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ARTICLE INFO ABSTRACT

Keywords: Steel-Reinforced Resin (SRR) is a particulate material originally developed as an injectant for anchoring appli-
Steel reinforced resin cations. More recently, it has been proposed as a filler material for cavities embedding mechanical connectors in
Compression FRP-steel hybrid bridges. In this context, the compressive behaviour of SRR becomes critical due to the multi-
Monotonic . . . . . .

Confinement axial stress states and fatigue demands at a joint scale. This paper presents a comprehensive experimental and
Fatigue numerical investigation of SRR under monotonic, incremental cyclic, and fatigue compressive loading in un-

confined conditions. A custom triaxial setup is also used to evaluate pressure sensitivity and strength
enhancement due to confinement under monotonic loading. In parallel, micromechanical finite element models
are developed to simulate the interactions between the resin matrix and the steel balls at the microscale,
incorporating interface damage, friction, and cohesive failure. The models reproduce the observed nonlinear
behaviour and reveal distinct Poisson’s ratio responses in tension and compression, offering deeper insight into

Triaxial test
Micro-mechanics

the mechanisms governing stiffness degradation, strain softening, and plateau behaviour.

1. Introduction

Steel-Reinforced Resin (SRR) is a particulate composite material
composed of densely packed steel particles embedded in a polymer
matrix. Originally developed as an injectant for anchoring applications,
as shown Fig. 1a [1], SRR has more recently been proposed as a filler
material in cavities embedding mechanical connectors for FRP-steel
hybrid bridges, as illustrated in Fig. 1b [2-6]. To provide a more
tangible understanding of the SRR connector system, Fig. 2 presents an
actual cut section of an SRR-filled connector embedded in an FRP
sandwich panel. The steel particles and resin components are high-
lighted to illustrate the material’s particulate structure. In these appli-
cations, SRR is subjected to multiaxial stress states, cyclic compressive
loads, and confinement by surrounding structural elements, making its
compressive and fatigue behaviour critical for long-term joint
performance.

Due to its granular nature and high steel content, SRR is expected to
exhibit pressure-sensitive mechanical behaviour. This aligns with the
behaviour of other granular composites, where lateral confinement is
known to enhance compressive strength and deformation capacity by
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restricting particle rearrangement and increasing internal friction.
Triaxial test methods are widely adopted to evaluate the shear resistance
and strength of granular composites under various conditions of axial
loading and confining pressure. Initially developed for soil research,
triaxial testing gained popularity for asphalt mixtures in the 1950s. In
1969, the exploration of biaxial and triaxial stress states was extended to
normal-strength concrete [7].

In granular composite materials, it is well established that lateral
confinement increases both compressive strength and deformation ca-
pacity [8]. Furthermore, shear strength is enhanced under confinement,
as the tighter contact between particles reduces their ability to rearrange
or slide, thereby increasing overall stability and resistance to shear
forces. Comparable effects of hydrostatic confinement have been
observed in ceramic matrix composites, where failure mechanisms
evolve from microcracking to shear banding as pressure increases [9].
Recent studies on epoxy polymer concrete, another particulate
resin-based composite, have shown that confinement significantly en-
hances its strength and deformation capacity, shifting its behaviour from
strain softening to pseudo-ductility under higher confining pressures
[10]. These findings reinforce the importance of investigating the
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confined compressive response of resin-based granular composites such
as SRR.

Previous studies on SRR have hinted at this pressure sensitivity.
Nijgh, who originally developed the material [1], applied the
Drucker-Prager model to capture its behaviour under confined and un-
confined loading conditions [11]. The effect of confinement to the SRR
material has not yet been studied using a triaxial test setup. Instead,
lateral confinement was passively applied by both Nijgh and Pedrosa
using a 4 mm thick steel tube, while the load was introduced to the SRR
cylindrical specimen through a solid steel pin [11,12]. Static tests con-
ducted by Nijgh and quasi-static cyclic tests by Pedrosa both demon-
strated that full confinement increases the stiffness of SRR. Pedrosa
particularly noted that this effect becomes more pronounced after a
larger number of cycles, once the material undergoes settlement and
densification [12]. While both static and cyclic tests confirmed that
confinement improves SRR stiffness, especially after material settlement
due to cycling, the steel tube itself yielded before the SRR reached its
compressive limit, making the setup unsuitable for strength
characterization.

