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Full length article

Shear fatigue life of injected bolted connectors in GFRP sandwich web core 
panels: Effects of load ratio and aging
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A B S T R A C T

The durability of bridge connections is critical for the long-term performance of bridge systems with GFRP 
composite decks. This study investigates the shear fatigue behaviour of injected Steel Reinforced Resin (iSRR) 
connectors embedded in FRP composite decks, through a series of fatigue tests performed under different load 
ratios and exposure conditions. Twenty-four connectors are examined: twelve unaged reference specimens, eight 
specimens tested under varying R ratios, two connectors with deck parts submerged in water and two subjected 
to outdoor aging, both for a duration of one year. The results show that, despite the composite nature of the 
connector, the load ratio and mean load level have minimal influence on fatigue life. Instead, fatigue perfor
mance in the high-cycle regime is governed primarily by the applied load range. A unified F-N curve including all 
R ratios was developed, demonstrating the consistency of this trend and enabling fatigue-life prediction across 
different loading conditions. Environmental exposure led to measurable stiffness degradation but did not 
significantly alter fatigue life. These findings highlight the robustness of the iSRR connector and support its 
application in durable GFRP-steel hybrid bridge systems.

1. Introduction

Highway bridge infrastructure is ageing worldwide, and many 
existing bridges are increasingly unable to accommodate present-day 
traffic volumes, axle loads and environmental exposure. These factors 
accelerate fatigue and corrosion processes, particularly in reinforced- 
concrete bridge decks Across Europe, a large proportion of the 
motorway network was designed using historic traffic and load models 
that are now clearly exceeded in practice [1]. Recent assessments in 
Germany and the Netherlands have identified thousands of bridges in 
poor or inadequate condition, often requiring major strengthening 
measures or complete deck replacement to maintain acceptable safety 
and serviceability levels [2–4].

At the same time, bridge owners are facing growing societal and 
political pressure to limit traffic disruption and to reduce the embodied 
carbon associated with infrastructure interventions. As a result, there 
has been a noticeable shift away from full bridge replacement towards 
rehabilitation strategies that aim to extend service life while improving 
load-carrying capacity and long-term durability [5]. Within this context, 
bridge decks play a particularly important role. Being directly exposed 

to mechanical fatigue, de-icing salts, moisture ingress and temperature 
variations, decks often govern the residual capacity and serviceability 
performance of existing highway bridges [6,7].

Composite bridge decks made from Glass Fibre Reinforced Polymer 
(GFRP) sandwich panels have been proposed and, in some cases, 
implemented as an alternative to conventional concrete decks. Their low 
self-weight, inherent corrosion resistance and favourable fatigue 
behaviour make them attractive for bridge rehabilitation projects, while 
also reducing maintenance demands over the service life [8,9]. 
Numerous studies on FRP bridge decks and hybrid FRP-steel systems 
have shown that such solutions can restore or even increase live-load 
capacity while allowing existing substructures to be reused. This en
ables rapid installation, minimises traffic closures and supports design 
service lives that are comparable to, or longer than, those of traditional 
deck systems [10,11]. Practical applications, including systems devel
oped within research initiatives such as SUREbridge [12,13] as well as 
several proprietary FRP deck products [14], demonstrate that GFRP 
decks can be successfully integrated in both new construction and 
rehabilitation projects, particularly where weight reduction and dura
bility are key design drivers.
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Despite these advantages, the introduction of GFRP deck systems 
into existing steel or concrete superstructures raises a critical challenge: 
the development of a reliable, durable and practical connection between 
the composite deck and the supporting structure. To address this issue, a 
novel connector concept, referred to as the injected Steel Reinforced 
Resin (iSRR) connector, was introduced in [15]. The iSRR system 
combines conventional steel rods or bolts with an injected 
steel-reinforced resin (SRR), consisting of steel shot embedded in a 
polymer resin. The SRR is injected into a relatively large cylindrical hole 
in the composite deck, fully surrounding the mechanical connector, as 
illustrated in Fig. 1. This configuration leads to a more favourable dis
tribution of bearing stresses and eliminates slip through preloading of 
the steel connector against the steel flange. Importantly, the GFRP 
laminate itself is kept outside the preload zone, while load transfer is 
carried primarily by the SRR-encased steel connector, making the sys
tem particularly suited for bridge rehabilitation applications using 
composite panels.

Existing research on iSRR connectors has mainly focused on static 
strength, slip behaviour and fatigue performance under a single stress 
ratio and standard laboratory climate conditions. More recently, some 
studies have also investigated stiffness evolution and fatigue life at 

elevated temperatures representative of hot-weather exposure [16,18, 
19]. Overall, these studies indicate that injected connectors can main
tain favourable load-transfer characteristics and stable fatigue behav
iour up to moderately elevated temperatures, provided that the resin 
system remains below its glass-transition temperature. For example, 
previous fatigue tests on iSRR connectors reported F-N curve inverse 
slope parameters of m = − 6.6 at room temperature and m = − 5.8 at 
elevated temperature [16]. In addition, durability studies on resin-based 
anchorage systems and GFRP-resin assemblies have shown good per
formance under freeze-thaw cycling and low-temperature exposure, 
with only limited reductions in stiffness and strength, suggesting that 
cold climates are unlikely to govern the performance of such connec
tions [20,21].

By contrast, moisture ingress and prolonged exposure to high hu
midity are known to influence polymer matrices and bonded interfaces. 
However, their effect on the mechanical response and fatigue perfor
mance of iSRR connectors used in GFRP bridge decks has not yet been 
systematically investigated. In addition, the influence of the applied 
stress ratio R on fatigue life and stiffness degradation under realistic 
traffic-type loading conditions remains largely unexplored. In the pre
sent paper these gaps are addressed through an experimental study on 

Fig. 1. Cross section of a bridge with iSRR bolted connections between composite deck panel and steel girder: (a) Global view, (b) Close-up view of iSRR connectors 
[16,17].

A. Christoforidou et al.                                                                                                                                                                                                                        Thin-Walled Structures 226 (2026) 114901 

2 



iSRR connectors, focusing on the combined effects of stress ratio and 
moisture exposure. The investigation includes measurements of stiffness 
evolution, slip behaviour, failure modes and fatigue life for iSRR con
nections tested under different stress ratios and environmental 
conditions.

