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A B S T R A C T   

Resins are essential structural materials predominantly used in load-bearing connections such as adhesively 
bonded joints and resin-injected bolted connections. In an effort to improve the latter, a new injection material, 
Steel Reinforced Resin (SRR), has been developed, consisting of spherical steel particles embedded in a resin. 
SRR’s applicability has been explored in injection bolts used in composite steel-to-concrete floor systems and as 
an injection material in Fibre Reinforced Polymer (FRP) sandwich web-core panels of highway bridges. While the 
short-term and creep performance of SRR has been researched, its fatigue behaviour remains unexplored. From 
joint-level cyclic experiments with SRR, it was observed that joint endurance is dominated by SRR’s fatigue 
performance. There is currently no research on the influence of temperature on SRR’s mechanical properties and 
moisture uptake. This paper fills this gap, by investigating the static and fatigue performance of epoxy, unsat
urated polyester polyurethane hybrid (UPE + PU), and vinyl ester based SRRs under ambient and elevated 
temperatures. Water absorption assessments were conducted on the three resins with and without steel particles 
to evaluate their durability and corrosion resistance. The results show that temperature significantly impacts 
tensile stiffness, tensile splitting strength, and fatigue life. Epoxy based SRR endured 20 times more tensile 
splitting stress cycles to failure compared to the UPE + PU resin based SRR at the same stress range. However, 
after 200 days of water exposure at maximum temperature, the epoxy resin (with and without steel shot) 
exhibited a weight increase of 4.0% and 0.50% respectively, suggesting that despite its superior fatigue per
formance, it may not be suitable for SRR applications in high moisture environments. In contrast, UPE + PU resin 
and its corresponding SRR displayed substantially lower water absorption.   

1. Introduction 

In engineering practice, resins are essentially used either as a thick 
structural bonding layer conversely to the traditional mechanical joining 
techniques or as an injected substance for bolts, studs, and void fillings. 
Additionally, polymeric materials are one of the two main ingredients to 
make fibrous composites. Many of these structural applications, such as 
in bridge construction, have to undergo a high number of fatigue cycles 
due to fluctuating loads. In that respect, extensive research on adhesive 
joints or Fibre Reinforced Polymer (FRP) coupons has been conducted. 

However, the influence of joint configuration on adhesives’ stress 
state response [1] and the role of polymer matrices in composites’ fa
tigue behaviour [2,3] has prompted increasing interest in investigating 
the fatigue resistance of bulk adhesive coupons [4]. Consequently, 
research dating back to the 1960s revealed that the crack initiation and 

propagation rates differ among the various types of resins, resulting in 
significant fatigue life variations [5]. Beyond the influence of resin type, 
a dependency on fatigue endurance was demonstrated by alternating the 
testing frequency, the magnitude of cyclic load, the R ratio, and the 
environmental effects [6]. 

One key discovery was the inverse relationship between the fatigue 
life of resins and testing frequency. More specifically, increasing the 
frequency results in elevated temperature levels within the resin, ulti
mately degrading its mechanical properties [6,7] and impairing fatigue 
performance. Regarding the R ratio, it has been proved that the slope of 
the S-N curve is steeper for reversed loading than for tensile-tensile or 
compression-compression fatigue loadings [8]. 

In addition to these factors, environmental conditions represent 
another important parameter in the fatigue behaviour of resins. Despite 
resins often being shielded from detrimental external influences in most 
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applications, the long operation lifetime means it cannot be guaranteed 
that the resins will not be exposed to moisture or even water. Their high 
sensitivity to temperature is another concern, as their material proper
ties tend to degrade owing to thermal effects such as softening [9,10]. 
Recent studies have demonstrated the significant influence of environ
mental conditions, such as immersion in tap water and seawater, as well 
as associated thermal effects, on the mechanical properties of epoxy 
resins [11,12]. From fatigue experiments conducted on aged and unaged 
coupons, it was observed that exposure to water induced plasticization 
and softening of the material [13]. Thus, the slopes of the S-N curves 
were, yet again, greatly increased, indicating a detrimental effect on the 
material’s fatigue performance. 

Aiming to improve the durability of the resins, polymer matrix 
composite materials were invented. In particular, several researchers 
suggested modifications to the resin’s composition by introducing 
various inclusions. Among these alterations, the incorporation of carbon 
nanofibers into the bulk resin system has received widespread attention 
due to its potential to enhance the mechanical and thermal properties, as 
well as fracture toughness, of the resulting composite material [14]. 
Later it was proved beneficial also in terms of durability and fatigue 
resistance [15]. Apart from randomly shaped fillers, nano, and micro- 
spherical particles are also used as reinforcement [16]. In particular, a 
swift of the S-N curve with higher fatigue lifetime and the same slope 
was reported in the polymers with rubber and silica nanoparticles [17]. 
Besides the nano or micro inclusions, Nijgh [18] proposed reinforcing 
commercially available resins using macro steel particles i.e., steel balls 
of a few millimetres in diameter. The steel particles were selected for 
their easy workability, immediate availability, and cost-effectiveness. 
More importantly, they have been demonstrated to enhance the stiff
ness and creep resistance of the resulting composite material [18]. 
However, up until now, there is no literature available on the fatigue 
performance and water resistance of such steel-reinforced resins (SRRs). 

Initially, this new type of resin reinforced with steel particles was 
investigated as an injection material for composite floor systems using 
an epoxy resin system [19]. In following studies, SRR was employed as a 
cavity filler in FRP decks for highway bridges applying an unsaturated 
polyester polyurethane hybrid system [20,21], henceforth indicated as 
UPE + PU. However, despite the successful application of SRRs in 
various structures, so far there is no information on their performance 
under diverse environmental conditions. Nonetheless, a compilation of 
material properties at room temperature has been made available and is 
presented in Table 1. The results indicate that material properties are 
subject to variation depending on factors such as the resin composition 
(epoxy or UPE + PE), type of hardener (HY 2440 or HY 5159), the ge
ometry of the test specimens (diameter and length of coupon cylinders), 
or the percentage of steel shot (60% or 80%). This suggests the need for 
careful optimization of these parameters when creating composite SRR 
materials. 

