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A NOVEL CONNECTION FOR FIBRE REINFORCED POLYMER BRIDGE
DECKS: CONCEPTUAL DESIGN AND EXPERIMENTAL INVESTIGATION

V. Maral, M. Al-Emrani?, and R. Haghani®

ABSTRACT

In the past two decades, the use of fibre reinforced polymer (FRP) decks has attracted
a great deal of attention when it comes to the refurbishment of existing bridges and
the construction of new ones. FRP materials offer superior properties, such as high
specific strength and stiffness, light weight, high fatigue and corrosion resistance and
good durability. Because of their low self-weight and prefabrication potential, FRP
composites lend themselves to accelerated bridge construction, thereby leading to
minimised traffic interference. However, one challenge that is posed by FRP deck
systems is the detailing and design of panel level connections. Today, a common
practice for joining deck panels on site is adhesive bonding, which compromises the
benefit of rapid FRP deck installation due to the time-restricted curing required for
structural adhesives. As a result, there is a need for the development of joints which
enable more rapid assembly. In this paper, a novel joint configuration for panel level
connections is proposed. Numerical analyses and static experimental tests were
conducted to evaluate the behaviour and load-carrying capacity of the connection. The
overall investigation showed that the presented joint concept is a potential alternative
for panel level connections in FRP decks.

Keywords: Bridge; Connection; Deck; Experiment; FRP; Panel level connection

1. Introduction

Fibre reinforced polymer (FRP) bridge decks have been recognised as a competitive
alternative to traditional decking solutions for the refurbishment of existing bridges,
as well as the construction of new ones [1-14]. FRP decks are characterised as light,
strong, corrosion-resistant decks. The high degree of prefabrication enables the
production of modular deck segments which can be easily transported and rapidly
installed on site. Today, rapid on-site assembly has become a necessity, particularly in
large cities, where the construction and maintenance of bridges often have a
significant social, environmental and financial impact, including traffic disruption,
noise pollution, carbon footprint and increased user costs, to mention just a few [15].

Rapid on-site assembly is highly dependent on the detailing and design of connections
between the prefabricated bridge elements. These connections need to be detailed to
facilitate a rapid, secure installation process, which calls, among other things, for
generous tolerances. At the same time, it should be noted that a good fit between
different prefabricated elements is required to ensure safe, durable joints. Today, a
common practice for joining FRP deck panels on site to form the entire deck involves
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the use of adhesively bonded connections. Mechanical connections, such as shear key
connections, have also been used for this purpose, but these connections have shown
sensitivity to traffic load and load transfer. Cracking in the shear key connection
region after a short period of exposure to highway vehicle loads, as well as difficulty
transferring the load from one deck panel to the other, has been the result of several
constructed projects [16-18].

Adhesively bonded connections have proven to be efficient in load transfer, as well as
fatigue resistance, but several challenges are encountered in conjunction with these
connections on site:

e The time needed for the adhesive bond to cure and develop full strength
(usually 48 h) compromises the benefit of rapid FRP deck installation.

e The quality control of adhesive joints in the field is fairly difficult.

¢ Dismantling these connections is impossible. In the event of partial deck
damage due to accidents, impact loading, vandalism and so on, it is fairly
difficult to replace the deck partially. The replacement of the entire deck might
therefore be needed, leading to very costly repair strategies.

e On-site bonding requires that special consideration is taken when it comes to
the health of workers when they handle adhesives due to injuries that might be
caused through skin contact.

e On-site bonding should be performed in a controlled environment taking
account of temperature, humidity and so on. If the weather is not conducive,
the erection of tents with a controlled environment might cause a delay in the
construction of bridges.

The aforementioned shortcomings of on-site adhesive bonding illustrate the need to
develop alternative panel level connections for FRP decks. In this paper, a novel joint
for panel level connections which enables rapid, straightforward, on-site assembly is
proposed. A conceptual design for the connection is first introduced. The connection
concept was designed and examined using the finite element (FE) method. Finally,
static experimental tests were conducted to verify the response of the connection in
the serviceability limit state and evaluate the load-carrying capacity and the failure
mode of the proposed connection. The load and displacement relationship, flexural
resistance and strain distributions were measured during the test.

2. Conceptual design

The detailing of connections in FRP decks is a somewhat complex process, which
should take account of not only the structural performance and durability of the joint,
but also the ease of application and the tolerances this necessitates. It should therefore
be regarded as a process in which the bridge client, the designer, the manufacturer and
the contractor are all involved. This process was applied in the design of the
connection concept presented in this study. Among various criteria considered in the
development of the connection concept, the most important ones were identified as:
(i) allow for rapid bridge construction with no-skill labour and (ii) provide quick
repair and replacement of the bridge deck panels. In addition, constraints such as
material, cost and geometric shape were defined and taken into account in the
development of the connection concept.