2. Description of experimental campaign

2.1. Details of specimens and materials

The key dimensions of the test specimens and the assembly of the 
iSRR connectors are depicted in Fig. 2. The full connector configuration 
is illustrated in Fig. 2(b) and consists of an M27 bolt rod, embedded nuts, 
washers, and a SRR injection piece. The SRR material consists of S390 
steel shot (HRC 40–50) mixed with an unsaturated polyester poly
urethane resin (AQR 1025/B25) at defined proportions. It can be seen in 
Fig. 2(b) that the SRR piece does not extend to the top of the washer, so 
that the preload path involves only metallic components and is not 
affected by resin-based materials. The selection of the M27 bolt is based 
on analysis of thermal load effects under serviceability conditions in a 
hybrid GFRP-steel bridge deck system. High longitudinal forces near the 
cross- to main-girder connections led to a satisfactory unity check when 
using M27 bolt rods [22]. All the material properties of the components 
from the testing campaign are provided in Table 1.

The iSRR connectors were embedded in GFRP sandwich web-core 
panels manufactured by FiberCore Europe using vacuum infusion. The 
panels consist of continuous 1.27 m wide glass fibre fabrics and 

polyurethane foam cores without splices to minimize resin accumulation 
and potential distortion. Each core is wrapped with ±45◦ fabrics to 
promote shear continuity between the skins and the integrated webs. To 
facilitate this monolithic construction, a continuous "Z-shape" wrapping 
technique is employed, which results in the non-symmetrical stacking 
sequences incorporating an inclined layup configuration where the web 
fabrics transition diagonally between the facings [14].

In a full-scale bridge deck, the primary reinforcement is typically 
oriented in the longitudinal span direction, parallel to the webs, to 
provide bending stiffness. However, the component-level specimens in 
this study were oriented such that the loading axis is perpendicular to 
the webs. Consequently, the local 0◦ direction (parallel to the load) 
contains 10 laminae, while the 90◦ direction (perpendicular to the load, 

Fig. 2. iSRR connectors in composite-steel single-lap shear joint specimens (dimensions in mm): (a) Detailed view of configuration (red arrows indicate loading 
direction), (b) Details of the connector [16,17].

Table 1 
Material properties of the connector and decks components.

Component Mechanical properties

UD laminate[15] E1 = 31450 MPa, E2 = E3 = 8459 MPa, G12 = G13 

= 4838 MPa 
G23 = 3021 MPa, ν12 = ν13 = 0.272, ν23 = 0.4, ρ = 1873 kg/ 
m3

Foam[23] E = 2.1 MPa, ν = 0.3, ρ = 32 kg/m3
Steel shot[24] S390, HRC 40− 50, ρ = 7400 kg/m3
Resin[25] η = 150 - 220 [mPa.s], E = 3530 MPa, Tg = 135 ◦C
SRR[26,27] Et = 16181 MPa, ft = 10 MPa, ν = 0.13 and ρ = 4955 kg/m3
M27 Bolt rod Grade 10.9, E = 210000 MPa, ν = 0.3, S355
M27 Nuts & 

Washers
Grade 10.9, E = 210000 MPa, ν = 0.3, S355
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representing the global span direction) contains 22 laminae. This 
configuration ensures the tests accurately capture the transverse stiff
ness and shear transfer mechanisms typical of Dutch infrastructure. The 
facings have a total thickness of 25 mm, and the webs are spaced at 
150 mm centre-to-centre with a nominal thickness of 10 mm. The final 
stacking sequences follow CUR recommendations and are presented in 
Table 2 [28].

2.2. Test setup and instrumentation

The iSRR connectors are slip resistant due to the inclusion of the SRR 
resin that surrounds the bolt rod in the oversized hole making sure that 
nothing moves in the FRP bottom facing. However, the bolt rod passes 
through the hole of the steel girder which in these experimental set up is 
represented by the steel end details clamped in the machine. Thus, prior 
to the initiation of the cyclic loading all connectors preload with a torque 
level of 1350 Nm is then applied to the bolts using a calibrated torque 
gun only after the specimen is placed within the steel loading frame. As 
the clamping package consists only of metallic components, no signifi
cant preload loss due to creep is expected, and the fatigue response is 
governed by the SRR-GFRP interface rather than by bolt slip, provided 
that the applied shear forces remain below the slip resistance.

The experimental set-up, including the test specimen and the test rig, 
is shown in Fig. 3. The cyclic shear test configuration adopted in this 
study follows a dedicated setup-development study [17] in which 
different boundary conditions and specimen configurations were eval
uated numerically in order to obtain a connector-level test arrangement 
that reproduces realistic shear load transfer in hybrid steel-GFRP 
bridges. In that work, a complementary bridge-scale model with an 
FRP deck and iSRR connectors was also developed to quantify connector 
force levels and to benchmark the connector-region stress distribution; 
similar stress concentration regions were identified in the SRR-GFRP 
interface and beneath the nut/washer for comparable connector shear 
forces.

An Instron dual column testing equipment with a load cell capacity 
of 600 kN is utilized. Part of the steel end detail is clamped in the hy
draulic jaws, whilst their horizontal elements are fastened to the upper 
and (movable) lower cross heads. The displacement range increase is 
measured using Linear Variable Differential Transducers (LVDTs) that 
track the relative movement between the GFRP bottom facing and the 
steel end detail. The LVDTs are attached with their moving part posi
tioned on the GFRP facing and their fixed bracket on the steel detail. By 
recording the change in relative displacement during each cycle, the 
total displacement range increase of the iSRR connectors can be evalu
ated, allowing for an accurate assessment of fatigue-related deformation 
over time. The exact same test set up was also utilized in prior study, 
where the influence of load levels was examined under fully reversed 
cyclic loading [16].

2.3. Test matrix

A total of six specimens, comprising twelve connectors, are prepared 
and tested, following a specific naming convention: X-YY-ZZ-E-D-C. The 
first character (X) represents the type of loading, which can either be “S” 
for the post cyclic Static loading or "F" for Fatigue loading. The 'YY' 

segment denotes the maximum applied load during the cyclic test. For 
fully reversed loading cases (R = − 1), a single value is provided, while 
for non-fully reversed cases, both maximum and minimum loads are 
indicated. For instance, an R ratio of 0.5 with a maximum load of 80 kN 
would be represented as 80_40. The letters (ZZ) denote the testing 
temperature, which remains constant at room temperature (RT) in this 
study. The letter (E) indicates the exposure condition: "U" for unaged, "S" 
for submerged in water, and "O" for outdoor exposure. The digit (D) 
refers to the specimen count for each parameter combination (X, YY, ZZ, 
E), which can be either 1 or 2. Lastly, the letter (C) designates the 
connector location within the panel, with "T" for top and "B" for bottom.