When SRR is used as an injection material for injection bolts, it is
surrounded by metallic components, where the confining pressure is
assumed to be very high. On the contrary, in FRP applications, the
injected material is surrounded by the composite bottom facing and the
foam core of the sandwich panel web. The contribution of the foam core
to load transfer is considered negligible, while the composite bottom
facing offers less rigid boundary conditions compared to confinement
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Fig. 2. Steel reinforced resin (SRR) material forming a connector for FRP
bridge decks.
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Fig. 1. Cross section of connections with SRR material as injection filler in different applications.
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provided by structural metal components. Therefore, in the context of
FRP-to-steel applications, the injected SRR is in a semi-confined state
[13,14].

The compressive stresses generated within the SRR material when
applied in connectors play a critical role in the joint’s fatigue perfor-
mance. Therefore, this study aims to investigate the compressive
response of SRR under monotonic, incremental cyclic, and high-cycle
fatigue loading without confinement. A custom triaxial test setup is
employed for monotonic loading to apply active confining pressure,
enabling a more accurate assessment of pressure-dependent behaviour.
Additionally, incremental loading tests under unconfined conditions
explore the relationship between plasticity, stiffness degradation, and
damage accumulation. To complement the experiments, micro-
mechanical finite element models simulate the interaction between resin
and steel particles, incorporating interface damage and frictional con-
tact. These models provide further insight into stiffness evolution, fail-
ure mechanisms, and the varied behaviour observed in tension versus
compression, including differential Poisson’s ratios.

2. Description of experimental work
2.1. Details of specimens

Cylindrical specimens, each with an average diameter of 26.0 mm
and a length of 52.0 mm, are prepared by integrating steel particles of
nominal size class S330, conforming to standard J444, into an unsatu-
rated polyester polyurethane, UPE + PU, resin (AQR 1025/B25), which
was selected based on previous work [15]. The ratio of steel particles to
resin is maintained at 4:5. No compaction is applied during specimen
fabrication, as it is deemed unnecessary. This is due to the use of open
cylindrical moulds and a manufacturing process similar to the method
used for producing the injected SRR connectors. In this process, steel
particles are first placed into the mould, and resin is injected from the
bottom upwards using a pressure gun. This approach ensures uniform
resin distribution around the steel particles. Once the steel particles fill
the mould to the required specimen length, the excess hardened resin
layer that forms at the top is removed using laser cutting. This step
ensures a flat and even surface, essential for conducting the compressive
tests correctly.

The experimental test matrix is presented in Table 1, summarizing
the number of tests for each loading condition and the corresponding
confinement level applied in this study. All tests are done under room
temperature and moisture conditions. Three monotonic tests without
confinement are conducted to determine the compressive strength.
Following these destructive monotonic tests, three incremental cyclic
loading tests are performed to generate the material’s hysteresis loops.
Finally, cyclic loading is applied at three different stress levels, with
three specimens tested at each level.

2.2. Test setup and instrumentation

The application of compressive force varies depending on the
confinement conditions, necessitating the use of different machines (see
Table 1 last column) and methods. For static tests conducted without

Table 1
Overview of experiments for SRR material characterization under compression.
Loading Minimum load  Confinement level =~ Coupons  Machine
Monotonic NA Unconfined 3 MTS-50
NA 10 MPa 1 MTS-25
NA 20 MPa 1 MTS-25
NA 30 MPa 1 MTS-25
Incremental cyclic ~ NA Unconfined 3 UTM-5
Cyclic (fatigue) —20 kN Unconfined 3 MTS-50
—24 kN Unconfined 3 MTS-50
—30 kN Unconfined 3 MTS-50
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confinement, the compressive strength of the specimens is evaluated
using an MTS actuator with a capacity of 250 kN. The system is equipped
with three Linear Variable Differential Transformers (LVDTSs) to accu-
rately measure the average contraction of the specimens between the
plates where load is applied. The experimental setup, including the
placement of the sensors, is illustrated in Fig. 3. All tests are performed
under a LVDT-controlled regime at a speed of 0.01 mm/s. This setup is
also employed for incremental cyclic loading tests, where the loading
and unloading rates are consistent with those used in the monotonic
tests. The cycles of loading, unloading, and reloading are depicted in
Fig. 4.

This same setup, Fig. 3b, is further utilized for cyclic loading tests,
where the load is applied in a sinusoidal form. Force control is regulated
by a peak controller to maintain a constant peak force, even as the
material properties degrade. These tests are conducted at a frequency of
4 Hz, under room temperature and dry environmental conditions. A
stress ratio of R = 10 is used for all specimens, meaning they are sub-
jected to compressive loading only, with no load relief during testing.