Concerning the cyclic performance of SRR material, previous ex
periments focused only on a connection level [20]. However, in a recent 
publication, it has been suggested that the fatigue performance of these 
connections is predominantly dictated by the stresses experienced 
within the SRR component [22]. Hence, there’s an imperative need to 
examine the fatigue response of the SRR material itself, particularly its 
susceptibility to varying environmental conditions. 

Therefore, the primary objective of this study is to address the 
aforementioned gaps by evaluating the performance of various SRR 
types. The focus is on application-oriented requirements such as resis
tance to cyclic loading and environmental conditions, like moisture and 
increased temperature. Through a series of tests, the static mechanical 
properties and fatigue performance of SRR material will be assessed at 
both ambient and elevated temperatures. The aim of this study is to 
present a comprehensive understanding of the performance of various 
SRRs under a spectrum of conditions, thereby providing valuable in
sights for their optimal use in engineering applications. 

The paper is structured as follows. In Section 2, an evaluation of the 

tensile properties of three distinct types of SRRs at both room and 
elevated temperatures using indirect tensile splitting test configurations 
is presented. In Section 3, the focus shifts to the fatigue performance of 
these materials. Initial stress-cycle (σ-N) diagrams from indirect tensile 
fatigue tests conducted at ambient temperature are presented, supple
mented with additional fatigue experiments at elevated temperatures. 
Section 4 assesses the long-term practicality of SRR materials by 
examining their susceptibility to aging. This involves conducting water 
absorption tests on all three resin compositions, considering scenarios 
both with and without the inclusion of steel balls. Finally, in Section 5 a 
consolidation of the main points and an elaboration of the key findings 
of this study are provided. 

2. Tensile properties of SRR at room and elevated temperatures 

In this section, an overview of the experimental investigation con
ducted to evaluate the mechanical properties; specifically, indirect 
tensile strength, stiffness, and Poisson ratio, of three distinct SRR com
positions is presented. Three different groups of SRR coupons were 
produced solely dependent on the applied resin systems, which are 
described in the subsequent section. The mechanical properties of the 
SRR were derived from cylindrical coupons subjected to indirect tensile 
loading. This testing approach, commonly referred to as the Brazilian 
test in the literature, is widely adopted for granular materials such as 
asphalt [26], concrete mixtures, rocks, or even soil. 

2.1. Resin systems considered 

Epoxy resins are widely used due to their excellent mechanical 
properties, versatility, low shrinkage on curing, and ease of use. How
ever, their high viscosity has led to challenges in molding and injection 
processes, prompting interest in alternative resin types such as vinyl 
ester or polyurethane resins. Vinyl ester resins, with their low hydro
phobic features, have demonstrated superior hydrothermal aging 

Table 1 
Collection of mechanical properties of SRR at room temperature from literature.  

Type of SRR Property Methodology  

40% epoxy, RenGel 
SW 404 + HY 2404 
60% steel shot 

E = 15.7 GPa 5 compression tests on 
unconfined specimens 
D26,3x50 mm 

[23] 

fu = 120.3 MPa 5 compression tests on 
unconfined specimens 
D26,3x50 mm 

[23] 

v = 0.22 1 compression test on 
unconfined specimens 
D26,3x50 mm 

[23] 

v = 0.19 Numerically determined [19] 
Е*=17.6 GPa *: 
Apparent Young’s 
modulus 

5 compression tests on 
unconfined specimens 
D22x22 mm 

[19] 

40% epoxy resin, 
RenGel SW 404 +
HY 5159 60% steel 
shot 

E = 21.9 GPa 3 compression tests on 
unconfined specimens 
D22x22 mm 

[24] 

fc = 136.2 MPa 3 compression tests on 
unconfined specimens 
D22x22 mm 

[24] 

v = 0.22 Assumed based on a test 
with another hardener HY 
2404 

[24] 

v = 0.20 Numerically determined [19] 
20% UPE + PU, Daron 

8150 80% steel shot 
E = 9.3 GPa 3 compression tests on 

unconfined cylinders 
D62x130 mm 

[25] 

fc = 74.3 MPa 3 compression tests on 
unconfined cylinders 
D62x130 mm 

[25] 

ft = 10.1 MPa 3 tensile splitting tests on 
unconfined cylinders 
D62x130 mm 

[25]  
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resistance compared to epoxies [27]. With regard to polyurethane 
resins, although they have been used in various structural applications 
due to their versatile properties, certain types with a weak elastomeric 
nature and high thermal expansion coefficient were initially deemed 
unsuitable for larger structural forms [28]. The introduction of unsatu
rated polyester as an additional reactive polymer led to the development 
of UPE + PU, effectively eliminating the deficits of polyurethane resin 
[29]. 

Three resin systems appertain to the main categories described above 
were investigated. More specifically, an infusion epoxy resin commer
cially available as Resoltech 1080S/ Hardener 1083, the vinyl ester resin 
Atlac 430LV and the UPE + PU resin called AQR 1025/B25 were 
considered in this work. The main characteristic that all three have in 
common is their high glass transition temperature (Tg > 100 ◦C) when 
subjected to complete curing conditions. This information together with 
their Young’s modulus (E), maximum tensile strength (fu), and viscosity 
(η) at 23 ◦C are reported in Table 2 as provided by the resin suppliers 
[30–32]. 

