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Abstract

The presented research aims to examine local fatigue failure modes of Glass Fiber-polymer Composite
(a.k.a. GFRP), particularly how the bending of the Web-to-Flange Junctions (WFJ) and tensile loading
of the material affects the composite's fatigue resistance. By conducting experimental analyses, the study
investigates GFRP's efficacy both as a material and as a component element, drawing parallels with
Eurocode standards for steel and concrete.

The coupon tests under static and fatigue loading conditions provided an empirical data on the Ultimate
Limit State (ULS) and fatigue resistance of the GFRP composites, including a better understanding of
the effects of variation in the facing’s thicknesses in the web-core composite on the fatigue response.
Subsequent three-point bending tests on the WFJ provided the insights into the strength of WFJ with the
first indications on the governing failure mechanisms in the WFJ.

1. Introduction

For civil engineering applications, the renovation of existing bridges and the design of new structures
demand innovative and sustainable materials. Glass Fiber-reinforced Polymer (GFRP) composites have
emerged as a leading material in this transformation due to their durability, corrosion resistance, and
lightweight properties, which are particularly advantageous for bridge construction [1]. GFRP
composites represent a promising alternative to traditional materials like timber, steel, and concrete,
which are susceptible to deterioration and corrosion over time [2]. The lighter weight of GFRP not only
reduces installation costs but also minimizes the load on foundation structures. By replacing old bridges
with GFRP structures, municipalities can achieve substantial improvements in durability and a reduction
in maintenance costs [3].

Despite these benefits, the integration of GFRP into existing design frameworks like the Eurocode [4]for
composite structures introduces complexities. The specificity required in the design guidelines can lead
to increased construction costs and project delays. As noted by authors in [5], current design
recommendations do not fully accommodate the unique properties of GFRP, necessitating additional
research and modification of design codes to enhance their applicability to GFRP-based structures.
Focusing on the structural design innovations, this study examines the material and component
properties of web-core panels in GFRP bridge decks. These panels employ unidirectional (UD) fabrics
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on the facings to address bending and mitigate local buckling, while incorporating multidirectional
laminates in the webs for effective shear transfer. For the continuous connections between the flanges
and webs, components known as Web-to-Flange Junctions (WFJs) are constructed using ‘wrap-layers’,
GFRP fabrics wrapped around foam blocks during production to form the outer layers of the webs and
inner layers of the facings. To facilitate the design verification of WFJ components, more comprehensive
information is required regarding their fatigue behavior. Currently, the existing design codes lack Stress-
life (S-N) curves specifically tailored for WFJ components. Conducting fatigue tests on these
components can provide the necessary data to establish an S-N curve, thereby aiding in the design
process.

wn
-
P
[N}
-
Z
®)
Y

Figure 1. Coupons cut out from the sandwich panel.

Figure 2. Extraction of web-facing junctions from the sandwich panel.

2. Materials and experimental methods

The coupons and the components (WFJs) are cut out of the GFRP bridge decks, as shown in Figure 1
and Figure 2. The bridge deck is manufactured with vacuum-infused GFRP panels and polyurethane
resin that has a core of polyurethane (PU) foam. The deck laminate consists of a Z-shaped layering
approach and integrates three types of fibre fabrics. Surrounding the foam blocks are layers of E-glass
fabric angled at [+/-45 degrees]. Along the length, three layers of UD E-glass fabrics are laid, with
overlaps of two blocks at the top and bottom. The Z-shaped configuration also includes two additional
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layers of E-glass fabric oriented at [0/90 degrees] that overlap by 2.5 blocks. Facings have a higher
volume fraction of the fibres compared to the webs, due to the production process. The top and the
bottom facing of the deck have the lay-up of [((0/90),/03)4/0/90/ = 45] and the web - [+£45,/(0/90)./ £+
45,]. The material properties of the composite plies can be found in [6].

2.1. Material tests on coupons

The coupons are cut out from the top and bottom facings of the sandwich panels of the deck as shown
in Figure 1. The coupons are extracted from a scaled deck by a factor of 0.5 and the thickness of the
coupon specimens is twice as low compared to the thickness of the tests on the WFJs.