The triaxial compression tests are conducted using a servo-controlled
loading machine with a maximum capacity of 500 kN and accuracy of
0.001 kN. The experiments take place at room temperature on intact
samples, utilizing a Hoek cell embedded in the 500 kN machine to apply
confining pressure using oil under load control without pore pressure.
The testing system, as shown in Fig. 3c, uses an external ISCO 65D sy-
ringe pump to control the confining pressure with an accuracy of 0.5 %.
Both the axial force and confining pressure are applied simultaneously,
with a constant displacement ratio of 0.6, until reaching the desired
confinement level of 10, 20, or 30 MPa. Once reached, the pressure is
maintained constant, and only the compressive load is applied under
strain control at an axial strain rate of 0.0005 s~ 1,

During the tests, axial displacement, axial force, and confining
pressure are logged at 1-s intervals, with vertical deformation measured
using two LVDTs with an accuracy of 1 pm. The tests continue until a
displacement limit of 1.95 mm is reached, before the point the system
reaches its deformation capacity, which is 2 mm. Each confinement level
is tested with one monotonic test, as preliminary trials showed minimal
variation at lower confinement pressures.

3. Compressive behaviour of SRR material under monotonic
loading

3.1. Uniaxial compressive behaviour under static loading

The compressive strength of the cylindrical specimens is determined
by dividing the applied force from the actuator by the initial cross-
sectional area of the specimen, calculated as A = z-r?, where r =
13.0, resulting in an area of 531 mm?2. Strain is calculated as the ratio of
the specimen’s contraction to its initial height. The Young’s Modulus of
the SRR material in compression is obtained from the slope of the initial
linear portion of the stress-strain curve. For accuracy, it is consistently
measured within the stress range of 40 MPa-60 MPa, which lies below
the onset of nonlinearity. This method ensures that the measurement is
unaffected by any potential initial settling of the specimen during
testing.

The stress-strain curves for the unconfined SRR specimens subjected
to both monotonic and incremental cyclic loading are presented in
Fig. 5. The maximum compressive strength recorded under monotonic
loading was approximately 84.3 MPa, which decreased by only 2.85 %
under incremental loading. Under both loading conditions, neither the
Young’s modulus nor the stress at the onset of non-linearity and the
ultimate compression strength vary significantly. A collection of the
experimental results is given in Table 2.

The stress-strain curve for the monotonic loading test is fairly linear
until 80 MPa of compressive stress. Then it shows a distinct peak fol-
lowed by a gradual decrease in stress, indicating strain softening
behaviour after the material reaches its maximum compressive strength.
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(a) SRR coupon

(c) Triaxial test setup

Fig. 3. Specimen geometry and experimental setups for characterizing the
compressive behaviour of SRR material.
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Fig. 5. Stress strain curves under uniaxial compression of SRR material.

This post-peak reduction suggests that the SRR material begins to lose its
load-bearing capacity due to micro-cracking and localized damage.
Similarly, during the incremental cyclic loading tests, an increase in
residual strain is observed after each unloading cycle, further reinforc-
ing the presence of strain softening. The progressive accumulation of
residual strain and the change in the slope of the reloading loops in
incremental cyclic tests highlight the dual nature of nonlinear behav-
iour, attributed to both damage, resulting in a decrease in material
stiffness, and plasticity, leading to permanent deformation.

To quantify material degradation, a scalar damage variable D was
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Table 2
Experimental results of compression tests under monotonic loading in uncon-
fined condition.

Loading Specimen  Young’s modulus Compression strength
(GPa) (MPa)
Monotonic 1 13.2 84.3
2 13.0 83.9
3 13.1 84.9
Mean 13.0 84.3
Incremental 1 11.8 82.5
cyclic 2 11.4 82.9
3 13.1 80.2
Mean 12.1 81.9
defined as:
E:
D=1-— @
Eo

where E; is the secant stiffness at the i loading cycle and Ej is the initial
elastic modulus from the first cycle. This definition reflects the reduction
in load-carrying capacity as the material accumulates microstructural
damage over repeated cycles.

The results from the incremental cyclic tests further highlight the
progressive nature of damage and plastic deformation in the SRR ma-
terial. As evident in Fig. 6, plastic strain remains negligible during the
initial loading cycles, while the total strain accumulates. This suggests
that damage is the dominant mechanism driving stiffness degradation at
the early stages, as it correlates with the relatively linear increase in
damage observed in Fig. 7. The gradual onset of plasticity is evident later
in the test, as €p begins to grow more significantly, aligning with the
progressive accumulation of permanent deformation.