Unlike previous studies, different R ratios will be applied in this 
investigation to assess their effect on the fatigue performance of the 
connectors and expand the understanding of load ratio influence on the 
fatigue behavior of the iSRR connectors. Two additional R ratios, R 
= 0.5 and R = 0.1, are examined, with maximum load levels of 80 kN 
and 100 kN applied for each R ratio. Regarding the environmental 
exposure, four connectors are subjected to different environmental 
scenarios: two submerged in water and two exposed to outdoor condi
tions, each for a year, as shown in Fig. 4. After this exposure, the con
nectors are tested under cyclic loading with a maximum load of 80 kN, 
and with the most detrimental R ratio that will be found in this study.

To relate these load levels to normal service conditions, connector 
forces were taken from bridge‑level analyses of representative hybrid 
steel-GFRP bridges with iSRR connectors [29]. In the corresponding 
fatigue shear‑force study, the characteristic shear force ranges in service 
were found to be of the order of 30–40 kN for connectors in the 
lengthwise middle of the spans and up to approximately 60 kN for 
connectors close to the supports, where the largest force ranges occur. 
Complementary static analyses for the same bridge configurations 
showed maximum shear forces in the bolted connectors due to traffic 
loading in the range 50–87 kN (with existing highway bridges managed 
by Dutch Ministry of Infrastructure exhibiting values between about 10 
and 110 kN), and maximum shear forces due to temperature loading in 
the range 5–60 kN, depending on girder spacing and laminate orienta
tion. The minimum-maximum force levels of 40–100 kN and the 
investigated R‑ratios in the present campaign therefore span the typical 
service‑level connector demands and extend towards the upper end of 
the static shear‑force envelope, providing a realistic to mildly conser
vative representation of in‑service loading for iSRR connectors in hybrid 
bridges.

The water immersion specimens were aged in demineralized water 
(without additional solvents) within the Stevin II laboratory at TU Delft. 
The laboratory environment was maintained at a controlled nominal 
temperature of 20±2 ◦C throughout the duration of the immersion. The 
outdoor specimens were exposed for a 12-month period from July 2023 
to July 2024 in Delft, Netherlands. The site is characterized by a 
temperate oceanic climate. During the exposure window, the environ
mental conditions were defined by an annual mean temperature of 11.5 
◦C, with observed extremes ranging from − 3 ◦C in January to 33 ◦C in 
August. The total annual precipitation was approximately 870 mm, with 
the highest rainfall intensity occurring during the autumn months. The 
mean relative humidity remained high at approximately 82%, and the 
total cumulative solar radiation for the period was approximately 1100 
kWh/m2 (avg. 3.0 kWh/m²/day).

The experimental test matrix is presented in Table 3, summarizing 
the number of tests for each loading condition and the corresponding 
environmental exposure and R ratio applied in this study. To assess the 
impact of environmental exposure and R ratio, these experimental re
sults from this study are compared with the reference case of four con
nectors tested at room temperature, subjected to fully reversed cyclic 
loading.

Since results from a previous test campaign are used in combination 
with the new tests, it is important to highlight that all specimens share 
the same essential characteristics. The R = − 1 reference tests, taken 
from [16], were performed on specimens cut from the same 

Table 2 
Stacking sequence of laminates of GFRP deck; 0◦ denotes the local loading di
rection; 90◦ denotes the direction perpendicular to the load (global span 
direction).

Facings (skins) Webs

[45/− 45/45/− 45/45/− 45/02/902/45/ 
− 45/903/02/902/45/− 45/903/02/902/ 
45/− 45/903/02/902/45 /− 45/903/02/ 
902/45/− 45]

[− 45/45/− 45/45/− 45/45/− 45/ 
45/902/02/− 45/45/− 45/45/− 45/ 
45]
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vacuum‑infused GFRP sandwich deck used in the present work, with 
identical laminate configuration, connector detailing, specimen geom
etry, loading protocol, measurement setup and fatigue‑life estimation 
procedure as in the present campaign; only the iSRR connectors were 
injected on different days, following the exact same procedure. Conse
quently, no systematic differences in testing conditions are expected, 
and the datasets can be directly combined in the unified analysis pre
sented in the following sections.

2.4. Stop and failure criterion

The stop criteria adopted in this study follow the constraints of the 
experimental campaign and the expected behaviour of the iSRR 

Fig. 3. Test set-up: (a) schematic representation of test arrangement, (b) realised experimental set-up.

Fig. 4. iSRR connectors subjected to water exposure: (a) Submerged connectors, (b) Outdoors exposure.

Table 3 
Overview of experiments for SRR material characterization under compression.

Maximum load 
[kN]

R ratio 
[-]

Environmental 
exposure

Number of 
connectors

40*
60*
80*

− 1 No exposure 4
− 1 No exposure 4
− 1 No exposure 4

80 0.1 No exposure 2
100 0.1 No exposure 2
80 0.5 No exposure 2
100 

80 
80

0.5 No exposure 2
− 1 Outdoors 2
− 1 Submerged 2

* Results taken from [16]
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connector under different conditions. A cycle-based stop criterion is 
applied for all tests where failure is not anticipated within a practical 
timeframe. This limit is introduced based on experience from fully 
reversed tests at R = − 1 reported in [16], corresponding to 1.50E + 06 
cycles. For the tests conducted at R = 0.1 and R = 0.5, failure is not 
expected due to the substantially smaller total force range. These spec
imens are therefore cycled up to the predefined stop criterion, while the 
evolution of stiffness degradation is monitored and later compared to 
the reference behaviour at R = − 1 from [16]. In these cases, the 
objective is not to reach failure but to characterise and compare 
degradation trends.

For the environmentally exposed connectors, a different response is 
observed. After one year of outdoor or submerged aging and subsequent 
cyclic loading at ±80 kN, which is the most detrimental condition 
identified previously, the specimens did reach failure. In this study, 
failure is defined as fracture of the connector during cyclic loading, and 
this criterion governs the termination of these tests. The cycle-based stop 
limit applies only if no failure occurs; however, for the aged specimens, 
fracture consistently occurred before reaching this limit. An overview of 
the termination criteria is presented in Table 4.