2.2. Resin preparation and production of specimens 

All resins were prepared at room temperature, adhering to the 
supplier-recommended mixing ratios [30–32]. The epoxy resin was 
created using a 100/20 mixing ratio between the Resoltech 1080S and 
the Hardener 1083, respectively. For the UPE + PU resin, a three- 
component resin, 2 g of a catalyst system, supplied as PerkadoxCH50, 
were dissolved into 100 g of Daron 8151 (2% wt) followed by the 
addition of 25 g of Lupranate M20R + 29 after thorough stirring. Lastly, 
the Vinyl ester resin was prepared by mixing 100 g of Atlac 430LV and 2 
g of PerkadoxCH50, representing 2% of the Atlac 430LV weight. Each 
mixture was stirred for at least 1 min to ensure proper dissolution. 

Steel-reinforced resin discs were produced by mixing the steel shot 
with the resin and placing the mixture in an acrylic cylindrical mold. All 
the coupons were manufactured with equal proportions of both in
gredients i.e., 830 gr of steel shot and 65 gr of resin. This ratio yielded an 
average thickness of 23 mm for the SRR specimens while the diameter 
was set to 100 mm. To avoid the formation of air bubbles due to mixing, 
the specimens were placed on a vibrating table for five minutes. 
Following a one-day curing period at ambient temperature, the samples 
were post-cured at 60 ◦C for five hours as specified in [30]. 

2.3. Description of experiments 

Depending on the specific mechanical property under investigation, 
varying loading protocols and instrumentation were employed. These 
are further detailed in Table 3. For the investigation of strength and 
Poisson ratio, the force was applied using a 50 kN MTS actuator and 
measured with a Lebow 50 kN load cell. This actuator was managed by 
an Instron test controller, featuring a frequency range of 0.001 – 30 Hz 
and a strain rate range of 0.001 – 5% per second. The experimental setup 
was placed in a Weiss Enet temperature cabinet with internal 

dimensions of 1.0x1.0x1.0 m. This cabinet allows precise control of in
ternal temperature, ranging from − 40 to 60 ◦C, through electrical 
heating control with an accuracy of 0.1 ◦C. 

When determining stiffness, a pneumatic Universal Testing Machine 
(UTM) was utilized, equipped with a load cell of a maximum capacity 
equal to 5 kN. This setup was positioned within a temperature cabinet 
with internal dimensions of 0.5x0.8x1.0 m, capable of sustaining a 
temperature range between 0 and 60 ◦C. Solartron linear variable 
displacement transducers (LVDTs) were employed to monitor the hori
zontal displacements during stiffness tests, offering a maximum capacity 
of ± 1 mm. Lastly, during the tests for determining the Poisson’s ratio, a 
Canon EOS 5DS DSLR camera was used to capture photos of the 
specimen. 

2.4. Indirect tensile splitting strength of SRR at different temperatures 

The heterogeneous composition of composite materials with gran
ular additions complicates the acquirement of their tensile strength via 
dog-bone tensile coupons, as in bulk adhesives. Thus, the strength of the 
SRR material was assessed by applying compressive force in the vertical 
plane of cylindrical coupons, generating horizontal tensile stresses that 
lead to fracture. Indirect tensile splitting tests were performed at room 
and elevated temperatures e.g., 25 ◦C, 40 ◦C, and 55 ◦C, and the setup is 
shown in Fig. 1. 

The load was applied at a constant rate of 25 mm/min using two 12 
mm thick steel loading strips in contact with the disk-shaped SRR 
coupon. To determine the indirect tensile splitting strength the speci
mens were loaded until failure. A tensile crack at the centre of the discs 
was observed, as displayed in Fig. 1. The average force versus the 
recorded stroke curves from the three tests performed for each type of 
SRR are presented in Fig. 2. The initial straight line, observed until 0.4 
mm for the case of UPE + PU, is attributed to the absence of contact 
between the specimen and the loading blade. Subsequently, a nonlinear 
section, noticeable up until approximately 10 kN of applied load arose 
from plotting the external force against the total displacement. The 
latter incorporates the settlement of the specimens in the apparatus or 
the localised crushing near the loading areas. This nonlinearity has also 
been attributed to densification in the case of asphalt concrete mixtures 
under indirect tensile loading [33], or to the bedding-in effect for 
anisotropic rocks under the indirect tensile splitting test arrangement 
[34]. 

The resulting tensile splitting stress (horizontal) σx,max at the centre 
of the specimen in (MPa) was calculated using the conventional formula 
for homogeneous and linear elastic materials tested as outlined in [35]. 
In particular, the vertically applied force is divided by the corresponding 
tensile area as follows: 

σx,max =
2 • F

π • D • t
(1) 

where F represents the vertically applied loading (N); D is the 
diameter of the test specimen (mm); and t is the thickness of the test 
specimen (mm). 

The results of the tensile strengths of the three types of resins under 
varying temperatures are shown in Table 4. The maximum strength was 
observed for the SRR produced with epoxy resin at room temperature, 
equating to 11.6 MPa which diminished by 13% and 22% once tem
perature rose to 40 ◦C and 55 ◦C, accordingly. For the Vinyl ester based 
SRR, the ultimate tensile strength of the coupon was not affected by 
temperature changes. However, it consistently exhibited the lowest 
strength value, approximately 6.8 MPa, across all three temperature 
conditions. Regarding the UPE + PU based SRR specimens, the 10 MPa 
tensile strength at room temperature aligns with the tabulated results in 
Table 1, reported in literature [25]. The strength reduction due to 
temperature increase follows a similar trend to that observed for the 
epoxy resin, as depicted in Fig. 3. Lastly, under the same post-curing 
conditions, the addition of steel reinforcement in the pure resin matrix 

Table 2 
Available properties of the investigated resins.  