Additionally, the hysteresis loops of the SRR material based on the
incremental cyclic tests provide insights into energy dissipation due to
material damage and micro-cracking. The area within the loops evolves
with the number of cycles, reflecting the viscous behaviour of the ma-
terial. It should be noted that the incremental cyclic loading is applied at
a relatively low rate (approximately 1.5 min/cycle), which may have
introduced creep effects. This time-dependent deformation could
contribute to the overall strain accumulation, potentially affecting the
ratio between damage and plasticity contributing to the non-linear
behaviour of the material. To better distinguish between damage
caused by cyclic loading and creep, further analysis, such as tracking the
evolution of residual strain or conducting dedicated creep tests, would
be necessary. The damage versus plastic strain curves, constructed from
these loops, provide an initial indication of how the material deforms
plastically and accumulates damage over time, though a more compre-
hensive approach is required to fully isolate the impact of creep.

The relationship between damage, D, and plastic strain, ep, for the

0.05 -

0.04 -

0.03
T

w
0.02 |

0.01 A

0.00 - - - . - )

0 001 0.02 0.03 0.04 0.05 0.06
g, tot
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+ Specimen 01 ASpecimen 03

Fig. 6. Plastic strain versus total strain of SRR material under compression in
unconfined conditions.
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Fig. 7. Damage progression versus total strain of SRR material under
compression and in unconfined conditions.

three specimens, as shown in Fig. 8, exhibits a three-stage progression.
In the initial stage (ep] < 0.015), damage accumulates gradually, indi-
cating that microstructural degradation occurs before significant plastic
deformation develops. The intermediate stage is characterized by a
steady increase in plastic strain and accelerated damage growth, sug-
gesting that plasticity increasingly contributes to the material’s degra-
dation. In the final stage (g, > 0.03), damage rises sharply and
approaches saturation, reflecting extensive microcracking and stiffness
loss.

Despite some variations in the rate of damage progression between
the specimens, all curves follow a third-degree polynomial trend,
emphasizing a typical 3-stage development form of interaction between
plastic deformation and material degradation. The results suggest that
softening is primarily driven by plastic strain in the second (steady)
stage, with damage dominating in the primary and tertiary stage of
softening. This consistency across the specimens tested under incre-
mental (low-cycle) loading indicates that the SRR material may exhibit
predictable fatigue behaviour under high-cycle compressive loading.

The post-peak behaviour of the monotonic and incremental cyclic
loading tests varies among the tested specimens, which is to be expected.
Specifically, the post-peak behaviour exhibits noticeable variation due
to the inherent heterogeneity of the SRR material, where the interaction
between steel particles and resin leads to localized stress concentrations
and varying failure mechanisms on a microscopic scale. Additionally,
particle sliding, rearrangement, and dilatancy effects contribute to the
observed differences, as the material undergoes micro-cracking and
damage localization after reaching peak load. Regardless of the loading
type applied, a consistent failure mode was observed across all speci-
mens by the end of the test. As shown in Fig. 9, the predominant failure
involved mainly diagonal and some longitudinal cracks, culminating in
the final fracture of the specimen through "explosive" spalling of some
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Fig. 8. Damage progression versus plastic strain of SRR material under
compression in unconfined conditions.
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Fig. 9. Failure mode of SRR material under monotonic uniaxial compression.
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specimens.

3.2. Triaxial compressive behaviour under static loading

Three triaxial tests are performed, with the confining pressure
varying from 10 MPa to 30 MPa. During each test, an increasing longi-
tudinal compressive load is applied alongside the confining pressure
until the desired confining pressure, o3, is reached. Once this target
confining lateral pressure is achieved, it is held constant, and only the
axial load, F, is progressively increased during what is considered the
shearing (deviatoric) phase of the test. The additional stress from the
load is applied solely in the axial direction and is calculated by dividing
the axial force by the initial cross-sectional area (A) of the cylindrical
specimen. The total axial stress experienced by the SRR material is
equivalent to the major principal stress (1) and can be expressed as:

| [

|1

|1

BENEEE

L
TTTT]

|1

Cell pressure applied

Axial force applied

[TTTT

Resulting axial stress

(b) Loading stages of triaxial test

Fig. 10. Principles of triaxial compression test.
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The deviatoric stress component (q) for the confined SRR specimens
is determined by subtracting the applied confining pressure (minor
principal stress, 63) from the vertical stress (major principal stress, o1).
The deviatoric stress component is progressively increased until either
the specimen experiences failure, typically through cracking or spalling,
or until a plateau is reached, indicating that the material has undergone
plastic deformation or strain softening. Fig. 10 illustrates the principles
of the triaxial compression tests.

The deviatoric stress component versus axial strain curves are pre-
sented in Fig. 11. A clear trend of increasing deviatoric stress with higher
applied confining pressure is observed, aligning with conclusions drawn
from the literature. All three specimens exhibit only slight variation in
initial stiffness. The stiffness for 10, 20 and 30 MPa of confinement
pressure is 10.5, 11.3 and 12.1 GPa, respectively, showing a slight in-
crease with rising pressure. However, given the minor variations be-
tween the different confinement levels, this change is more likely
attributed to statistical variability rather than a significant shift in ma-
terial behaviour.

