelled as eight node solid elements Both types of elements
have linear-shaped functions with full integration. Material
parameters of elements, laminate, PET foam, composite

A Te, B
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g 52 115/3

Fig. 7. Location of sensors during experiment
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blocks, and rubber bearings were assumed according to
Table 1, Table 2, and the information given before.

A regular mesh was created which assumed the distance
between nodes at the lever was about 25 mm. An overall view
of the model is presented in Fig. 8a. Additionally, details of
the load applied at the middle of the platform are shown in
Fig. 8b. The load was applied through a stiff element of area
30x30 cm. Moreover, Fig. 8c presents one of four rubber
bearings with FEM discretization. On the upper side, bearings
are merged with the segment, while on the bottom side the
translations in all three directions are blocked.

(@)

(b)

Fig. 8. Computational model: (a) overall view, (b) applied force,
(c) rubber bearing

Tab. 3. Comparison of values obtained at measuring
points in experiment and initial model

VALIDATION PROCESS AND RESULTS
COMPARISON

Values of various parameters obtained from experiments
were compared with those from the initial numerical model
and are listed in Table 3. Strain values and displacement were
measured at nine and five representative points, respectively.
The relative error reached a maximum of 74% taking into
account measure strain (in sensor T9/5) and 308% considering
displacement in inductive sensor U8/3.

Values of various parameters seemed to be unsatisfactory;
thus, parameters of the numerical model had to be modified.
Three main reasons that caused these differences were discerned.

Firstly, the dimensions of the real segment were slightly
different than assumed. Besides conducting experiments,
manufacturing of the segment itself was also a technological
test because it was the first full-scale element produced during
the FOBRIDGE project. Therefore, some mistakes could not
be avoided: e.g., the foam blocks moved lengthwise and thus
the segment was extended by 10 cm. That had an impact of
increasing the assumed weight. Hence, the geometry of the
numerical model had to be updated.

Furthermore, full contact between the segment and the
squared rubber bearing was assumed, with merged nodes.
This did not take place in the real construction due to the
possibility of peeling. Moreover, at the stage of assumptions
of the research program and preliminary calculations, the
contact surface was to be square, like the shape of the rubber
bearings. However, the real contact surfaces we encountered

) Model Relative during experiments (presented in Fig. 9) are slightly different.
Sensor Experiment before . .
validation error Grey areas represent contact surface, while white areas show
Strai | no-contact fields. Due to the play between the segment and
t . . ) .
rain [um/m] the rubber bearings, modifications for the rubber bearing
TY/1 668 336 -98.8% material parameters were conducted. In order to achieve
greater accuracy, displacements obtained from dial gauges
1512 605 s19 ~16.6% located around support zones (01, O2, O3, and O4) were
Ts/3 121 201 39.8% compared with those obtained from numerical simulations
and then stiffness moduli of rubber bearings were updated.
T6/3 1240 1834 32.4% The equivalent bearing parameters recorded this way are
83 . 83 L4 summarized in Table 4. Additionally, all bearings were
- assumed to be non-sliding.
T9/3 118 128 7.8%
Tab. 4. Updated elastic moduli of rubber bearings [2]
T15/3 835 1137 26.6%
T5/4 640 513 -24.8% - é 2T 2 F
5 E- 52 £E
T9/5 585 335 ~74.6% 2 SE o 85
&) e o=} i)
«» a8, = I o
Displacement [mm] é % %g é E
= =
u7/3 -11.10 -5.27 -110.6%
us/3 1.96 0.48 -308.3% o1 1.36 0.63 1.41
U9/3 14.60 17.27 15.5% 02 1.40 0.64 1.40
U10/3 1.42 0.47 -202.1% 03 116 0.7 1.23
U11/3 -11.21 -5.33 -110.3% 04 0.99 0.85 1.03
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Fig. 9. The real contact surface between segment and bearings

In addition, as mentioned before, the segment is
asandwich structure with laminate inner and outer faces and
a PET foam core. Moreover, the construction also consists
of longitudinal and transverse ribs. Generally, longitudinal
ribs are added to provide higher stiffness in specific segment
areas (more layers of laminates), while transverse ones are
used due to requirements of the production technology. At
the stage of preliminary calculations, the extra margin of
the ribs, presented in Fig. 10, were not taken into account.
In fact, the stacking of the structure laminate was enriched
by additional layers.

Finally, after the abovementioned modifications of
the computational model, it consisted of 155779 nodes
and 227082 elements in total. The results obtained from
the numerical analysis and experiment were compared
again. This comparison showed increased agreement of
results, which means that accuracy also increased. Table 5
presents a list of values obtained from the numerical model
analysis after the validation process and experiment were
conducted.