Type Name Е 
[GPa] 

fu [MPa] η 
[mPa. 
s] 

Tg,max 

[◦C] 

Post cure  Fully 5hr60 ◦C Fully  Fully 

Infusion 
epoxy 

Resoltech 
1080S/ 
Hardener 
1083  

2.91 77 116 1100 110 

UPE + PU AQR 1025/ 
B25  

3.53 77 95 150 – 
220 

135 

Vinyl 
ester 

Atlac 430LV  3.13 67 95 440 – 
500 

130  
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led to an approximately 85% reduction in their tensile strength, as 
tabulated in Table 2 and Table 4. 

2.5. Poisson ratio of SRR 

To accurately ascertain the indirect tensile modulus of granular 
materials, it is imperative to determine their Poisson ratios. In the sub
sequent sections, the Poisson ratios are deduced through a combination 
of numerical and experimental approach. Initially, the horizontal and 
vertical extensions will be derived, followed by the establishment of a 
numerical model designed to correlate the horizontal-to-vertical pro
portion with the material’s Poisson ratio. The results presented focus on 
the two SRRs with the highest static strength, specifically the epoxy and 

Table 3 
Description of experiments for determining mechanical properties.  

Property Loading Instrumentation Temperatures Coupons1 Machine 

Strength 25 mm/min Machine 25, 40, 55 ◦C 3 MTS-50 
Stiffness 5 compressive pulses LVDTs 25, 40, 55 ◦C 3 UTM-5 
Poisson ratio 0.01 mm/sec Camera 25 ◦C 3 MTS − 50  

1 Number of coupons per testing temperature. 

Fig. 1. Indirect tensile strength test set up and coupon prior and after testing; epoxy based SRR.  

Fig. 2. Average tensile splitting force versus displacement at 25 ◦C from stroke of the machine.  

Table 4 
Average strength values for various temperatures and types of resins.  

Resin Strength at 25 ◦C 
(MPa) 

Strength at 40 ◦C 
(MPa) 

Strength at 55 ◦C 
(MPa) 

Epoxy (COV 
%) 

11.6 (2.7%) 10.1 (3.6%) 9.0 (2.0%) 

UPE + PU 
(COV%) 

10.0 (3.9%) 8.9 (2.2%) 7.5 (9.9%) 

Vinyl ester 
(COV%) 

6.8 (2.2%) 7.1 (8.6%) 6.6 (5.6%)  
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the UPE + PU resin systems. 

2.5.1. Experimental approach 
A setup analogous to the one used for the indirect tensile strength 

tests described in Section 2.3 was employed, with the primary difference 
being the incorporation of a single camera to perform the digital image 
correlation (DIC) technique to quantify the surface planar deformations. 
Sequential digital images were captured for two SRR coupons that were 
loaded up to 20 kN of force at a loading rate of 0.01 mm/sec. The image 
capture was synchronised with the load from the test frame through a 
data acquisition system. 

A fine speckled pattern was applied to the coupons, as shown in 
Fig. 4a. From the DIC analysis performed on an SRR disk made with 
epoxy and UPE + PU resin, the ratio between the vertical and the hor
izontal strain, as depicted in Fig. 5, was equal to 0.1312 and 0.129, 
respectively. These extensions were calculated via virtual extensometers 
positioned at least 10 mm away from the edges and loading points to 
avoid local effects, as sketched in Fig. 4b. 

2.5.2. Numerical analysis 
Two-dimensional plane-stress finite element (FE) models of the 

complete steel-reinforced disk geometry were developed in the com
mercial software Abaqus/CAE 2021. The diameter and thickness of the 

disk were set equal to 100 and 23 mm, respectively, corresponding to the 
sample size used in the physical tests. The built-in 2D plane stress ele
ments of four or three nodes (CPS4R and CPS3) from Abaqus/Standard 
were chosen to mesh the circular geometry (Fig. 6a). An approximate 
element size of 0.3 mm with a quad-dominated shape, an advancing 
front algorithm and a free technique were applied. This resulted in a 
total number of elements equal to 104,674 for the linear quadrilateral 
elements of type CPS4R and 3194 for the linear triangular elements of 
type CPS3. 

Steel loading strips were not explicitly modeled; instead, the two 
contact areas of the blades were kinematically constrained i.e., coupled 
to the reference points (RP1, RP2), as shown in Fig. 6b. Displacement- 
controlled loading was prescribed to the reference point on the upper 
part of the disk, RP1 (Fig. 6c), with a maximum vertical displacement of 
0.5 mm. Additionally, a fully fixed boundary condition was applied in 
the reference point RP2 in the lower part of the disk. 

The purpose of the two FE models was to ascertain the correlation 
between the ratio of horizontal to vertical deformation and the Poisson 
ratio of the SRR based on two resin types. The SRR material was 
approximated on a meso-level as a linear, isotropic, and homogeneous 
material. Given that the FE models were exclusively utilized at this 
phase to establish a connection between the vertical and horizontal 
extensions and the Poisson ratio, a preliminary Young’s modulus value 

Fig. 3. Average indirect tensile splitting strength variation under various temperatures.  

Fig. 4. DIC based displacement measurement; (a) Speckled pattern on UPE + PU based SRR disk, (b) location of virtual extensometers.  
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Fig. 5. Horizontal versus vertical extension from DIC of SRR coupons loaded from 5 kN until 15 kN.  

Fig. 6. Description of FE model of the disk; (a) mesh (b) reference point coupled to the arc (c) boundary conditions for the disk.  

A. Christoforidou et al.                                                                                                                                                                                                                        
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of 20 GPa was assumed, with the Poisson ratio ranging between 0.1 and 
0.5. 