3. Experimental results and observations

3.1. Evolution of displacement range under different load ratios

3.1.1. Displacement range increase
Results of displacement range increase for tests conducted at 

different load ratios R but with same maximum load (80 kN) are pre
sented in Fig. 5. The inclusion of both linear, in Fig. 5(a), and loga
rithmic scale axes, in Fig. 5(b), is intended to help the reader clearly see 
and interpret these differences. The graphs compare the cyclic tests 
conducted at fully reversed loading R = − 1, with tests at lower load 
ranges for R = 0.1 and R = 0.5. It is evident that the displacement range 
increase for R = 0.5 and R = 0.1 tests is significantly lower than for the 
alternating load ratio R = − 1. This suggests that the load ratio strongly 
influences fatigue damage, with non-alternating load ratios R = 0.1 and 
R = 0.5 showing much less stiffness degradation.

Furthermore, Fig. 6(a) and Fig. 6(b) present test results with different 
maximum loads and load ratios but comparable load ranges using two 
different scale axes. The figures include results of cyclic tests at 
minimum-to-maximum loads of 10–100 kN, 8–80 kN, and − 40 to + 40 
kN, corresponding to load ranges of 90 kN, 72 kN, and 80 kN, respec
tively. The displacement range increase is of comparable magnitude for 
the three cases, with the alternating load case exhibiting the most sig
nificant degradation. This observation partially supports the initial hy
pothesis that the alternating load (R = − 1) is the most detrimental when 
considered for a given load range. Furthermore, these results highlight 
that it is not the maximum load alone but rather the load range that 
governs the damage rate and, consequently, the fatigue life of the 
connectors.

3.1.2. Failure modes after post-cyclic monotonic and cyclic loading
Following the completion of 1.50E + 06 cycles, none of the speci

mens tested at R = 0.1 and R = 0.5 exhibited fatigue failure, consistent 
with the limited displacement-range increase observed in Section 3.1.1. 

The minimal stiffness degradation at both load ratios indicates that the 
applied cyclic force ranges were insufficient to trigger progressive 
damage leading to failure within the prescribed number of cycles. To 
characterise the ultimate failure behaviour of these connectors, addi
tional tests were performed after the cyclic loading stage. The specimens 
tested at R = 0.1 were subsequently subjected to monotonic loading to 
failure, while those tested at R = 0.5, which showed almost no 
measurable degradation, were reloaded under fully reversed cyclic 
loading until failure occurred.

The ultimate load behavior of the specimens tested at R = 0.1 is 
assessed through monotonic loading to failure. Representative force- 
displacement curves obtained from these post-cyclic static tests are 
shown in Fig. 7. Despite the prior cyclic loading, the connectors devel
oped a response comparable in shape to that observed in earlier fully 
reversed studies, characterized by an initial linear regime, followed by 
slip initiation, and a secondary hardening phase leading to ultimate load 
[16]. Both specimens display similar peak resistance of 228 kN and 
235 kN for the 100 kN and 80 kN maximum cyclic loading. The result
ing curves also indicate that the fatigue history at R = 0.1 produced a 
reduction within the expected variability in ultimate capacity and 
deformation capacity, confirming that the displacement-range evolution 
observed during cycling did not induce significant damage.

The connectors tested at R = 0.5 exhibit minimal stiffness degrada
tion, with an increase in displacement range limited to approximately 
0.05 mm after 1.50E + 06 loading cycles. This suggests that the con
nectors retain significant residual strength, prompting further tests to 
assess their capacity under more detrimental fatigue conditions. The 
subsequent tests are conducted at a maximum load of ±80 kN with a 
load ratio of R = − 1 which represents the most damaging fatigue sce
nario, to evaluate the ultimate failure behaviour of the previously cycled 
connectors.

The new results correspond to specimens 3 and 4 and are presented 

Table 4 
Termination criteria for assessing influence of load ratio and aging effects.

Environmental exposure R ratio Failure criterion

No exposure 0.1 No. cycles exceeding 1.50E + 061

No exposure 0.5 No. cycles exceeding 1.50E + 062

Outdoors − 1 Failure
Submerged − 1 Failure

1) Tested under monotonic loading after cyclic tests (post-cyclic static loading)

2) Tested under ±80 kN cyclic loading to failure after initial cyclic tests

Fig. 5. Displacement range increase of different R ratios with maximum force 
of 80 kN: (a) Linear scale axes, (b) Logarithmic scale axes; Colour gradients 
indicate the R ratio: blue for R = − 1, red for R = 0.1, black for R = 0.5.
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in Fig. 8, which illustrates the stiffness degradation curves of the re- 
tested connectors under R = − 1. The connectors previously tested 
under R = − 1 without prior cycling at R = 0.5 are also plotted in black/ 
grey scale alongside as a reference. Notably, the stiffness degradation 

trends of the re-tested connectors align closely with those of the refer
ence specimens, suggesting that the residual strength of the connectors 
is substantial even after extended cycling at R = 0.5. However, a key 
difference emerges in the final stage of testing, where the re-tested 
specimens exhibit actual failure at a displacement threshold, whereas 
the virgin specimens display a more gradual stiffness degradation. This 
shift in behaviour between the virgin and re-tested specimens occurs 
beyond the adopted “apparent” failure criterion of an additional 
displacement range increase of 0.3 mm, highlighting that despite initial 
similarities in stiffness trends, the re-tested specimens eventually reach a 
distinct failure mode.

The re-tested specimens fail approximately after 2.00E + 06 after 
reaching 0.95 mm of additional displacement range increase. In terms of 
failure mode, debonding between the SRR piece and the GFRP facing, 
along with crushing of the SRR material beneath the embedded nuts is 
observed, as shown in Fig. 9. These results offer insight into the 

Fig. 6. Displacement range increase of different R ratio with comparable load ranges: (a) Linear scale axes, (b) Logarithmic scale axes; Colour gradients indicate the 
R ratio: blue for R = − 1, red for R = 0.1.

Fig. 7. Force-displacement curves of iSRR connectors under post-cyclic (R =
0.1) static loading.

Fig. 8. Relative stiffness of iSRR connector at fully reversed cyclic load of 
maximum 80 kN.

Fig. 9. Failure mode of re-tested iSRR connector subjected to fully reversed 
cyclic loading.
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connectors’ durability under varying fatigue conditions, demonstrating 
their ability to endure substantial cycling without major degradation 
when initially tested at less severe load ratios.