The samples are precisely cut using a water jet technique with the dimensions of the coupon specimens
to comply with ISO 527 — 4 standard [7] as shown in Figure 3. Owing to the Z-shape layup method used
in the decks' production, specimen thicknesses ranged between 9 and 12 mm. The variance in coupon
thickness introduces complications in the testing process, requiring the adjustments of modified testing
techniques. These complications primarily occur in the gripping area of the testing apparatus, where the
specimen's variable thickness causes uneven stress distribution due to a non-uniform clamping surface.
Such stress concentrations can induce premature failure of the specimens at the clamping points, thereby
complicating the assessment of material properties. Figure 4a highlights the thickness differences in the
specimen cross-section A-A. To overcome the thickness transition issues, a mould is designed from
timber, shown in Figure 4b. The specific purpose of this mould is to apply a two-component epoxy
system [8] at the clamping points to have a flat surface to clamp the specimen in. This resin is fast curing
and reaches its full strength in 3 days, after which it is strong enough to resist the high clamping force
of the hydraulic wedge grips. Before the specimens are placed in the mould, surface preparation is
performed on the regions near the clamps to prevent slipping between the resin and the specimens during
testing.

Figure 3. Coupon specimen dimensions.

a) Specimen preparation b) Mould design c¢) Test set-up
Figure 4. Material coupon tests.
Static and fatigue tests are performed on a universal testing machine with a 100kN load cell. The test

set-up is shown in Figure 4c. Each static test is subjected to a uniform loading rate of 1 mm/min until
the point of failure. The tensile-tensile fatigue tests are performed under the loading ratio of 0.1
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considering the three loads of 52%, 37% and 22% of the ultimate load capacity. For every load level a
total of 3 successful tests are required, slipped specimens or specimens failing in the clamps are
disregarded. The sinusoidal constant amplitude is utilized with frequencies of 2 to 6 Hz, depending on
the load levels. During the fatigue tests, an extensometer is used with a gauge length of 50 mm, as shown
in Figure 4c.

2.2. Component tests

The bridge deck's web-core sandwich panel contains WFJs, referred to as components, which are shown
in Figure 2. The preparation process for these components involves several key steps: 1) Cutting the
GFRP panels both in the XZ plane and through the thickness in the YZ plane, specifically between the
web sections; 2) Removing the PU foam and using a structural adhesive quick set epoxy to bond the
web-facing components together. Steel tabs 25x6x80 mm® are also glued in areas designated for load
and supports; 3) Applying a thin layer of white, non-reflective paint on one side of the specimens,
followed by a random black pattern using a spray gun. This is crucial for detecting crack initiation with
the Digital Image Correlation (DIC) system.

Figure 5a shows the specimens' average dimensions, including a width of 50.02+0.53 mm, flange length
and thickness (Ly = 140 + 9.16mm, t; = 26.22 + 2.25mm), and web length and thickness (L,, =
72.45 £ 3.65mm, t,, = 12.86 + 2.16mm).

For testing, a universal testing machine equipped with a 15kN load cell and a total span of 175 mm is
used (see Figure 5b). A DIC system featuring a 50.6 MPa camera and polarized blue LED lights captures
full-field displacements on the specimens' side surfaces during tests, synchronizing photos with load
and displacement data.
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a) Specimen dimensions b) Test set up.

Figure 5. Component tests.

Figure 6. Delamination and fibre failure. Static material tests.

3. Results and discussion

3.1.  Material coupon tests

Prior to fatigue tests, static tests are conducted on a set of three specimens to determine the failure loads
and stresses. The failure modes are visually inspected, which included delamination and fibre breakage,
and consistent across all tests and are shown in Figure 6. The analysis of the specimens is detailed in
Figure 7, where the average failure load, displacement and stress are Fp,,,=137.68kN, Wy, 4y =
11.89mm and 0,4, = 577.75MPa, respectively. The tensile stress is calculated by dividing the applied
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load by the initial cross-sectional area at the failure region of the specimen. All three tests show a linear
relationship between the applied load and displacement.

Figure 8 illustrates the fatigue response of the tested coupons. Each load level is evaluated with three
specimens, resulting in a total of nine tests. The analysis of the material's fatigue performance is carried
out in accordance with ASTM E739-10 [9] standards, which involves establishing the S-N relationship
through linear regression. The S-N relationship is presented in the following format:

log N = A+ B(log 0) (1)
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where ¢ is the maximum cyclic stress; N is the number of cycles to failure; A and B are the fitting
parameters.
The plot in Figure 8 includes data points, a solid black line representing the logarithmic fit to the data,
and dashed black lines are representing the 95% confidence bands for the fit. The fit equation is indicated
in Figure 8.