The proportion of vertical to horizontal displacements was extracted 
from a series of 2D linear elastic and homogeneous material models, 
each exhibiting varying Poisson’s ratios. Fig. 7 shows the relation be
tween the Poisson ratio and the proportion of vertical versus horizontal 
extension. Based on the vertical-to-horizontal deformation ratios 
determined by DIC in the experiments, the Poisson ratio of 0.13 is found 
to be fairly similar for epoxy and UPE + PU based SRR (refer to the red 
markers in Fig. 7). 

2.6. Indirect tensile stiffness of SRR at different temperatures 

A non-destructive test took place to obtain the stiffness modulus of 
the same SRR coupons which were used later to determine the indirect 
tensile strength. In accordance with [36], five compressive pulses were 
applied, ensuring a peak transient horizontal deformation of 5 μm 
gauged by LVDTs, as depicted in Fig. 8. The relationship to obtain the 
stiffness modulus is as follows: 

Et =
F

Δl • t
• (ν + 0.27) (2) 

where F denotes the vertically applied loading (N); Δl is the peak 
horizontal diametral deformation (mm); t represents the thickness of the 
test specimen (mm); and ν is the Poisson’s ratio of the SRR material. 

The vertical load, measured by a load cell, ranged from 4.6 kN to 5 
kN for the prescribed horizontal deformation. The experimental tem
peratures encompassed a range of 25, 40, and 55 ◦C. 

Utilizing Equation (2), the stiffness modulus for the SRR based on 
three types of resins was calculated at three different temperatures, as 
tabulated in Table 5. A total of three specimens were tested for each 
resin type. From this table, it can be concluded that the stiffness of the 
UPE + PU based SRR exhibits no significant reduction in response to 
temperature increase from 25 ◦C to 40 ◦C. Conversely, the epoxy and 
vinyl ester based SRRs experienced stiffness reductions of 15% and 12% 
at 55 ◦C compared to 25 ◦C. The difference in the mean stiffness modulus 
with respect to the variation of temperatures is illustrated in Fig. 9. The 
stiffness of the epoxy based SRR experienced the most pronounced 
reduction. 

2.7. Validation of elastic material properties 

The determined stiffness from the splitting test is reliant on the 

Fig. 7. Poisson ratio versus ratio between vertical and horizontal extension.  

Fig. 8. Setup of indirect tensile stiffness modulus test.  

Table 5 
Average stiffness moduli for various temperatures and types of resins.  

Resin Stiffness at 25 ◦C 
(GPa) 

Stiffness at 40 ◦C 
(GPa) 

Stiffness at 55 ◦C 
(GPa) 

Epoxy (COV%) 16.6 (7%) 14.0 (10%) 13.1 (9%) 
UPE + PU 

(COV%) 
16.2 (6%) 16.2 (16%) 14.9 (14%) 

Vinyl ester 
(COV%) 

14.7 (4%) 12.9 (9%) 13.1 (4%)  
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Poisson ratio. To validate the selected Poisson ratio and the resulting 
stiffness of SRR the combination of these two elastic properties is 
inputted into the FE model, see Table 6. Further on the load–displace
ment and spatial displacements from the model are compared to DIC 
measurements from the experiments. 

The vertical displacements from DIC, extracted 10 mm beneath the 
loading point and above the support, were used to compare the vertical 
displacements from the model and experiments excluding the local 
indentation effects at load introduction. The load–displacement graphs 
are shown in Fig. 10. It should be noted that the initial non-linear part 
reported in Fig. 2 is not evident in these graphs, primarily due to the fact 
that the DIC displacements were obtained from spatially remote points 
with respect to the load application points. This observation is consistent 
with findings reported in [37,38], where the vertical or horizontal 
strains were extracted from the center of the coupons using DIC. 

In a more detailed analysis, the distribution of vertical and horizontal 
displacements across the disc specimen are compared in Fig. 11. Both 
load–displacement and spatial deformation results of the experiments 
and the models match well. This is an indirect justification that the 
determined combination of stiffness and Poisson rations of the epoxy 
and UPE + PU based SRRs are valid. 

3. Cyclic response of SRR 

The fatigue performance of the epoxy and UPE + PE based SRR were 
characterised using an experimental setup analogous to the one 
employed for the indirect tensile strength test. The cyclic loading was 
applied to SRR disk coupons of 100 mm diameter and 23 mm thickness. 
The fatigue endurance of the SRR disks was defined as the number of 
load cycles resulting in the full fracture of the specimens. 

The constant load amplitude was applied to the SRR disks in a si
nusoidal form with a frequency of 5 Hz (force-controlled). The load 
ratio, or R-value, for all specimens was maintained at 10, indicating that 
the specimens were subjected to compressive loading exclusively. 
However, this resulted in an indirect tensile splitting behaviour. 
Therefore, indirectly, the stress ratio R = 0.1 is applied in these tensile 
splitting cyclic experiments. SRR of both resin systems were tested using 
the same stress ranges, namely 7 MPa, 5.55 MPa, and 5 MPa. Since their 
maximum strengths at 25 ◦C under static loading differed, the applied 
cyclic stresses corresponded to different percentages of their respective 
maximum strengths. This apparently unorthodox decision for testing 
strategy was made to facilitate a comparison between the two resin 
systems in prospective injected connector applications where the SRR 
would experience identical bearing and splitting stress levels. 

LVDTs were used to gauge the splitting deformation of the specimen. 
The indirect tensile modulus stiffness was acquired by diving the con
stant force with the accumulated range of horizontal displacement 
provided by the LVDTs. The stiffness degradation was then calculated at 
every load cycle as normalised to the initially acquired stiffness i.e., in 
the first load cycle. Fig. 12 presents the normalised (relative) stiffness, i. 
e., degradation over the load cycles, of SRR produced with epoxy and 
UPE + PU resin at a stress level of 7 MPa, corresponding to 70% and 60% 
of the maximum strength for each resin, accordingly. For the UPE + PU 

Fig. 9. Average stiffness variation under various temperatures.  