The geometry and shape of the developed connection concept is shown in Fig. 1. The
concept is based on the mechanical interlocking of the two modules of the connection
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sliding into one another at an angle of 45°. A tongue-and-groove mechanism is used in
the connection to ensure full mechanical contact between the two modules. The
difference in length of the tongues and grooves was opted for the ease of

manufacturing and on-site assembly.
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Fig.1. Geometry and dimensions of the connection module and the fibre architecture; CSM:
continuous strand mat.

The cells of the connection modules were filled with PVVC foam, Divinycell type H80,
a product of DIAB. The mechanical properties of the foam are given in Table 1. The
main function of the foam was to serve as a mould for the production of the
connection modules in the vacuum infusion process (refer to Section 4.1). In addition
to this, the foam provides support to the flanges and the grooves, which is translated
to an increase in the patch load capacity and the bending capacity of the grooves. The
ability of the foam to increase the capacity of foam filled cells has also been observed
by Zi et al. [19].

Table 1. Mechanical properties of the foam.

Density | Compressive | Compressive | Tensile | Tensile Shear Shear
strength modulus strength | modulus | strength | modulus
(kg/m?3) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
80 1.4 90 2.5 95 1.15 27

The ASSET FRP deck [20] — a product from Fiberline Composites, Denmark — was
utilised in this study; the shape of the connection module was therefore designed to
adapt to the ASSET deck profile. According to this concept, the connection modules
are bonded to the FRP deck panels off site and assembled on site.

The fibre architecture of the connection was designed using the finite element (FE)
method adopting the principal stress optimisation theory. The idea behind principal
stress optimisation is to match the fibre directions and proportions with the principal
stress vectors and stress magnitudes. In addition to this, other criteria were followed
such as:

E-glass and epoxy were selected for the fibres and the resin respectively. The
reason for selecting E-glass fibres was their compatibility with the ASSET
deck material, as well as cost constraints.



e For ease of manufacturing, the fibre directions were limited to 0°, + 45° and
90°.

e Symmetric laminates were used to avoid warpage and twisting from residual
stresses

e To obtain a robust structure, 10% more fibres were provided in each direction.
In addition, plies in 0°, + 45° and 90° angle were included in all the parts of the
connection to account for unexpected loads.

A final design of the ply stack-up sequence is presented in Fig. 1.

3. Finite element modelling
3.1 FE model

Once the dimensions and the fibre architecture of the connection module had been
determined, a global model utilising the commercially available ABAQUS 6-11.3
software was used to analyse the global behaviour and the load transfer mechanism of
the connection, cf. Fig. 2. The model consisted of two FRP deck panels (ASSET
deck) and the connection modules, all modelled with shell elements. The connection
modules were filled with foam material that was modelled using solid elements with
isotropic material properties with an elasticity modulus of E = 90 MPa and a Poisson
ratio of 0.2. The shell elements of the connection were connected to the solid elements
of the foam using surface-based, shell-to-solid coupling constraints.

As a result of the symmetry, half the model was modelled to minimise the number of
finite elements. The boundary conditions were applied as simply supported, indicated
in Fig. 2. The interaction between the surfaces of the connection modules was
modelled with surface-to-surface contact elements with properties of frictionless
tangential behaviour and hard contact normal behaviour, where separation after
contact was allowed. In reality, friction between the connection modules is present. In
this study, due to the absence of the coefficient of friction between the connection
modules, frictionless contact was assumed. Based on this assumption, the FE results
remain on the safe side, since the friction can enhance the performance of the
connection. A finer mesh was used for the connection modules, as noted in Fig. 2. The
mesh sizes gradually change from 10 mm in the middle to 50 mm towards the edges.
In addition, it was made sure that the mesh density of the slave surface in the contact
pair was finer than that of the master surface.
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Fig. 2. Configuration of the FE model, the loading positions and the boundary conditions.

The ASSET deck profiles were modelled as lamina with the orthotropic material
parameters defined in Table 2. The connection module was modelled as a composite
lay-up with the designed fibre architecture. The material properties of a unidirectional
(UD) E-glass-epoxy lamina in the connection module were determined by
mathematical models considering a fibre volume fraction of 52% and are tabulated in
Table 2. Based on the designed ply stack-up, the equivalent bending elastic properties
for the flanges and grooves were also computed using the classical lamination theory
(CLT) [21] and are summarised in Table 2 (refer to Fig. 1 for the reference coordinate
system of the connection module). The model was loaded at three different loading
positions, which were deemed as the most critical for the connection (see Fig. 2). The
selected load configuration represents one wheel load according to EN 1991-2 [22],
which is applied to an area of 400 x 400 mm?.