The most significant change occurs at the onset of nonlinearity,
which directly impacts the maximum deviatoric stress that the SRR
material experiences and confirms that the SRR material benefits from
confinement, as it enhances its load-bearing capacity. The transition
from the elastic to nonlinear region is smooth, indicating that the SRR
material gradually absorbs energy and deforms plastically and is not
exhibiting a sharp yield point. This gradual transition highlights the
ductile nature of the material under confinement.

Notably, none of the specimens exhibit failure; instead, they reach a
plateau in deviatoric stress, which is maintained until the test is
manually stopped. This plateau behaviour suggests that the SRR mate-
rial under confinement can sustain a high level of stress without im-
mediate failure, potentially indicating stable plastic flow or strain
hardening. This behaviour has important implications for the material’s
application in structures, where maintaining stress without failure could
enhance safety and durability.

Even though failure is not reached in any of the tests, the plateau
phase suggests that micro-cracking or particle rearrangement is occur-
ring at the micro-structural level, delaying complete failure. A repre-
sentative specimen after triaxial compression is shown in Fig. 12,
confirming the absence of visible macroscopic failure or cracking. To
better understand the nonlinear behaviour and the plateau observed in
the experimental tests, micro-mechanics modelling, conducted in Sec-
tion 5, is used to investigate the underlying mechanisms. The modelling
provides insights into how the interaction between the steel particles
and the resin matrix contributes to the material’s overall response,
particularly the transition to nonlinearity and the stable plateau phase.

Comparing the triaxial test results with the unconfined monotonic
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Fig. 11. Deviatoric stress versus axial strain curves for SRR material during the
shearing phase of triaxial compression tests at varying confining pressures.
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Fig. 12. SRR specimen after triaxial compression test at 20 MPa
confining pressure.
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Fig. 13. Deviatoric stress versus axial strain curves for SRR material under
unconfined and confined conditions at various confining pressures.

tests on the SRR material highlights the significant improvement in load-
bearing resistance under confinement, as shown in Fig. 13. Itis also clear
that confining pressure generally enhances the ductility of the SRR
material. This behaviour is typical for granular composites, suggesting
that confinement plays a crucial role in restricting lateral expansion and
delaying the onset of failure, thereby improving both the material’s
strength and ductility. The increased confining pressure allows the SRR
to sustain higher deviatoric stresses without experiencing announced
failure, making it particularly suited for applications where lateral
confinement or triaxial stress states are present. Such a scenario is ex-
pected in the application of SRR as an injection material for connectors
in composite decks. In these cases, the SRR material is surrounded by the
composite material of the deck facing, which can provide mild
confinement conditions.

An important point of attention is the difference in the slope of the
deviatoric stress versus axial strain curve, which reflects the Young’s
modulus. The stiffness of the unconfined SRR material appears to be
higher than that observed under the three confinement levels. This
discrepancy is attributed to the use of different testing apparatus for the
two sets of tests, with different machines and LVDTs potentially leading
to measurement variations. Despite this experimental outcome, it is
hypothesized that the SRR material being evaluated in this study, with
its 80 % steel particle volume fraction, should exhibit a similar Young’s
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modulus under both unconfined and confined conditions. This is
because the material’s elastic behaviour is primarily governed by the
densely packed steel particles, which dominate the load-bearing mech-
anism in both scenarios. Further insights into this hypothesis will be
explored through micro-mechanics modelling in Section 5, which aims
to shed light on the underlying mechanisms contributing to the stiffness
in these tests.

4. Compressive behaviour of SRR material under cyclic loading
4.1. Testing procedure

In this section, the fatigue behaviour of the SRR material under
uniaxial compression is examined. These tests are conducted without
confinement, as the applied stresses are maintained within controlled
levels to evaluate the material’s response. The focus on unconfined
conditions aims to capture the high-cycle fatigue behaviour of the SRR
material and to predict its performance in applications with mild
confinement, such as when applied in composite/hybrid bridge decks.

As previously mentioned, the unconfined test setup is used for this
series of cyclic experiments, with three minimum force levels of —20,
—24, and —30 kN applied to cylindrical SRR specimens. The stiffness
values of the specimens are computed for each cycle by dividing the
force range by the corresponding LVDT displacement range.

4.2. Stiffness degradation curves and failure mode

Fig. 14 presents the normalized stiffness values for all specimens over
their fatigue life. The pattern is consistent across most specimens: stiff-
ness gradually decreases in a roughly linear manner until approximately
40 % of the specimen’s life, at which point the degradation rate accel-
erates exponentially until failure.