Figure 7. Load-Displacement curves. Static material tests.

Figure 8. S-N curves of the material tests.

The fatigue tests are force controlled and are set to 30 kN, 50 kN and 70 kN. A higher force resulted in
immediate failure of the +45° plies at the outer surface. Due to large thickness differences in the
specimens the forces are converted to stresses where the areas are evaluated at the location of failure,
shown in Figure 9. Almost all locations of failure are concentrated in the middle region of the coupon
with the narrowed cross-section according to ISO 527 — 4 to trigger the failure in this region. Due to
some margins in the cutting process not all specimens had the smallest cross-section precisely in the
middle, this explains why the failures don’t occur precisely in the middle.
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The governing failure modes occurring during the fatigue tests are delamination and/or fibre breakage
respectively. This can also be seen in Figure 9. In some cases the fibre breakage progressed through the
specimen in longitudinal direction towards the clamped region, while in most cases the specimen broke
in the middle straight away. This progress of fibre breakage and delamination towards the clamps is
better visible on the side view which is shown in Figure 9d.
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a) b) c) d)

Figure 9. Damage of the coupons subjected to fatigue loading of
a)30kN b) SOkN c) 70kN d) Side view

Figure 10. Failure initiation and delamination. Static component tests.
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Figure 11. Load-Displacement curves. Static component tests.
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3.2. Component tests

Static tests are conducted on 5 pairs of WFJ, in which one out of two connected together WFJ failed
during each test. The failure modes are visually inspected, shown in Figure 10, which are similar across
all the tests with the delamination between the ‘Wrap’ and ‘UD’-layer of the WFJ. The Force-
Displacement plots of the specimens are shown in Figure 11 indicating an average failure load,
displacement and nominal bending stress are F,;,=2.04kN, Wy,4,, = 1.90mm and g4, = 50.90MPa,
respectively. The nominal bending stress is determined by multiplying the reaction force from the
support by the distance from the support to the beginning of the radius to obtain the bending moment.
This is then divided by the elastic section modulus of the web just before the junction. All five tests
show a linear relationship between the applied load and displacement.
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Figure 12. S-N curves of the component tests.

Figure 13. WFJ Component damage, fatigue tests.

The analysis of the WFJ component fatigue tests is presented in Figure 12. The tests are force-controlled
with an R =0.1. The plot includes data points along with a solid black line that represents the logarithmic
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fit to the data. All the data points, except for one (0,5, = 7.16MPa) are included in the fit. The equation
for the fit is also shown in Figure 12.

Multiple WIF have failed at the first cycle with the applied load of 50% to 70% of ULS. Those
specimens had a resin reach region in the corners of WJF, as shown in Figure 12a) and b). The specimens
indicated with the arrow are stopped at around 10° cycles and are indicated as outruns. Similar to the
static tests, the fatigue tests revealed the same failure mode: delamination between the ‘wrap’ and ‘UD’
layers, see Figure 13. The criteria for failure in the fatigue tests is determined to be crack initiation
between these layers, specifically when the tangential strain in the crack direction (measured using a
virtual extensometer with a 10 mm gauge length on DIC data via GOM correlate software) exceeded
0.1215% strain from the static tests. The stress correlated with the number of cycles until failure
represents the nominal bending stress at the initial load cycle. Compared to the static tests, crack
initiation often occurred in both junctions during the fatigue tests. This is likely due to the lower
occurring stresses and longer testing times, allowing for stress redistribution and crack initiation in both
junctions. However, despite quick crack initiation at low stress levels, crack growth was retarded, and
no complete failure of the junction occurred in any fatigue tests.

wn
-
P
[N}
-
Z
®)
Y

4. Conclusions

The experimental analysis of GFRP material and WFJ components in web-core composite bridge deck
panels reveals consistent failure modes across all specimens, characterized by delamination and fiber
breakage during material fatigue tests, and delamination between the 'wrap' and 'UD' layers in
component fatigue tests. WFJ components typically initiated fatigue under low bending stresses yet did
not experience the abrupt failures with the retardation of crack propagation in between the UD layers.
Although the coupon fatigue tests indicated a steep fatigue slope of 5.41, it's important to note that the
material coupons tested were half the thickness of the actual deck laminate, which may influence the
results' applicability to real-world scenarios.
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