Table 2. The mechanical properties used for the finite element modelling.

ASSET deck Connection module

Property Flange | Outer web | Inner web | Ply (UD glass- | Flanges Tongues and
plates | plates plates epoxy lamina) grooves

Ex [MPa]* | 23000 | 17300 16500 37000 23300 19300

Ey [MPa] 18000 | 22700 25600 10000 17200 15100

Gy [MPa] | 2600 3150 2000 4500 6900 8500

Gx. [MPa] 600 600 600 4500 - -

Gy: [MPa] 600 600 600 2900 - -

Vxy 0.3 0.3 0.3 0.26 0.28 0.39

*X: pultrusion or fibre direction, Y: transverse direction for the ASSET deck and the glass-epoxy
lamina in the connection module

3.2 Results from the FE model

Three load cases in accordance with the load positions shown in Fig. 2 were analysed.
For each load case, a load of 150 kN equivalent to a wheel load in the serviceability
limit state (SLS) was applied and the deflections and stresses were checked in
different parts of the model. The maximum deflections for each load case are
summarised in Table 3; they were obtained under the loading area. The top flanges
under the load patch experienced greater deflections due to the local bending of the
thin flanges.

Eurocode does not specify the limits for the global deflection of bridge decks. In the
analysis performed here, a limit of L/300 is deemed reasonable. The same limit has
been suggested in several previous studies [23, 24]. In this study, the deflection limit
of L/300 is 10 mm, as the span of the FE model is three metres (see Fig. 2). Compared
with this deflection limit, the global deflections in the model (max. deflection —
bottom flange in Table 3) were lower for the SLS load level.



Table 3. Results of the finite element models for each load case.

Load position Max. deflection — Max. deflection — Openings — bottom flange
bottom flange top flange of the connection modules

Load 1 - 150 kN | 9.5 mm 14 mm 2 mm

Load 2 - 150 kN | 9.8 mm 14 mm 2.1 mm

Load 3—150KkN | 7.6 mm 12.8 mm 0.6 mm

Checking the stresses in the longitudinal and transverse directions in the ASSET deck
and the connection module revealed that all the stresses were below the strength limits
with a factor of at least 2. A direct conclusion from this observation was that the
system would withstand the ULS load levels, as they are only 35% above the SLS
limit in the Eurocode.

Apart from the global deflections and the stresses, the behaviour of the connection
with respect to openings in the bottom flange due to loading was studied in the
serviceability limit state (results presented in Table 3). Fig. 3 presents a schematic of
the opening between the connection modules in load case 2. It was noted that the top
flanges remain in contact, while the connection opened by 2.1 mm in the bottom part.
The opening area was limited to the first tongue-groove connection in the bottom part
(in Fig. 3), as the mechanical interaction of the tongue and the groove prevented
further opening between the connection modules. This behaviour was observed for all
load cases. In overall terms, the connection displayed satisfactory behaviour, as the
top flanges did not open; this might otherwise represent a threat for wear surface
cracking. In the following sections, other results from the FE analyses are discussed
and compared with the measured results of the experimental test.

Fig. 3. Opening of the connection modules under load position 2.

4. Experimental investigation
4.1 Specimen and materials

To verify the performance of the proposed connection, experimental work including
manufacturing and testing a large-scale specimen under static bending was carried
out. The dimensions of the tested specimen are illustrated in Fig. 4. The length of the
specimen was 3000 mm. The ASSET deck panels were manufactured using the
pultrusion method, bonded by the manufacturer (Fiberline Composites, Denmark) and
delivered to the laboratory.
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Fig. 4. Cross-section of the specimen.

The connection module was manufactured using the infusion method by Mostostal,
Poland, and is shown in Fig. 5. Several challenges were encountered during the
manufacture of the connection module:

e The designed ply stack-up sequence could not be followed by the
manufacturer; instead, mats with chopped discontinuous fibres were used.

e The shape of the connection module was challenging for the infusion process
and this led to mismatch and variable gaps between the two connection
modules.

e The surfaces of the flanges were not plane but curved in different areas,
resulting in some unsupported areas (gaps between the support and the
specimen) during the tests.

e The thickness of the flanges varied from 8 to 10 mm.

/ \

Fig. 5. The connection modules made in the process of infusion.

The characterisation of the material properties for the connection module was only
performed for the elastic modulus by testing plates using the longitudinal stress-wave
frequency method. The elastic modulus of the composite material in the connection
modules was the same in both the longitudinal and transverse directions, due to the
used mats with chopped discontinuous fibres for production, and was estimated at
22.7 GPa. This elasticity modulus was within the range of the computed equivalent
elastic properties of the laminates based on the designed ply stack-up sequence (refer
to Table 2). Therefore, the effect of the material change in the FE analyses was trivial,
which implied that the performed FE analyses were still valid and comparable with
the tested specimen. The connection modules were then bonded to the ASSET deck
panels in the laboratory using the SikaDur 330 epoxy adhesive type.