In the monotonic loading tests, the main failure mode of the SRR
material is a diagonal crack, which is a typical failure mode under such
conditions due to the high stress concentration along the shear plane. In
contrast, during the cyclic loading tests, the failure mode was more
complex, resembling a clepsydra (hourglass) pattern, where the spec-
imen fractured into several pieces.

The clepsydra-shaped failure observed in the cyclic loading tests is a
result of cyclic fatigue damage, leading to multiple crack initiations at
stress concentration zones near the top and bottom of the specimen.
These cracks propagate in a triangular pattern, eventually constricting
the midsection and causing the specimen to break into several pieces,
forming the characteristic hourglass shape, as depicted in Fig. 15. The
failure mechanism is driven by the progressive weakening of the mate-
rial under cyclic stress, resulting in distributed damage rather than a
single failure plane.

4.3. o-N curve of SRR material under unconfined compressive loading

Interestingly, during fatigue tests conducted under indirect tensile
loading on the same SRR material presented in earlier work [16], the
slope of the 6-N curve was calculated to be 14.27, which is very close to
the value of 14.63 obtained in the compressive fatigue tests, and pre-
sented in Fig. 16. The similarity in the slope across different testing
methods indicates a consistent relationship between stress and fatigue
life for the SRR material, regardless of the loading mode.

This close agreement suggests that the material exhibits similar fa-
tigue sensitivity in both tensile and compressive fatigue scenarios.
Specifically, in both cases, even slight increases in stress lead to a sig-
nificant reduction in fatigue life. This consistency highlights the mate-
rial’s inherent fatigue behaviour, which can be useful when designing
components subjected to various loading conditions, as the fatigue life
predictions across different loading modes are comparable. In addition,
such a steep slope of the fatigue behaviour indicates that a cut-off limit
for connectors may exist. In other words, with a proper design of the
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Fig. 14. Normalized stiffness values for SRR material under uniaxial
compression over their fatigue life.

connection (e.g. appropriate connector diameter), the load level can be
replicated to a sufficiently low stress level that in turn will result in an
infinite life of the connector.

5. Numerical investigation: micromechanical modelling of SRR
material

Heterogeneous materials like SRR, composed of steel particles
embedded in a resin matrix, exhibit distinct properties and interact at a
microscopic scale. Micro-mechanical modelling typically involves nu-
merical simulation of a representative volume element (RVE), which
captures these complex interactions and reflects the material’s local
heterogeneity. This method reveals specific micro-structural details
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Fig. 16. Preliminary ¢-N curves (R = 10) for SRR loaded in compression at
25 C°.

responsible for non-linear material behaviour, providing valuable in-
sights into SRR stiffness, interfacial strength, and failure mechanisms.
Similar micromechanical approaches have been applied in thermal
studies of highly filled composites, where particle contact and interface
properties were shown to significantly influence material behaviour
[17].

This section focuses on validating the behaviour of a fine-scale FE
model with a limited amount of steel particles and resin interacting in a
microscopically small structure against the unconfined and confined
compressive experimental static behaviour of the SRR material, as dis-
cussed in the previous section. The use of a periodic hexagonal packing
follows common micromechanical modelling strategies for particulate
composites, where idealized arrangements enable efficient analysis of
stress distribution and interfacial effects. Prior studies have shown that
hexagonal packing can accurately reproduce the macroscopic stiffness
and local stress behaviour of composites with circular inclusions [18].
Bayat and Aghdam [19] demonstrated that hexagonal RVEs more
accurately capture local stress distributions and yield behaviour in
fibrous composites compared to square arrangements, further validating
this choice. While the current model uses this idealized structure, real
SRR material likely exhibits non-uniform packing. As demonstrated in
Refs. [20,21] such particle clustering can significantly reduce failure
strain, increase local stress concentrations and promote early interface
damage. This suggests that although the present model is representative
of average conditions, future work could incorporate spatial randomness
to assess the influence of clustering on damage evolution more
comprehensively.

5.1. Description of micromechanics model

A three-dimensional periodic hexagonal arrangement of steel parti-
cles within the resin bath is modelled, representing a cubic RVE with
dimensions 3 x 3 x 3 mm, as shown in Fig. 17. The steel particles, each 1

U2=0

Step-1& 2 Loads & B.C

Step-1B.C

Step-2B.C

[1,2] - Concentrated force applied to R.P coupled to the surface

Fig. 17. FE model of the zoomed-in SRR material system.

mm in diameter, are distributed spatially with a global particle volume
fraction of 75 %, consistent with compaction levels reported by Refs. [3,
16]. The mesh model is created using geometrically versatile linear
tetrahedron elements with four nodes (C3D4) for both steel particles and
resin with a global mesh size of 0.05 mm, as indicated in Fig. 18. This
mesh size is considered satisfactory based on a mesh sensitivity study
and enables accurate representation of the microstructural interactions
and response of SRR under static loading conditions.