Table 6 
Elastic material properties for SRR with epoxy and UPE + PU resin tested at 
25 ◦C.  

Material Stiffness [GPa] Poisson ratio [-] 

SRR with Epoxy resin @25 ◦C  16.6  0.13 
SRR with UPE + PU resin @25 ◦C  16.2  0.13  

Fig. 10. Vertical displacements close to loading and support points and displacement of test.  

Fig. 11. Vertical and horizontal displacements along the main lines; SRR with 
epoxy resin at 20 kN. 
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specimen subjected to this loading scenario, the relative stiffness expe
rienced a gradual reduction until approximately 80% of the fatigue life. 
Subsequently, the degradation rate accelerated leading to the final 
brittle fracture of the coupons. In the case of the epoxy resin, an average 
stiffness degradation of 55% was recorded at the end of the coupons’ 
fatigue life. 

For the UPE + PU based SRR disks, the stiffness degradation curves of 
all nine failed specimens are illustrated in Fig. 13. In this illustration, the 
black and grey lines designate the tests conducted at 7 MPa while the 
lowest ranges of 5.55 MPa and 5 MPa are denoted by orange and green 
colour gradients, respectively. Dispersion of the results is more pro
nounced under medium stress levels, whereas the results are more 
consistent for both the lowest and highest loading conditions. On 
average, a stiffness degradation of approximately 10% was observed 
before the complete failure of the coupons occurred. 

Fatigue performance of the SRR material in the form of stress range 
versus the number of cycles to failure, the so-called σ-N curves, are 
constructed and displayed in Fig. 14. Average σ-N curves in Fig. 14 were 
calculated based on statistical analysis according to the ASTM E729 
[39]. This method does not account for runouts i.e., the specimens that 
did not reach the failure criterion. A linear form was adopted for the 
double-logarithmic σ-N relationship which is expressed as follows: 

log(N) = A+B • log(S) (3) 

where N denotes the corresponding number of cycles to failure; S is 
the stress range endured by the specimen (MPa); and A and B are the 
regression parameters determined using linear regression. Considering 
the log(N) and the log(S) as dependent and independent variables, 
respectively, Equation (3) can be rewritten as: 

Y = A+B • X (4) 

The 95% upper and lower confidence bands were not analyzed as the 
number of coupons would not result in fatigue curves with statistical 
significance. Nonetheless, the preliminary A and B parameters were 
determined for both SRRs. Notably, the slope of the σ-N curve was found 
steeper for the UPE + PU based SRR (B = -14.27) compared to the epoxy 
variant (B = -17.21), suggesting better fatigue endurance of the epoxy 
variant. The corresponding A parameters were found equal to 14.79 and 
17.78 for the UPE + PU and epoxy resin systems, respectively. 

Regarding the failure mode of the investigated SRR systems under 
indirect tensile cyclic loading, complete splitting of the specimens along 
the vertical plane was observed for nearly every stress range and across 
all distinct temperature conditions. However, as previously stated, two 
epoxy based SRR specimens tested at the lowest stress levels withstood 

Fig. 12. Normalised stiffness degradation at 25 ◦C and maximum stress range of 7 MPa (R = 0.1).  

Fig. 13. Normalised stiffness degradation at 25 ◦C across various load ranges for SRR with UPE + PU.  
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Fig. 14. Preliminary σ-N curves (R = 0.1) for SRR loaded in indirect tensile direction at 25 ◦C.  

Fig. 15. Endurance of SRR at 25 ◦C, 40 ◦C and 55 ◦C for epoxy and UPE + PU resin systems.  

Fig. 16. Normalised stiffness degradation at elevated temperatures.  
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over 8 million cycles without fracturing or exhibiting plastic deforma
tion. In these instances, localized deformations were observed at the 
loading strip edges, but no stiffness degradation was recorded. 

Additionally, two cyclic load tests were performed under elevated 
temperature conditions. Stress range of 6.1 MPa was subjected at a 
temperature of 55 ◦C, and 5.55 MPa at 40 ◦C. A collection of the ac
quired data is provided in Fig. 15, with the average curves obtained 
previously at room temperature displayed for comparison purposes. 

For a stress range equal to 5.55 MPa (48%•σmax,epoxy, 55%•σmax, 

UPE+PU), experimental results for both resins at room and elevated 
temperature of 40 ◦C were obtained. In particular, the average value of 
cycles leading to fracture in the epoxy SRR specimens was determined to 
be 58,000 and 44,500 at 25 ◦C and 40 ◦C, respectively. Conversely, the 
UPE + PU SRR samples failed after an average of 35,500 cycles at room 
temperature which reduced by a factor of 10 when the temperature rose 
to 40 ◦C, resulting in 3200 cycles. Furthermore, the epoxy based SRR 
coupons persisted for a minimum of 10 times more cycles to failure 
compared to the UPE + PU SRR counterparts. 

Fig. 16 presents the normalized stiffness degradation curves for tests 
conducted at both elevated temperatures. With respect to the tests 
performed at 40 ◦C, the fatigue endurance of the UPE + PU based SRR 
samples grouped around 3200 cycles, while the variability among the 
epoxy resin samples became more pronounced. The UPE + PU resin 
samples, subjected to testing at 55 ◦C and a stress range of 6.1 MPa, 
experienced premature failure which prevented the documentation of 
their progressive stiffness degradation. The scarcity of input data yielded 
linear lines, as illustrated in Fig. 16. Conversely, the epoxy based SRR 
coupons endured, on average, 1000 cycles before failure, with their 
nonlinear trend effectively captured. Minimal dispersion among the 
distinct coupons was observed for epoxy based SRR at 55 ◦C. Thus, 
epoxy based SRR materials exhibited superior fatigue resistance and 
durability compared to UPE + PU SRR materials, particularly at elevated 
temperatures. 