4.2 Experimental set-up and loading

The test set-up is shown in Fig. 6. The specimen was simply supported on two steel
beams (VKR 150 x 150 x 5 profiles (S355)), one on each side of the specimen. A 10
mm thick steel plate was welded to the top flange of each steel beam to stiffen the
flange. Between the steel beams and the specimen, eight rollers were positioned under
the junction of the inclined webs of the specimen, at which the load transfer from the



specimen to the supports took place. Strain gauges were installed on the side of the
rollers, as shown in Fig. 6, in order to measure the distribution of the reaction forces
along the support lines. The rollers had an outer diameter of 70 mm, thickness of 5
mm and a length of 80 mm. The steel material used for the rollers was S355. In order
to easily position and fit the rollers, steel plates were used on top of the rollers, as
shown in Fig. 6. The maximum measurable reaction force on the rollers was
approximately 30 kN before yielding took place in the steel material of the rollers.
The rollers were calibrated before the loading of the specimen and the linear load-
strain distribution was incorporated into the reaction force calculations. Due to the
load limitation of the rollers, they were only used for the tests in SLS loading (see
Table 4), while, for the final test, an elastic strip was placed between the specimen
and the steel beams.

Fig. 6. Experimental set-up and support conditions.

The specimens were tested with concentrated loads in three different load positions, as
indicated in Fig. 7. The load was applied with an hydraulic jack with a capacity of 450
KN. A steel plate with dimensions of 400 x 400 mm and a thickness of 25 mm was
used for load distribution. A 15 mm thick timber plate with the same dimensions was
placed between the steel plate and the specimen. Several studies [25-27] have
demonstrated that the steel patch loading does not adequately represent the local
effect of the tyre loads, which is much more important in fatigue loading. Instead,
simulated tyre patch loads or curved metal plates have been suggested. However, in
the absence of the suggested loading facilities, a steel patch load was used in this
study. Thus, the local effects of the tyre loads were not appropriately captured in the
tests.
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Fig. 7. Loading configuration of the test specimen.

The specimen was loaded consecutively (load 1, load 2 and load 3) up to the
serviceability limit load of 150 kN. Afterwards, the specimen was loaded up to a
maximum load of 433 kN in load position 3. An overview of all the experiments
carried out within this study is presented in Table 4. The designation of the tests is
used in the entire context of this paper. The tests were run with a displacement-
controlled load at a rate of 0.25 mm/min. In every experiment, the applied loads, the
vertical and horizontal deflections and the strain were measured in various locations
described in Section 4.3.

Table 4. An overview of the performed tests.

Designation | Test type Maximum load (kN)
T1-SLS SLS load position 1 150

T2-SLS SLS load position 2 150

T3-SLS SLS load position 3 150

T3-Fail Failure load position 3 | > 433

4.3 Instrumentation

The deflections of the specimen were measured at several locations using linear
variable displacement transducers (LVDT). The LVDTs were located on the top and
bottom flanges of the specimen, with the pattern presented in Fig. 8 and Fig. 9, to
measure the vertical and horizontal displacements (the latter to measure the openings
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between the connection modules). Taking advantage of the symmetry, measurements
were mainly concentrated in one half of the specimen. It should be noted that the
LVDTs in the bottom plate were only used during SLS loading. A set of strain gauges
was also installed on the top and bottom flanges of the specimen, as shown in Fig. 8
and Fig. 9.
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Fig 8. Displacement transducers (LVDTs) and strain gauges at the top flange.
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Fig. 9. Displacement transducers (LVDTSs) and strain gauges at the bottom flange.

4.4 Results and discussion
4.4.1 Results of SLS tests

The maximum deflections on the top and bottom flanges of the specimen at a load of
150 kN, transverse to the span, are shown in Fig. 10 and Fig. 11 for all load cases.
Some of the LVDTs did not provide results in a number of load cases. The deflection
curves show a typical localised effect under the patch load and the north or south part
of the specimen tended to lift up and display positive deflections depending on the
load position. Comparing the three tests, it can be seen that load position 2 is critical
for the connection, because large deformation incompatibilities are observed in the
connection region. For instance, an abrupt difference in deflection (7 mm) can be seen
between LVDT19 and LVVDT24 at the bottom flanges in Fig. 11 for load position 2.
The same deformation incompatibility can also be seen in the FE analyses, albeit at a
lower level (see Fig.11). The difference between the FE results and the test results is
attributed to the boundary conditions adopted in the FE model and the incomplete
connection fit in the test specimen. In the FE model, the uplift of the specimen was
locked and the connection modules were modelled with a perfect fit between one
another. In the performed tests, the specimen was free to displace upwards and gaps
were present between the connection modules.
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Fig. 10. Measured deflections at the top flanges in the transverse direction for SLS tests and
comparison with FEM results for load position 2.
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Fig. 11. Measured deflections at the bottom flanges in the transverse direction for SLS tests
and comparison with FEM results for load position 2.