The modelled components are assigned two distinct material prop-
erties. The steel particles have isotropic elasto-plastic properties (E =
210 GPa; v = 0.3), with the nominal stress-strain relationship for plas-
ticity assuming 355 MPa as the onset of yielding followed by linear
hardening towards 480 MPa with 20 % plastic strain [22]. The resin is
modelled using an elasto-plastic (E = 3 GPa; v = 0.35;p = 2kg/m®)
constitutive law with isotropic hardening. Although polymeric resins
can exhibit rate-dependent and viscoelastic effects, a rate-independent
model was adopted here due to the quasi-static loading conditions.
Instead of a simplified bilinear idealization, the resin’s plastic response
is defined using multiple yield points to capture a more gradual hard-
ening behaviour. A conservative yield stress of 70 MPa was selected
based on experimental data, accounting for imperfections such as local
voids, surface roughness, and residual stresses not explicitly captured in
the micromechanical geometry. The plastic response is defined accord-
ing to Table 3.
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(a) Steel particles

(b) Resin matrix

Fig. 18. Mesh applied in both parts that form the SRR material.

To capture the post-peak response, the plasticity model is coupled
with a ductile damage material model, where damage initiation and
evolution depend on the stress triaxiality. While the same material pa-
rameters are used for both tensile and compressive simulations, the
ductile damage model results in different behaviour under varying
loading conditions due to the triaxiality-dependent fracture strain. In
particular, a higher fracture strain was defined for negative triaxialities
(compression) to delay damage initiation and better match the
compressive experimental response. The complete set of input parame-
ters used in the numerical model is presented in Table 3.

The damage initiation criterion is defined by the equivalent plastic

strain at the onset of damage, E"Sl = 0.025, dependent on stress triaxiality
6. For this quasi-static analysis, strain rate effects are neglected due to

slow load application. The equivalent plastic strain at fracture, Ej’il =

10
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Table 3
Overview of material properties utilized in Abaqus for the resin.

Property Yield Stress (MPa) Plastic Strain [—]
Plasticity 30 0

40 0.004

60 0.0135

70 0.025

60 0.04

50 0.05

Fracture Strain [—] Stress Triaxiality [—]
Ductile Damage Initiation 5 —0.33

3 0

0.7 0.066

0.5 0.132

0.38 0.198

0.26 0.264

0.2 0.33

0.2, is based on findings by M.P. Nijgh [11] for = 1/3 (uniaxial ten-
sion), with an exponential dependency on triaxiality. A
mode-independent damage evolution law with exponential softening is

implemented. The equivalent plastic displacement at failure, E}’l =0.01,

is determined by multiplying the characteristic element length that
equals 0.05 mm in this study, by the plastic strain accumulated during
the damage process. Table 3 shows the material properties utilized in
Abaqus for the resin.

To account for the interactions between component surfaces, a
general contact formulation with multiple contact pairs is defined. All
contact pairs between resin matrix and steel particles, as well as between
the adjacent steel particles, are automatically determined and reassessed
during the analysis. A finite-sliding approach using a penalty method
enforces tangential contact constraints according to Coulomb friction.
The friction coefficient is set at 0.2 between steel particles and 0.4 be-
tween particles and resin, with "hard’ pressure over-closure for normal
behaviour.

Surface-based cohesive behaviour between steel particles and resin is
modelled with a bilinear traction-separation law for interface constitu-
tive behaviour, relating normal and shear stresses to their separations.
This approach aligns with earlier micromechanical studies on particle-
filled composites, where interfacial debonding and partial slip were
shown to significantly influence stiffness, stress redistribution, and
failure progression [23]. By default, elastic properties are based on un-
derlying element stiffness [24]. A quadratic traction failure criterion
evaluates damage initiation, assuming for simplicity equal normal and
shear maximum traction of 16 MPa in this study. Mixed-mode ener-
gy-based linear softening is applied to model cohesive stiffness degra-
dation, using the Benzeggagh-Kenane fracture criterion (exponent 2).
Fracture energy parameters are determined iteratively by comparing the
macro-level cylinder compressive experiments to the micro-mechanics
model, and are set equal to G;=0.1 N/mm and Gy = Gy = 0.2
N/mm. As it can be noticed, a number of model parameters related to
constituent material and interface behaviour are either assumed,
simplified or phenomenologically calibrated by comparing the results to
macro-level experiments. The aim here is to show the potential of such a
model and use it to better understand the physical behaviour of the SRR
material. Therefore, such an approximate approach in determining the
parameters within the bounds of physically acceptable ranges is deemed
appropriate for the aim of the study. More elaborate modelling focusing
on the potential of such a micro-mechanical model to optimize and
completely characterize the material behaviour, e.g. for multi/axial
stress states or aging, can be conducted in the future.