Overall, the nearly unchanged post‑cyclic force-displacement curves 
at R = 0.1 and the close match between the stiffness‑degradation trends 
of re‑tested R = 0.5 specimens and virgin R = − 1 specimens indicate 
that positive R‑ratio loading up to 1.50E + 06 cycles primarily causes 
limited interface‑related damage and slip accumulation, rather than 
substantial degradation of the SRR material, GFRP laminate or steel bolt. 
Significant material damage and a distinct failure mode only develop 
once the connectors are subsequently exposed to fully reversed loading 
at R = − 1.

3.2. Evolution of displacement range under water immersion and outdoor 
aging

Two connectors were submerged in water, and two were exposed to 
outdoor conditions for a year. Each of the aged connectors are tested 
under a cyclic load of ±80 kN, as this load condition gives the maximum 
load range, which is later in Section 4.2, is proven to be the most 
detrimental loading scenario. Given the limited number of specimens, 
the available data are sparse, yet they offer useful insights into the po
tential degradation of the connectors over time.

3.2.1. Stiffness degradation
The relative stiffness degradation of iSRR connectors subjected to 

different environmental conditions over their fatigue life is presented in 
Fig. 9. The submerged connectors (red lines) exhibit rapid and pro
nounced stiffness degradation, reaching failure considerably earlier than 
both the outdoor-aged connectors and the reference specimens. This 
early failure suggests a critical vulnerability to prolonged water expo
sure, likely due to mechanisms such as the swelling of the resin matrix, 
corrosion of the embedded steel particles, or a weakening of the bond 
between the SRR piece and the composite component..

The connectors exposed to outdoor conditions (blue curves) exhibit a 
relative stiffness evolution that closely follows that of the reference 
specimens (black and grey curves) over most of the fatigue life. In both 
cases, stiffness remains nearly constant during the initial phase of 
cycling and begins to decrease gradually after approximately 
1.0E10 + 5 cycles. A more pronounced reduction is observed only in the 
final stage preceding failure, where the outdoor-aged specimens show a 
slightly earlier onset and a steeper stiffness decline compared to the 
reference connectors. Overall, the stiffness degradation trends of the 
outdoor-aged and reference specimens remain comparable up to the late 

stages of the fatigue process.

3.2.2. Failure modes under cyclic loading
Notably, the failure mode of the submerged connectors is charac

terized by debonding between the SRR piece and the GFRP facing, along 
with the crushing of SRR material beneath the embedded nuts. It is also 
important to keep in mind that this type of submerged connectors is not 
realistic considering the presence of free edges in the GFRP deck that 
accelerates the water uptake thereby eventually causing damage to the 
material and the interfaces. The presence of free edges is a result of 
cutting the GFRP deck in the required dimension and if eliminated can 
help minimize the water uptake.

The failure mode for the outdoor-aged connectors, similar to that of 
the submerged connectors, involves debonding between the SRR piece 
and the GFRP facing, as well as crushing of the SRR material beneath the 
embedded nuts as shown in Fig. 11(a). However, the extent and timing 
of this damage are less severe and occur much later compared to the 
submerged connectors, which implies that outdoor exposure does not 
exert the same level of stress on the connectors' internal bonding as 
direct water immersion.

Fig. 12 shows the condition of the composite deck with iSRR con
nectors after one year of submersion in water. The black lines indicate 
the visible extent of water ingress into the composite material. The 
significant weight gain observed during the submersion period suggests 
a high level of water absorption, likely affecting the interface between 
the SRR and the GFRP facing. This water penetration could have 
weakened the adhesive bond and compromised the structural integrity 
of the interface, potentially contributing to the observed failure modes 
under subsequent loading.

4. Discussion on shear fatigue endurance across load ratios and 
exposure conditions

4.1. Extrapolation methods for F-N curve prediction

To compare all tests on a common fatigue basis, including the 
specimens tested at R = 0.1 and R = 0.5 that were stopped after 
1.50E + 06 cycles without reaching failure, a displacement‑based 
serviceability criterion is adopted to define the fatigue life of each 
connector. In this study, an additional displacement‑range increase of 
0.3 mm between the GFRP facing and the steel end detail is taken as the 
apparent fatigue “failure” limit for the slip‑resistant behaviour of the 
iSRR connector. This threshold corresponds to the onset of clearly 
detectable slip and accelerated stiffness degradation while the ultimate 
load‑carrying capacity remains essentially unchanged, and it is 

Fig. 10. Relative stiffness of iSRR connector at different cyclic load levels 
under different environmental exposures.

Fig. 11. Failure mode of iSRR connectors under cyclic loading after 
water submersion.
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consistent both with previous fatigue tests on iSRR connectors [16] and 
with the 0.3 mm joint‑slip limit specified in Annex G of EN 1090‑2:2008 
for slip‑resistant connections [30], which has been used as a service
ability/failure criterion for injected bolted joints in pultruded FRP 
laminates and steel-FRP joints [31].

To construct the F-N curves, the number of cycles required for each 
connector to reach a displacement-range increase of 0.3 mm is estimated 
by extrapolating the measured displacement-range evolution. Two 
extrapolation strategies, previously developed and validated for iSRR 
connectors in earlier [16], are employed. Only a brief summary is pro
vided here; the full description and reliability assessment of the methods 
can be found in [16].

4.1.1. Linear regression method
In the first approach, the displacement-range increase is plotted as a 

function of the number of cycles in a log-log diagram. For each 
connector, a subset of the data is selected such that the evolution can be 
represented accurately by a single trend line. Data points in the very late 
stage of loading, where the degradation rate decreases and may intro
duce curvature, are excluded to maintain a high coefficient of deter
mination; in this study, an R² threshold of 0.97 is adopted. A linear 
regression is then fitted to the remaining points, and the resulting 
power-law relationship is used to extrapolate the number of cycles at 
which the displacement-range increase would reach the 0.3 mm limit. 
This procedure provides a relatively accurate estimate of fatigue life 
while remaining computationally simple.

4.1.2. Elbow (segmented regression) method
The second approach recognises that, for many connectors, the 

displacement-range increase does not follow a single slope but exhibits 
successive stages with different degradation rates. To capture this 
behaviour, the data are segmented before applying linear regression. 
The optimal number and position of breakpoints are identified using an 
“elbow” analysis of the sum of squared errors for different segmenta
tions. For each candidate number of segments, linear models are fitted to 
the segments, and the corresponding sum of squared errors is computed; 
the elbow point in this curve is taken as the best compromise between 
model accuracy and complexity. The resulting segments typically reflect 
the fast-slow-fast pattern of degradation observed in the experiments. 
For each connector, the segment with the highest slope (i.e. the most 
severe degradation rate) is then extrapolated to the 0.3 mm threshold, 
providing a conservative estimate of the number of cycles to reach the 
serviceability limit.