Due to the presence of gaps between the two connection modules (see Fig. 12),
deformation incompatibility can also be seen at the top flanges (see LVDT4 and
LVDTS8 for load position 2 in Fig. 10), something that is not observed in the FE
results. During loading, the connection modules rotated until the top flanges came into
contact, as shown in Fig. 12.

Fig. 12. The presence of gaps between the connection modules and rotation of the specimen
during loading.
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This behaviour of the connection can be represented by a non-linear spring with
intermediate stiffness, as illustrated in Fig. 13. The deflections of a loaded beam are
shown in the figure for three principal cases. The spring behaviour of the connection
accentuated the uplift of the specimen as well.

J' Very stiff spring

Spring without stiffness
‘I

Intermedhate stiffness

Fig. 13. Deflections of a beam with a spring with high, intermediate and no stiffness.

The relative movement of the top flanges might represent a threat for wear surface
cracking. As reported in several studies [11, 17, 28-33], one problem of the
constructed bridges with FRP decks is the cracking and delamination of the wear
surface. In order to ensure the integrity of the wear surface, the relative movements of
the connection modules should be prevented. In this study, the relative movements of
the top flanges are attributed to the gaps of the connection. Thus, future research
encompassing specimens of a higher level of precision and an applied wear surface
with this type of connection is suggested. In addition, the load should be applied with
a simulated tyre patch load in order to capture the local effects of the load, which are
of more importance in the study of the wear surface cracking.

The transverse deflection patterns depicted in Fig. 11 also correspond well with the
distribution of the support reactions during the tests. The west and east support
reactions (see Fig. 7) show the same pattern and, in Fig. 14, the support reactions of
the west support rollers are shown. The support reaction forces could be derived from
the measured strains for an applied load up to 100 kN, because at higher loads
yielding of the steel rollers occurred.

Load 2 Load 3 Load 1
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Fig. 14. Computed support reactions in the west support rollers for SLS tests at an applied
load of 100 kN.
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As noted in Fig. 14, the support reactions are mostly carried by the supports in the
applied load area and the supports in the north or south part of the specimen do not
carry any load, due to the fact that the specimen lifted in the north and south parts
during loading according to the load position (see the transverse deflections in Fig.
11). This shows that the applied load is mainly distributed in the longitudinal direction
(pultrusion direction of the ASSET deck) of the specimen, as illustrated in Fig. 15. In
addition, the support reactions indicate the width of the specimen contributing to the
load-carrying capacity for each load position. This width is referred to as effective
width in this context. It is noted that the effective width of the specimen is the highest
for the T1-SLS test and the lowest for the T3-SLS test.

JAVAVAVAVA7AVAVAVAN

Transverse direction

Fig. 15. lllustration of the load distribution area for load position 3.

The distribution of the support reactions in Fig. 14 indicates that the connection was
able to transfer the loads through shear via the tongue-and-groove mechanism. For
instance, in the T3-SLS test, the support reactions of supports No. 4 and No. 6 are
almost the same, which shows that the load is transferred at the same rate to support 4
through the connection as it is to support 6. This performance contradicts the
observations of the deflection incompatibilities in the transverse direction of the
specimen shown in Fig. 10 and Fig. 11. However, this can be attributed to the opening
of the connection modules, which is also discussed later. In the mid-span, the
connection modules were able to separate and open more than along the support lines.

The load-deflection curves for the three load cases are shown in Fig. 16. For load case
1 (T1-SLS), the behaviour of the specimen is linear. The load-deflection curves of the
T2-SLS and T3-SLS tests show a slightly non-linear pattern. This non-linearity can be
attributed to the opening of the connection modules during loading. For instance, in
the T2-SLS test, a while after the load was applied, the north part of the connection
could not pull down the south part of the connection and separation between the
connection modules occurred. This separation resulted in loss of stiffness (see Fig. 18)
and affected the load-deflection curve for the T2-SLS test in a non-linear pattern.
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Fig. 16. Load-deflection curves for the SLS tests.