4. Water absorption 

Water absorption tests were conducted on bulk resin specimens and 

SRR specimens with two main objectives: to test the saturation levels of 
different resins and investigate susceptibility to corrosion of the com
posite steel-polymer system which SRR is. The goal was to assess which 
resin system could be best for application in injected connectors with a 
risk of exposure to harsh moisture conditions. 

4.1. Water gain of unreinforced resin 

Pure resin plates were manufactured using glass molds with Teflon 
frames. Subsequent to a 24-hours period, the plates were removed from 
the molds and subjected to a post-curing process at 60 ◦C for 5 hours in 
accordance with the material datasheet provided by the resin supplier 
[30]. Afterward, the resin samples were sectioned into the desired 
nominal dimensions i.e., cubes of 50x50x4 mm, using a Computer Nu
merical Control (CNC) cutting machine. These specimens were then 
used to assess the water uptake by monitoring weight gain over time. 
Initially, the dried specimens were weighed and then immersed in tap 
water at various temperatures for six months, during which their weight 
was recorded at regular intervals. This process involved removing the 
coupons from the bath, eliminating excess water with a wipe, and 
returning the samples to the immersion media to continue exposure. The 
moisture uptake (Mt) for every specimen was calculated using Equation 
(5): 

Mt =

(
wt − w0

w0

)

• 100 (5) 

where w0, wt represent the dry stage weight and the weight after a 
fixed time (t) of exposure to water, respectively. 

The experimentally obtained moisture uptake data as a function of 
the square root of time after six months of exposure are plotted in Fig. 17 
for the three types of resin. Each data point represents the mean value of 
the measured data acquired from three replicated specimens whereas 
the error bars indicate the standard deviation. Red dashed lines, repre
senting a 1.0% weight gain, have been incorporated as a comparative 
reference across the diverse resin and SRR systems under investigation. 
Moreover, the optimal fit for the Fickian diffusion model for each ageing 
condition was obtained utilizing non-linear curve fitting and is 

Fig. 17. Weight change of pure resins versus square root of water immersion time, square(t) for temperatures varying from 20 ◦C to 60 ◦C (red dashed line included 
at 1.0% as a reference in all three graphs). 
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represented by solid or dashed lines, depending on the exposure 
temperature. 

As evidenced by the water absorption profiles presented in Fig. 17, 
all three hygrothermally exposed resin systems initially gained weight 
linearly with the square root of time. Higher temperatures appear to 
accelerate the moisture uptake behaviour and greatly shorten the 
moisture saturation time. In several instances, saturation was not 
observed; however, the rate of water gain entered a downward trend due 
to weight loss. This phenomenon suggests either irreversible water 
entrapment and degradation of the polymeric structure due to hygro
thermal ageing, also reported in [40] or leaching of low molecular 
weight material into the water phase as in [41]. Nevertheless, no visible 
damage was observed in the tested samples. 

4.2. Water gain of SRR 

SRR coupons were also immersed in water, adhering to the same 
principles employed for the pure resins. The primary deviations from the 
previous series of tests pertained to coupon production and immersion. 
Challenges encountered during the sectioning of SRR plates necessitated 
the adoption of casts with specified dimensions for each coupon, 
measuring 80x80x8 mm. Steel shot was initially added, followed by 
resin injection via a syringe, as illustrated in Fig. 18a. It was estimated 
that 20% of the volume was attributed to the resin and the rest was 
covered by the steel shot. This production method resulted in flat side 
and bottom surfaces and eliminated air void formation, while also 
replicating the SRR injection process described in [20,21]. The top 
surfaces of the coupons were not perfectly smooth and thus they were 
trimmed. To prevent water penetration due to edge imperfections, all 
coupons’ sides with 80x8 mm dimensions were coated with a thin layer 
of the same resin utilised in their production, as depicted in Fig. 18b. 
Regarding the time duration of the test, the SRR coupons were exposed 
to water for 200 days. 

The SRR coupons were placed in water compartments sustaining 
constant temperatures of 20, 40, and 60 ◦C. Following the same ab
sorption procedure outlined in Section 4.1, the water gain was calcu
lated and the sorption curves of the SRR systems were obtained, as 
shown in Fig. 19. In this illustration, the red dashed line has been 

included at 0.2% of weight increase for reference purposes. It is note
worthy that, following 200 days of water exposure, all specimens 
exhibited continuous water uptake, with no observable indication of 
saturation. Once again, the epoxy based SRR exhibited the highest 
weight increase of 0.50% when immersed in a water chamber at 60 ◦C. 
The equivalent values for UPE + PU and Vinyl ester resins were 60% and 
56% lower, respectively. Increasing the temperature accelerated the 
absorption of water for all coupons apart from the Vinyl ester resin 
which displayed a similar response when exposed to water at 40 and 
60 ◦C during the first 27 days of the submerging period. 

Additionally, upon examination of the external surfaces of the cou
pons, it was concluded that the metal balls underwent oxidation when 
combined with the vinyl ester and the UPE + PE systems. This phe
nomenon conceivably contributed to an accelerated weight gain, albeit 
not resulting in exceedingly high values. The edge surfaces of the 
squared blocks, following 27 days of immersion at the highest and 
lowest temperature for all three SRR types are presented in Fig. 20. It is 
apparent that the temperature increase hastened the effect of corrosion. 
For the epoxy resin, this oxidation was almost inconsiderable for all 
temperatures despite exhibiting the highest weight increase. Lastly, one 
of the 80x80 mm surfaces of three different SRR coupons is displayed in 
Fig. 21. The observed corrosion is notably concentrated around the 
corners and particularly in regions where the additional thin layer was 
applied. The potential detrimental effects of this corrosion on the SRR 
performance remain uncertain. 