Previous work [16] has shown that the linear regression method 

tends to give less conservative predictions, with good agreement with 
the actual cycles to failure, whereas the elbow method provides lower, 
more conservative fatigue-life estimates. In the present study, both 
methods are applied to the new dataset, and the resulting cycle counts 
are used to construct the unified F-N curve for the iSRR connector.

4.2. Influence of R ratio

An evaluation is performed on the effect of different load ratios on 
fatigue degradation, specifically focusing on the increase in additional 
displacement range. For a more robust evaluation, the extrapolation 
methods described in [16] are used to create and examples of the pro
jection of the displacement range increase in log-log scale are presented 
for the specimens tested under three different R ratios in Fig. 13. The 
number of cycles necessary to reach the 0.3 mm displacement range 
increase threshold criterion is extrapolated using both the linear 
regression and the elbow method described earlier and the results are 
detailed in Table 5.

Notable differences in extrapolated fatigue life are observed between 
top (T) and bottom (B) connectors within the same specimen. These 
differences are primarily attributed to the inherent stochastic nature of 
fatigue, local microstructural features and panel-specific asymmetries, 
such as variations in the SRR filling and the proximity of the bottom 
facing to the internal webs of the GFRP sandwich panel.

Additionally, this variability highlights the limitations of relying on a 
single, deterministic prediction for fatigue life. When evaluating hybrid 
GFRP-steel connections, focusing only on the average performance of a 
specimen can be misleading. Instead, it is more realistic to derive design 
values from the statistical distribution of every individual connection 
point. By treating each connector as an independent data point, the 
weakest link behaviour of the assembly is more accurately captured. 
This approach ensures that the resulting design curves and serviceability 
limits are robust enough to account for the unavoidable scatter caused 
by real-world assembly conditions and inhomogeneous material 
properties.

The connectors tested at R = 0.5 show a much slower progression 
toward failure, compared to connectors tested at the same maximum 
load with load ratio of R = − 1. These connectors endure a far greater 
number of cycles before reaching 0.3 mm of displacement range in
crease, indicating a better fatigue performance under the R = 0.5 con
ditions. The displacement range increases more gradually, implying that 
this load ratio subjects the connectors to less severe fatigue damage. The 
R = 0.1 connectors exhibit intermediate behaviour. Their displacement 
range increase is faster than at R = 0.5, but slower than for R = − 1. This 
suggests that while R = 0.1 still leads to noticeable fatigue damage, it is 
less damaging than fully reversed loading but more harmful than posi
tive loading with R = 0.5.

Fig. 14 illustrates the log-log relationship between the number of 
cycles (x-axis) and the maximum applied force (y-axis) for three 
different R values: − 1, 0.1, and 0.5. All the curves start at 120 kN on the 
y-axis, which corresponds to the slip resistance of the iSRR connectors. 
This is because if the connector were subjected to a maximum force of 
120 kN, slip would occur almost immediately, and the 0.3 mm 
displacement range increase would be reached within the first cycle. 
This starting point serves to illustrate the limiting condition of the iSRR 
connector's performance, with lower applied forces requiring more cy
cles to reach the failure threshold. Additionally, results from [2] are 
utilized to provide more data for accurate estimation for R = − 1. All the 
plotted points, except at 120 kN, represent averages of linearly extrap
olated fatigue lives from top/bottom connectors per maximum force 
level.

The slope of the curves demonstrates how the fatigue life decreases 
as the maximum applied force increases, with the load ratio influencing 
the rate of this reduction, indicating the influence of different load ratios 
on the rate of fatigue degradation. As expected, the R = − 1 curve ex
hibits the steepest slope, suggesting that under fully reversed loading 

Fig. 12. Condition of composite deck with iSRR connectors after a year of 
water submersion and prior to cyclic testing.
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conditions, the connectors experience the most rapid degradation in 
their fatigue life. This behaviour is attributed to the reversal of stress in 
each cycle, which intensifies fatigue damage by subjecting it to alter
nating compressive and tensile stresses. Consequently, the fully reversed 
load ratio induces greater damage accumulation compared to other load 
ratios, where the stress amplitudes are lower.

Conversely, the curves for positive load ratios, particularly R = 0.5, 

show much gentler slopes, implying that these loading conditions 
impose less severe fatigue damage on the connectors. The flatter the 
slope, the greater the number of cycles the connectors can endure before 
reaching the failure threshold of 0.3 mm displacement range increase. 
This aligns with the expectation that lower amplitude loading cycles 
(higher R values) allow for an extended fatigue life.

Fig. 13. Connectors’ displacement range increase in logarithmic scale axes under different R ratios: (a) Maximum load of 80 kN, (b) Maximum load of 100 kN.

Table 5 
Estimation of cycle counts until failure criterion with different R ratios.

Connector’s ID Parameter Linear regression Elbow method 
log (y) = A + B. log (x)

y = A. xB Segment 1 Segment 2 Segment 3

F− 80_8-RT-U− 1-T A 2.00E− 05 − 10.62 − 8.51 -
B 0.454 0.44 0.29 -
R2 0.924 0.93 0.69 -
Cycles at 0.3 mm 1.59E + 09 1.79E + 09 6.56E + 10 -

F− 80_8-RT-U− 1-B A 5.00E− 08 − 14.75 − 15.04 − 11.94
B 0.876 0.73 0.75 0.53
R2 0.945 0.85 0.83 0.71
Cycles at 0.3 mm 5.47E + 07 1.13E + 08 1.04E + 08 5.33E + 09

F− 100_10-RT-U− 1-T A 9.00E− 06 − 8.83 − 7.67 − 7.49
B 0.619 0.34 0.29 0.27
R2 0.945 1 0.97 0.93
Cycles at 0.3 mm 2.00E + 07 1.37E + 09 5.90E + 09 8.48E + 09

F− 100_10-RT-U− 1-B A 3.00E− 06 − 8.04 − 6.67 -
B 0.75 0.33 0.23 -
R2 0.964 0.99 0.76 -
Cycles at 0.3 mm 4.60E + 06 9.12E + 08 1.83E + 10 -

F− 80_40-RT-U− 1-T A 8.00E− 10 − 12.2 − 30.23 -
B 0.947 0.4 1.67 -
R2 0.63 0.17 0.21 -
Cycles at 0.3 mm 1.54E + 09 1.21E + 12 3.39E + 07 -