It is noted in Fig. 16 that the stiffness of the specimen is different for the three SLS
tests. This difference in stiffness is attributed to several reasons:

e The load-deflection curves are given for different load positions and the
deflections vary according to the load position. For instance, when comparing
the deflections for the load positions 1 and 2 (refer to Fig. 10); the deflections
for the load position 2 are higher because of the separation between the
connection modules.

e The effective width of the specimen carrying the applied loads for each SLS
tests can be directly related to the stiffness of the specimen. It is noted in Fig.
14 that the effective width of the specimen is the lowest for the T3-SLS test.
This can be correlated to the stiffness of the specimen in the T3-SLS test
which shows the lowest stiffness.

e The difference in the material properties and the geometric configuration
between the ASSET deck and the connection modules can also be associated
to the different stiffness values for each load position. For instance, the flange
thickness of the connection module varied from 8 to 10 mm whereas the
flange thickness of the ASSET deck was 15.6 mm. To this end, the local
deflections of the connection modules would be higher than those of the
ASSET deck.

e The residual openings of the connection modules (which are described in the
following), in particular for T2-SLS (refer to Fig. 18), could also have
influenced the stiffness of the subsequent test.

The relative horizontal displacements — which are referred to as openings in this
context — were measured at the bottom flanges of the connection modules, in locations
where the connection tends to open, along the span of the specimen (see Fig. 9 and
Fig. 17).
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S )
Fig. 17. Configuration of the LVDTSs to measure the relative horizontal displacements
(openings) between the connection modules at the bottom.

The load-opening curves in the mid-span of the specimen for each load case are
shown in Fig. 18. For each load case, all the other LVDTs measuring the openings
showed the same behaviour as the ones depicted in Fig. 18. However, the measured
openings toward the support lines were approximately 35% lower.

160

Load (kN)

Openings (mm)
Fig. 18. Load-opening curves in the mid-span for the SLS tests.

All the tests in Fig. 18 display ‘two-phase’ stiffness behaviour (indicated by dotted
lines in Fig. 18), which is more pronounced for the T2-SLS test. The stiffness of the
connection in the T2-SLS test is slightly higher than in the T1-SLS test up to
approximately 55 kN, after which it is considerably reduced. This decrease is due to
the opening and separation of the connection modules and the loss of friction between
the connection surfaces. After unloading, the highest residual openings were recorded
for the T2-SLS test, which influenced the stiffness of the connection in the T3-SLS
test as well. The residual openings of the connection in this study are mainly
attributed to the flaws and the inappropriate fit between the tongues and grooves of
the connection. As already mentioned previously, the connection modules rotated
during loading due to the presence of the gaps. Owing to this rotation, while the
bottom flanges were opening, the top flanges of the connection modules were closing.
The closures and openings were measured manually during the tests. Hence, the
rotation of the connection modules influenced the openings, which could not be
entirely retrieved as the specimen was unloaded, in particular for the T2-SLS test. Part
of the residual openings could also be attributed to the possible internal damages of
the tongues and grooves. During loading, slight crack sounds were heard, but no
visible damage was detected. After unloading in the T3-SLS test, it can be seen that
the opening returned to approximately —0.5 mm, which indicates that part of the
residual opening from load position 2 was actually recovered after T3-SLS. This
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recovery was reflected in the higher stiffness of the specimen in the T3-Fail test,
which is described in Section 4.5.2.

The measured strain in the longitudinal direction of the specimen at load 150 kN for
T1-SLS is illustrated in Fig. 19. This figure is also representative of the other two
tests, as the pattern of the strain distribution is the same.

Fig. 19. Distribution of the measured axial strain in the longitudinal direction for T1-SLS.

One interesting observation from all the tests is that the longitudinal strain on the top
flange in line with the applied load decreases close to the load location instead of
increasing (marked in a circle in Fig. 19). This behaviour is attributed to the local
bending effect of the flanges. When the specimen is loaded in bending, the top flanges
and bottom flanges are subjected to compression and tension respectively, due to
global bending action. The top thin flange is also subjected to extra local bending due
to the patch load. This local bending would be even more pronounced with tyre loads
as demonstrated in several studies [34, 35], which should be taken into account in
studies of wear surface cracking. The secondary stresses due to this local action are
depicted in Fig. 20. This behaviour was also verified in the numerical models
developed to analyse the behaviour of the specimen.
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Fig. 20. Local loading effect on the strain.

Based on the measured strain, the maximum stress in the ASSET deck was calculated
using the following matrix:

E. v EL
Ol _[1=vipvn 1-vipvn |6
{GT } | vieEr E, {ET }
I-vipvn 1=vipvn (1)

where L represents the longitudinal (pultrusion) direction and T the transverse
direction.

The maximum stresses obtained for all load positions in the longitudinal and
transverse directions are summarised in Table 5. It can be seen that the computed
stress is much lower than the strength of the flanges of the ASSET deck. The stresses
are lower than 20% of the tensile strength of the material, which is a value referred to
as a limit for the performance of FRP materials under sustained plus fatigue service
loads by Coogler et al. [36]. Due to the lack of material data, the stress computed for
the connection modules could not be compared with the strength.