The relative error, taking into account strain, reaches
a maximum of 30% in sensor T15/3, but mostly it is much

Tab. 5. Comparison of values obtained at measurement points in

experiment and model after validation [2]

. Model Relative
Sensor Experiment after
validation error
Strain [um/m]
T9/1 668 545 -22.6%
T5/2 605 627 3.6%
T5/3 121 112 -7.6%
T6/3 1240 1451 14.6%
T8/3 167 213 21.6%
T9/3 118 113 -4.0%
T15/3 835 641 -30.3%
T5/4 640 622 -2.8%
T9/5 585 549 -6.5%
Displacement [mm]
u7/3 -11.10 -12.6 11.9%
us/3 1.96 0.98 -99.5%
U9/3 14.60 16.27 10.3%
U10/3 1.42 1 -41.5%
Ul11/3 -11.21 -12.86 12.8%

smaller. Considering displacement, maximum relative
error is about 100%, but here measured values are relatively
small; thus, even a little variation causes high error. For
the more representative points — U7/1, U9/3, and U11/3 -
relative error is about 10%. Additionally, Fig. 11 presents
a graphical comparison of obtained values which can be
considered a good confirmation that the agreement of the
results increased after the mentioned modifications.

~150 ~150
~100 ~100
PET foam
| 2
| |

\_-100 ~100J|

150 150
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Fig. 10. Ribs used in the segment production
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Fig. 11. Comparison of results obtained from experiment and model before and after validation process

Furthermore, Fig. 12-Fig. 23 show graphs of the
force-strain and force-displacement relations at chosen
points obtained from the experiment and both numerical
models. Black and blue lines represent the experiments
while light green and dark green show model behaviour
before and after the validation process, respectively.
Except increased agreement of received values in model

after validation, the graphs show linear behaviour of
the segment under the applied load which confirmed
assumptions made before tests.

Finally, a visualization of the deformation of the
model after validation is presented in Fig. 24, including
strain in transverse (Fig. 24a) and longitudinal (Fig. 24b)
directions.
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Fig. 12. Strain T9/1 in force function Fig. 13.Strain T5/2 in force function
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Fig. 14. Strain T5/3 in force function Fig. 15. Strain T6/3 in force function
164 POLISH MARITIME RESEARCH, No 2/2020



200 140
A4 T8/3 A4 T9/3
120 A
//
150 A - 100 -
- -7
P 80 -
100 A -
T ,/' 60
£ o
g ,t" — expl 40 1 exp1
50 1 - —_——— exp2 ——— exp2
,f’ ~———————— initial model initial model
’/" ————— final model 20 - final model
- [kN] [kN]
0 < | | | 0 | | | |
0 10 20 30 40 50 0 10 20 30 40 50
Fig. 17. Strain T9/3 in force function
800 - 600 A4 T5/4
500 -
600 -
400 -
400 - 300
exp1 | exp1
——— GXp2 200 —_——— exp2
200 - initial model initial model
final model 100 + final model
kN
0 T i T T T 0 T T
0 10 20 30 40 50 0 10 20 30 40 50
Fig. 18. Strain U15/3 in force function Fig. 19. Strain T5/4 in force function
1 0
000 A4 T9/5 A4 U7/3
500 A 21
-4
400 -
61F
300 - E
-8 4
expl
200 - expl —_——— exp2
——— eipd -10 1 initial model
100 4 initial model final model
final model -12 4
[kN] [kN]
0 i i J T -14 T T T T
0 10 20 30 40 50 0 10 20 30 40 50
Fig. 20. Strain T9/5 in force function Fig. 21. Displacement U7/3 in force function
1 °7 A4 U11/3
A4 U9/3
14 1 3
12 4 exp1
——  exp2 4
10 4 initial model
final model 7
8 -6 1
= exp1
6 ’A\\\v\ -8 g —_——— exp2
= initial model
4 —+ _@ 10 final model
. Ugj&if [kN]
0 Ll ~ “© -12 ; ; ; ;
0 10 20 30 40 50

10 20 30 40 50

Fig. 22. Displacement T9/3 in force function

Fig. 13. Displacement U11/3 in force function

POLISH MARITIME RESEARCH, No 2/2020 165




0.000652
0.000564

0.000475

0.000209
0.000121
0.0000319
-0.0000567
0.000145
-0.000234
-0.000323
-0.000411
-0.0005
-0.000588
-0.000677
-0.000766

(a)

0.000759
0.00053
0.000302
0.0000737
0.00015:
-0.000383
-0.000611
-0.000839
-0.00107
-0.0013
-0.00152
-0.00175

(b)

Fig. 24. Segment deformation with strain in (a) transverse direction, (b) longitudinal direction

CONCLUSIONS

Experiments conducted together with a numerical
analysis of the segment allow us to determine behaviour of
the structure under applied load. The information obtained
from the first comparison instigated some modifications
of the numerical model which are shown in the paper.
Comparisons after the validation show increased agreement
of results which allowed us to extend the numerical model
to the size of the target designed composite footbridge and
conduct a numerical analysis of it, which was necessary in
the design process and in preparation for experiments which
were planned to be carried out within the FOBRIDGE project.
The experiments were conducted on campus at the Gdansk
University of Technology [4, 5].

Despite some differences in obtained results (relative error
up to 30% in one sensor), the comparison of results showed
the correctness of assumptions made at the stage of building
anumerical model of the segment: i.e., the sandwich structure
could be modelled using a hybrid method, with shell faces
and a solid core. Moreover, the conducted analysis shows that
multi-layered laminates can be modelled by means of the ESL
approach using FOSD theory. This approach gives satisfying
results with sufficient accuracy and is effective.

The presented analysis, which consists of validation of
a computational model - just one stage in the design process
of a composite bridge — could be enriched by the use of more
sophisticated numerical analysis, such as sensitivity analysis
[9] or optimization [8].
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