F− 80_40-RT-U− 1-B A 3.00E− 05 − 10.61 − 9.38 -
B 0.38 0.4 0.31 -
R2 0.893 0.98 0.88 -
Cycles at 0.3 mm 3.34E + 10 1.56E + 10 2.78E + 11 -

F− 100_50-RT-U− 1-T A 1.00E− 05 − 10.8 − 9.34 -
B 0.487 0.44 0.34 -
R2 0.95 0.97 0.84 -
Cycles at 0.3 mm 1.53E + 09 2.57E + 09 2.37E + 10 -

F− 100_50-RT-U− 1-B A 6.00E− 07 − 11.51 − 7.15 -
B 0.661 0.44 0.13 -
R2 0.72 0.76 0.3 -
Cycles at 0.3 mm 4.20E + 08 1.64E + 10 2.11E + 191 ​

1) Value obtained from extrapolation of the regression model. Due to the very small slope of the fitted segment, the predicted cycle count exceeds practical engineering ranges and should therefore be interpreted with 

caution.
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4.2.1. Unified F-N curve
To account for the experimental scatter observed between individual 

connectors, the fatigue life is analysed through a unified statistical 
framework. This approach ensures that the localized variations in per
formance are captured within a reliable characteristic relationship. 
Specifically, a unified F-N is constructed utilising the same regression- 
based approach previously applied to fatigue results if iSRR connec
tors with R = − 1 in an earlier study [16]. The methodology is applied to 
the combined dataset including all R ratios, enabling the construction of 
a unified F-N curve that captures the fatigue behaviour of the iSRR 
connector independently of mean load effects. A brief summary of the 
method is provided below for completeness.

The relationship between the number of cycles required to reach the 
0.3 mm displacement-range criterion and the applied force range is 
represented using a linear fit on a log-log scale, in accordance with the 
procedure described in ASTM E739 [32]. After transforming the vari
ables, the F-N relationship is expressed in the form: 

Fig. 14. Influence of R ratio on the fatigue life of the connectors under 
shear loading.

Fig. 15. Comparison between different fatigue performance analysis: (a) All R ratios and (b) R = − 1 taken from [16].
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log(N) = A + B⋅log(Fmax)

where A and B are obtained through linear regression. The confidence 
bounds around the regression line are calculated following the statistical 
procedure outlined in [32] accounting for the number of specimens, the 
scatter in the data, and the distribution of force levels.

In Fig. 15(a), all the data are plotted irrespective of the R ratio, 
allowing a statistical analysis across the entire dataset. The regression 
line and confidence bands are obtained for all the data to provide an 
overall trend. The force range is chosen as an appropriate y-axis 
parameter for describing the fatigue performance, considering the di
versity of R ratios applied.

The comparison between Fig. 15(a) and Fig. 15(b) aims to highlight 
the implications of incorporating multiple load ratios in the fatigue 
analysis, particularly in terms of improving the accuracy of fatigue life 
predictions. When only the R = − 1 data is considered, a different fatigue 
behavior emerges compared to the more comprehensive dataset. Ob
servations from Fig. 15(b) indicate that relying solely on the R = − 1 
dataset could result in an overprediction of the connector's resistance at 
higher load levels. Meanwhile, using R = − 1 data alone would provide 
underestimated number of cycles and reduced confidence at lower load 
levels, owing to the variability and broader scatter of experimental re
sults. Including data from different R ratios provides an improved sta
tistical basis, contributing to a more reliable estimation of the 
connector's fatigue performance. This highlights the advantage of 
considering multiple R ratios when evaluating connector behavior under 
realistic service conditions.

The curves plotted in Fig. 15(a) and Fig. 15(b) further demonstrate 
that the slope of the regression line changes significantly depending on 
the dataset considered. For the unified approach, so for all R ratios, the 
slope is steeper at − 9.36, which suggests a quicker decline in fatigue life 
with increasing load range compared to the − 6.69 slope at R = − 1. This 
difference reflects how an F-N curve based only on fully reversed loading 
may not be the most damaging condition for the highest load ranges, 
contrary to what was initially expected.

By creating an F-N curve that includes every R ratio, the design and 
engineering procedures are simplified. Including separate F-N curves for 
every different R ratio can be complicated in practical design verifica
tions, especially when calculating fatigue life under varying conditions. 
Therefore, the recommendation for engineering practice is to start with 
the unified F-N curve for an iSRR connector as it encompasses data from 
all R ratios and provides a reasonable estimation of fatigue life. If more 
precision is needed, separate R ratio-specific curves could then be used 
for more detailed damage analysis. This approach balances simplicity 
with sufficient accuracy, as analysis conducted on structural level vari
ations due to traffic loads indicated that the unified F-N curve is 
adequate and does not lead to overestimation of fatigue life.

Finally, this unified F-N curve derived in this study should be inter
preted as a characteristic relationship for the specific connector-deck 
system investigated here, namely M27 iSRR connectors embedded in 
the tested GFRP sandwich web‑core deck, manufactured from the same 
vacuum‑infused panels and installed with the same detailing and pre
load, under room‑temperature conditions and the range of load ratios 
and force ranges considered (R = − 1, 0.1, 0.5; Fmax=40–100 kN). The 
analysis is based on nominal material and geometric properties, without 
an explicit probabilistic treatment of variability or size effects.

Regarding scalability, it is anticipated that the current results remain 
valid, and potentially conservative, for larger connector dimensions. An 
increase in connector size implies a larger SRR volume and a greater 
interface area for potential damage to distribute across, which typically 
enhances fatigue resistance by reducing local stress concentrations. 
Conversely, applying these results to smaller dimensions, where the 
reduced interface area and material volume would lead to higher 
damage density, should be done with caution. Therefore, the direct use 
of this F-N curve for smaller connector geometries, different laminate 
configurations, or temperature regimes (e.g., close to or above the resin 

glass-transition temperature) should be ideally supported by additional 
calibration or appropriate safety factors.

4.3. Influence immersion and outdoor aging

The fatigue life extrapolation for iSRR connectors subjected to one 
year of environmental aging is extrapolated based on the two methods 
presented in Section 4.1. Fig. 16 displays the displacement range in
crease of iSRR connectors tested at a consistent load level of ±80 kN, 
with the different colours representing connectors subjected to distinct 
environmental conditions.