Table 5. Computed stress in the flanges of the ASSET deck and the connection modules and
the strength properties (all units in MPa).

ASSET deck Connection module

Top flange Bottom flange | Strength Top flange Bottom flange

oL oT oL oT fu* | fru | fon™ | fou oL oT oL oT
T1-SLS -6.3 -7.9 15.6 25 -14.7 | -8.3 3.3 -0.3
T2-SLS -7 -10.5 | 195 104 300 | 220 | -250 | -200 -4.6 1.0 20.0 9.1
T3-SLS -13.6 | -05 18.6 24 -114 | -118 | 7.1 14

*L: longitudinal direction, T: transverse direction, fv,, fry: tensile strengths, feiy, feru: compression
strengths

4.4.2 Results of T3-Fail

The objective of this test was to study the behaviour, load-carrying capacity and
failure mode of the specimen at load position 3. However, due to the load-capacity
limits of the hydraulic jack, the specimen was loaded up to a maximum load of 433
kN and the test was stopped.

The results of the vertical deflection in the transverse direction of the specimen are
shown in Fig. 21. In the T3-Fail test, only the transducers on the top flange were
utilised. LVDT 9 and 14 did not provide results during the entire test. The deflections
are shown for three different loads: SLS load (150 kN), ULS load (202.5 kN) and at
the final load of 430 kN. The results indicate that, as the load increases, the deflection
localises under the load area. This local deflection is also observed from the finite
element analyses, presented in Fig. 21 at the 430 kN load.
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Fig. 21. Measured vertical deflection in the transverse direction for the final test and
comparison with the FEM results at a load of 430 kN.

The measured load-deflection behaviour of the specimen up to a load of 433 kN on
the upper flange (LVDT 12) is shown in Fig. 22. The load-deflection curve was
compared with the one from the SLS test for the same load position (T3-SLS) and it
was observed that the stiffness in the final test was higher. This higher stiffness can be
attributed to the closure of the connection in T3-SLS after unloading, as presented in
Section 4.4.1 (see Fig. 18). In the T3-SLS test, after unloading, the tongue and
grooves of the connection fitted better than in the beginning of the test. The friction
area between the connection modules was therefore increased, which reflected in
approximately 35% higher stiffness in the T3-Fail test compared with the T3-SLS test.
This indicates that the openings and closures between the connection modules are
attributed to the gaps, movements and rotations between the connection modules
depending on the load position and not to any damage of the modules during the SLS
tests. The load-deflection curve for the T3-Fail test is also compared with the FE

results in Fig. 22.
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Fig. 22. Load-deflection curves for the top flange of the final test compared with the T3-SLS
test and FEM results.

In the FE results, the load-deflection curve is linear, whereas it shows a pattern of a
weak S-curve in the T3-Fail test. The incorrect fit of the connection modules to one
another is the main reason for the non-linearity of the curve up to a load of 300 kN.
Between a load of 250 and 350 kN, small falls in load were observed in the curve
from the test and continuous cracking sounds were heard. At a load of 315 kN,
delamination was observed at the ASSET deck lap joints, as shown in Fig. 23. The
ASSET deck distributes the loads through the webs in tension and compression due to
its triangular shape. The webs in tension produce through-thickness tensile stresses
that cause delamination failure of the lap joints in the ASSET deck.

Fig. 23. Delamination of the lap joint of the ASSET deck at a load of 315 kN.

Afterwards, the same type of delamination failure in the lap joints at different
locations developed and the delaminations propagated as the load increased (see Fig.
24). All the delamination failures occurred in the FRP material of the lap joints and
not in the adhesive layer, indicating that the through-thickness tensile strength of the
FRP material is lower than that of the adhesives. This type of delamination failure is
common for cellular FRP decks as it has also been observed in other studies [23, 24,
37].

Fig. 24. Propagation of delamination as the load increases.

Due to delamination failures, the stiffness of the specimen was reduced after the load
of 315 kN, whereas the FE analyses reveal linear behaviour in Fig. 22. The FE
analyses in this study were carried out using shell elements with a linear-elastic
approach, which ignores the interlaminar shear stresses, through-thickness effects and
progressive damage to the FRP material.

No failure was observed in the connection module up to a load of 426 kN. At this load
level, separation of the ‘tongue’ from the bottom flange was observed at the supports
(see Fig. 25). This separation propagated inwards up to a length of 350 mm. This
failure mode indicates that it is the tensile strength of the flange that controls the
strength of the connection module.
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Fig. 25. Separation of the bottom flange from the ‘tongue’ of the connection module.