4.3. Discussion on water absorption results 

The water intake of all three types of resins was obtained with and 
without the inclusion of steel shot. Comparing the epoxy specimens 
immersed in water at 20 ◦C, it can be observed that the weight increase 
was reduced by a factor of 12 when steel shot was included in the resin 
for the same immersion period i.e., 200 days. Similarly, for the UPE +
PU and vinyl ester resin, the inclusion of steel resulted in a reduced 
weight gain of a factor of 6.5 and 5.5, respectively. This immense 
reduction in the weight gain between the resin and SRR coupons is 
attributed to two facts: 1) that the SRR samples included resin only up to 
20% of their volume and 2) that presence of steel shot elongates the 

Fig. 18. SRR coupons for water absorption.  
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Fig. 19. Weight change of SRR versus square root of water immersion time, square(t) for temperatures varying from 20 ◦C to 60 ◦C (red dashed line included at 0.2% 
as a reference in all three graphs). 

Fig. 20. Edges of SRR specimens after 200 days of immersion at 20 and 60 ◦C.  

Fig. 21. Top view of SRR specimens after 200 days of immersion at 40 ◦C.  
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diffusion path for the water molecules, thus slowing down the diffusion 
process (note that reinforced resin coupons did not reach saturation). 
Thus, the integration of steel shot within the resin matrix provides ad
vantages in relation to water absorption profiles and it seems to be more 
beneficial for the epoxy resin. 

Concerning the corrosion susceptibility of the steel balls when 
embedded in a resin system, it can be concluded that increased water 
gain does not directly correlate with an increased predisposition for 
corrosion. Despite the pure epoxy resin exhibiting the most significant 
water absorption, no corrosion was observed in the epoxy based SRR 
samples when immersed in water. In contrast, the SRRs with UPE + PU 
and vinyl ester displayed considerable corrosion at the edges of coupons, 
despite their relatively low water uptake. Given that the steel balls 
employed in fabricating the coupons were of consistent quality, suggests 
that epoxy resin may possess superior metal adhesion properties 
compared to the UPE + PU and vinyl ester resins investigated in this 
study. 

5. Conclusions 

Three different types of resins with Tg values exceeding 110 ◦C were 
used to fabricate unreinforced coupons and coupons reinforced with 
steel shot resin coupons. Steel Reinforced Resin (SRR) disks with 
D100x23 mm geometry and cube specimens of 80x80x8 mm, featuring a 
volume fraction of steel balls equal to 80%, were created to determine 
their strength, modulus, Poisson ratio, σ-N curves, and water absorption 
profiles under varying temperature conditions. The static and fatigue 
performance of the SRR was assessed through a series of cylinder 
splitting tests that are relevant for granular materials such as bituminous 
asphalt, concrete, or rocks. The water uptake of the pure resin systems 
was obtained by immersing coupons of 50x50x4 mm in water com
partments at 20, 40, and 60 ◦C. Susceptibility to corrosion of the steel 
shot within SRR made of three different resins in submerged condition is 
compared. The following conclusions can be deduced:  

1. The maximum tensile splitting strength of SRR made with epoxy was 
found equal to 11.6 MPa at 25 ◦C. A lower value of 10.0 MPa and 6.8 
MPa was obtained for UPE + PU and vinyl ester resin, accordingly. 
The tensile moduli of SRR at room temperature were equal to 16.6 
GPa, 16.2 GPa, and 14.7 GPa for epoxy, UPE + PU and vinyl ester 
resin, respectively. The Poisson ratio of the SRR coupons made with 
epoxy and UPE + PU resin was found equal to 0.13. 

2. The indirect tensile strength of the vinyl ester resin exhibited negli
gible sensitivity to elevated temperatures. In contrast, the respective 
strength reduction for epoxy and UPE + PU resin at 55 ◦C was 15% 
and 25%, respectively. The epoxy resin displayed the greatest 
sensitivity of tensile modulus to temperature increase, with a 21% 
modulus decrease observed at 55 ◦C.  

3. Regarding fatigue endurance, the SRR coupons fabricated with 
epoxy resin withstood 1.6 million cycles at a stress range of 5 MPa, 
which is approximately 20 times greater than the cycles to failure 
observed with UPE + PU resin. Preliminary slopes of the S-N curves 
were determined to be m = -15 for UPE + PU and m = -18 for epoxy 
resin. 

4. The pure epoxy resin, despite exhibiting superior mechanical prop
erties, demonstrated a peak (saturated) water uptake of 4% following 
200 days of water immersion at 60 ◦C. In contrast, the pure UPE + PU 
and vinyl ester resins experienced maximum weight increases of 
merely 0.90% and 0.65% respectively, after the same duration of 
water absorption. The incorporation of steel shot contributed to a 
reduction in water intake both in terms of saturation level and 
diffusion rate. After 200 days of water immersion at 20 ◦C, the SRR 
coupons fabricated with epoxy resin exhibited the highest water gain 
percentage, amounting to 0.20%, which is 12 times lower than that 
obtained from pure epoxy resin coupons. Similarly, the UPE + PU 
and vinyl ester resins reduced their water gain by factors of 6.5 and 

5.5, respectively, resulting in water gains of 0.65% and 0.60% after 
200 days of immersion at 20 ◦C. Notably, the impact of oxidation on 
the SRR surface was exclusively evident along the edges of the SRR 
cubic specimens fabricated with either vinyl ester or UPE + PU 
systems. 
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