Interestingly, the connectors aged outdoors exhibit a displacement 
range increase that is very similar to the reference connectors tested at 
room temperature. This suggests that the outdoor exposure, while 
slightly affecting the connector performance, did not drastically reduce 
fatigue resistance compared to the non-aged connectors. Both blue and 
the black lines show a more gradual increase in displacement range 
compared to the submerged connectors. However, between the refer
ence (blue) and the outdoor-aged (black) connectors, the reference 
connectors seem to perform slightly better, displaying a slightly slower 
rate of displacement range increase, indicating a marginally greater 
resistance to fatigue.

On the other hand, the submerged (red) connectors display the 
fastest displacement range increase, indicating accelerated stiffness 
degradation and earlier failure compared to both the outdoor-aged and 
the reference connectors. This implies that water exposure has a more 
detrimental impact on the fatigue performance of the connectors, 
leading to a significant reduction in fatigue life. The submerged con
nectors reach the 0.3 mm failure criterion much earlier, around 
2.00E + 4 cycles, whereas the outdoor-aged connectors and the refer
ence connectors demonstrate a more gradual progression, reaching the 
0.3 mm failure criterion closer to 7.50E + 05 cycles, as shown in pa
rentheses in Table 6.

These results highlight that outdoor exposure has a less drastic effect 
on the fatigue performance compared to submersion. Importantly, 
considering the intended application of these connectors in bridge 
structures, where they will always be in non-submerged conditions, the 
outdoor exposure results are particularly relevant. The study involving 
submerged conditions was conducted to evaluate the worst-case sce
nario, ensuring comprehensive safety margins. Given the promising 
results observed in the outdoor-aged connectors, it is evident that the 
iSRR connectors exhibit sufficient resilience for bridge environments, 
where occasional wetting due to rain or moisture is expected, but 
continuous submersion is not. These findings support the reliability of 
the connectors under realistic field conditions, highlighting their suit
ability for practical use in infrastructure subjected to typical outdoor 
aging factors.

Fig. 16. Recorded connectors’ displacement range increase in logarithmic scale 
axes under different environmental exposure conditions.
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5. Concluding remarks

This study investigated the fatigue and hygrothermal performance of 
iSRR connectors embedded in GFRP sandwich web-core panels. A total 
of 12 connectors were tested under different R ratios and environmental 
exposure conditions using a dual-connector shear test setup. Eight 
specimens were subjected to cyclic loading at R = 0.1 and R = 0.5 and 
compared with twelve fully reversed (R = − 1) tests reported in previous 
work. Four additional connectors were conditioned for one year, two 
through full water immersion and two through outdoor aging, to eval
uate long-term environmental effects. To ensure representativeness, all 
connectors were installed in full-scale GFRP sandwich panels with 
geometric dimensions consistent with those expected in actual bridge 
deck renovation projects.

For a number of specimens where it was feasible, fatigue testing was 
continued until failure, enabling direct observation of the mechanisms 
governing damage evolution and fracture of the connection under cyclic 
shear loading. Based on the experimental results and analysis, the 
following key conclusions can be drawn: 

• A unified F-N curve developed by combining fatigue data from all R 
ratios resulted in a regression slope of − 9.36, which is marginally 
flatter than the slope obtained using exclusively the R = − 1 dataset 
(− 6.6). This consistency across loading conditions supports the use 
of a single fatigue design curve for the iSRR connector. However, the 
proposed unified F-N curve is applicable to M27 iSRR connectors in 
the tested GFRP sandwich deck configuration and loading regime, 
and its extension to significantly different connector or deck designs 
should be accompanied by additional verification.

• The influence of one year of environmental exposure was examined 
by testing connectors submerged in water and connectors aged 
outdoors. The submerged specimens exhibited rapidly accelerated 
stiffness degradation, reaching the failure criterion at approximately 
2.00E + 04 cycles, in contrast to the outdoor-aged and reference 
specimens, which failed at around 7.50E + 05 cycles. This highlights 
the markedly detrimental effect of prolonged water immersion, 
whereas outdoor exposure had only a minimal influence on fatigue 
resistance.

• Across all examined cases, cyclic damage was governed primarily by 
debonding of the SRR injection from the oversized hole in the lower 
GFRP facing and local compressive damage of the SRR material 

ahead of the embedded bolt and nut. These failure mechanisms 
occurred irrespective of prior environmental conditioning or low- 
range cyclic loading prior to the high-range cyclic loading, indi
cating that the fundamental fracture process is intrinsic to the con
nector's shear transfer mechanism.

These findings demonstrate that the iSRR connector possesses a 
robust fatigue response, with performance largely governed by load 
range rather than mean load or environmental variations under typical 
service conditions. The strong alignment of behaviour across R ratios, 
the consistency of failure mechanisms, and the favourable performance 
of outdoor-aged specimens all support the suitability of the connector 
for structural applications subjected to cyclic loading. Importantly, since 
the intended use of these connectors is in bridge systems that remain in 
non-submerged environments, the negligible impact of outdoor aging 
provides confidence in their long-term reliability and durability in 
realistic field conditions.
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Table 6 
Estimation of cycle counts until failure criterion with different R ratios.

Connector’s ID Parameter Linear regression Elbow method 
log (y) = A + B. log (x)

y = A. xB Segment 1 Segment 2 Segment 3

F− 80-RT-S− 1-T A 2.00E− 14 − 35.79 − 18.83 − 41.23
B 2.975 3.51 1.59 4
R2 0.99 0.93 0.84 0.97
Cycles at 0.3 mm 
(¡1.95Eþ04)*

2.69E + 04 1.92E + 04 6.31E + 04 2.19E + 04

F− 80-RT-S− 1-B A 3.00E− 09 − 62.23 − 73.29 -
B 1.728 6.17 7.29 -
R2 0.741 1 1 -
Cycles at 0.3 mm 
(¡1.96Eþ04)*

4.26E + 04 2.02E + 04 1.98E + 04 -

F− 80-RT-O− 1-T A 5.00E− 06 − 12.09 − 12.35 -
B 0.821 0.81 0.83 -
R2 0.998 0.99 1 -
Cycles at 0.3 mm 
(7.30Eþ05)*

8.46E + 05 7.10E + 05 7.33E + 05 -

F− 80-RT-O− 1-B A 1.00E− 06 − 12.42 − 12.71 -
B 0.924 0.83 0.85 -
R2 0.996 0.99 1 -
Cycles at 0.3 mm 
(7.99Eþ05)*

6.61E + 05 7.80E + 05 8.11E + 05 -

* Number of cycles that actually reached the 0.3 mm failure criterion
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