After a load of 400 kN, pseudo-ductile behaviour in the specimen can be seen in Fig.
22, but a maximum load of 433 kN could be reached when the specimen was
unloaded. After unloading, the vertical deflection did not recover fully, but residual
deflection of approximately 3 mm was observed.

Based on the measured strain, the maximum longitudinal and transverse stresses in the
ASSET deck flanges and the connection module were computed at a load level of 430
kN and are summarised in Table 6. The maximum axial stresses for the ASSET deck
are computed as -36.3 MPa in the top flange and 53.8 MPa in the bottom flange.
These stresses are much lower than the strength of the flanges of the ASSET deck,
but, as the failure mode indicates, it is the through-thickness tensile stresses which
govern the failure of the ASSET deck.

Table 6. Computed stresses in the flanges of the ASSET deck and the strength properties at
load level of 430 kN for the final test (all units in MPa).

ASSET deck Connection module
T3-Fail Top flange Bottom flange | Strength Top flange Bottom flange
oL or oL o1 f™* | fro | foe™ | fewu oL oT oL o1

430 kKN -36.3 | -4.8 53.8 153 | 300 | 220 | -250 | -200 | -1.8 -4.7 33.6

12.0

*L: longitudinal direction, T: transverse direction, fLy,fru: tensile strengths, fcy,feru: compression
strengths

5. Discussion

It was of interest to compare the behaviour of the deck encompassing the developed
connection with the behaviour of a deck without the connection. Hence, finite element
analyses were carried out and a comparison of the global deflections for the two cases
was made at the SLS load, as depicted in Fig. 26.
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Fig. 26. Comparison of the global deflection of the deck with and without the connection.

It is noted that the behaviour of the deck with and without a connection is to some
extent different. The deflections of the deck without connection are uniform with a
certain localised deflection in the load application area. The pattern of the deflection
curve for the deck with the connection has a V-shape with more localised deflections
in the load application area. The global deflections tend to significantly decrease
toward the edges of the specimen for the deck with the connection. This is attributed
to the spring behaviour of the connection. As already discussed in Section 4.4.1, the
behaviour of the connection is analogous to a spring with intermediate stiffness,
which is between a spring with high stiffness and a spring with no stiffness (hinge).
To decrease this behaviour of the connection, modification of the tongue and grooves
can be considered. Nevertheless, the deflections of the deck with the connection are
lower that the limit of L/300 and this type of connection offers advantages over
bonding, such as swift on-site assembly and ease of disassembly, which should not be
overlooked.

6. Summary and conclusions

In this study, a novel connection was proposed for the potential rapid on-site assembly
of fibre reinforced polymer bridge deck panels. The connection development process
from conceptual design to verification through testing is described in this paper.

The finite element method was used to perform a detailed design of the connection
and to investigate the structural behaviour. The FE analyses showed promising results
for the connection concept. The deflection limits were met in the serviceability limit
state and the stresses were fairly low compared with the ultimate strength of the
material.

Subsequently, the connection modules were manufactured using a vacuum infusion
process. Due to the geometric complexity of the connection concept, the vacuum
infusion process failed to produce connection modules which fit completely between
one another. In the future, it is suggested that the connection configuration should be
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produced by pultrusion as a manufacturing method instead of vacuum infusion.
Production with pultrusion would provide regular, accurate geometries with minimum
tolerances. In spite of the flaw between the connection modules, the results of the
static experimental tests, which were performed to verify the design and study the
behaviour and the load-carrying capacity of the connection, were acceptable with
regard to strength and stiffness.

Three static tests up to a load of 150 kN (SLS load) in different load positions were
carried out on a specimen consisting of two FRP deck (ASSET deck) panels which
were joined by the developed connection modules. The load-deflection responses
were mainly linear elastic with slight non-linearity and this was attributed to the
openings and flaws between the connection modules. The maximum deflection ratio
was recorded as span/214.

A final test was carried out on the specimen up to a load of 433 kN. The load-
deflection curve of the specimen showed the pattern of a weak S-curve. At a load of
312 kN, progressive delamination between the fibre lay-ups started at the flange-web
intersections of the FRP deck due to through-thickness tensile stresses. After the
delamination failures in the deck, the behaviour of the specimen was slightly non-
linear and, after a load of 400 kN, pseudo-ductile behaviour was observed. The test
was terminated at 433 kN without failure occurring in the specimen. As a result, the
failure load of the specimen is higher than 433 kN, which is larger than the ULS load
(202.5 kN).

In overall terms, the results of this study show that the proposed connection has good
potential for use in FRP decks. However, additional experimental studies
encompassing specimens with a higher level of precision are recommended to obtain
enhanced performance in the serviceability limit state. In addition, the fatigue
performance and the environmental effects on the durability of the connection should
be investigated.
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