The analysis of the micro-mechanical SRR model under confinement
is performed in two sequential steps, as shown in Fig. 17. In Step 1,
confinement is applied compressively to reference points on the cube’s
side faces, kinematically coupled to the corresponding surfaces. In Step
2, confinement remains constant, and a compressive displacement of
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0.15 mm is applied to the top and bottom faces. Abaqus/Explicit solver
is utilized to resolve complex non-linear material and interface behav-
iour, large deformations and multiple complex contact interactions
(steel particles sliding on each other). Inertial effects are minimized
using mass scaling with a time increment of 0.005 s for both the
confinement (can also be understood as preloading) and the load
application steps of the analysis. A smooth time-dependent load
amplitude function is used with an artificial time period of 100 and 300
s, respectively. The FE model without confinement includes a single step
where the imposed displacement is applied.

5.2. Uniaxial compressive behaviour of micro-mechanical model

Using the defined material and interface parameters in the fine-scale
FE model, stiffness, Poisson’s ratio, and failure progression are analyzed
to correlate the compressive behaviour across varied geometries. The
stress-strain diagram in Fig. 19 shows that the initial stiffness of the
micro-mechanics model closely aligns with the experimental data,
exhibiting a Young’s modulus of 11.7 GPa. This agreement confirms that
the FE model correctly reflects the initial elastic properties of the SRR
material under compression, as expected from the calibrated input
parameters.

Points A, B and C indicated in the stress-strain diagram in Fig. 20
show the progression of damage at the interface between the steel par-
ticles and the resin. Notably, points B and C confirm the hypothesis
concerning the development of microcracks and localized interface
damage in the post-peak region. While the micro-mechanics model
cannot fully capture the post-peak behaviour due to convergence limi-
tations, it provides valuable insights addressing the modelling
objectives.

The micromechanical model indicates that the nonlinear response at
Point A originates from the onset of interface softening between the steel
particles and resin, as well as the initial development of plastic strain in
the resin, as seen in Fig. 21. At this stage, no significant cracking is
observed, and damage is localized at the interface.

At Point B, peak stress is reached as the plastic strain in the resin
intensifies and reaches a critical level, beyond which cracking initiates
and interface degradation accelerates. This combination of advanced
plastic deformation and loss of interface strength marks the beginning of
significant stiffness degradation.

Point C reflects the state where microcracks are fully developed, the
interface is largely deteriorated, and distributed cracking in the resin
contributes to the peak and subsequent post-peak drop in load. The
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combined effects of interface failure, plastic strain, and microcrack
propagation govern the post-peak behaviour observed in the model.

5.3. Triaxial compressive behaviour of micro-mechanical model

To thoroughly examine and understand the effects of elevated
confinement, the existing FE model was analyzed under increased
confinement levels of 10, 20 and 30 MPa, similar to the experiments. The
stress-strain diagram of the micro-mechanical prediction, along with the
corresponding experimental results under elevated confinement, are
presented in Fig. 22. The predicted Young’s modulus values for 10, 20
and 30 MPa of confinement correspond to 10.4, 10.88 and 12.39 GPa,
respectively. These values conform closely to the experimental values
presented in Section 3.

To assess the interface damage, two points are identified for each
confinement level. Points Al, A2 and A3 indicate comparable levels of
interface damage at the onset of non-linearity. Similarly, points B1, B2,
and B3 demonstrate consistent damage levels. This suggests that higher
confinement delays the initiation of non-linearity, resulting in higher
ultimate stress. The transition from the elastic region to the plateau is
driven by progressive interface damage. Regions Al, A2, and A3 mark
the onset and gradual progression of damage (D > 0) until its full
development (D = 1) near the beginning of the plateau at a certain point
in the interface. The plateau region corresponds to the full progression of
interface damage in regions between the particles and the resin, as
depicted in Fig. 23. The presence of confinement slows the damage
evolution, promoting a smooth non-linear response and plateau
formation.

In addition to interface damage, the behaviour of the resin matrix
also evolves significantly with increasing confinement. The presence of
lateral pressure limits the resin’s lateral expansion and increases the
stress triaxiality, promoting a more uniform distribution of plastic strain.
This results in delayed cracking initiation and a more gradual damage
evolution. Under higher confinement, the resin demonstrates enhanced
ductility and load transfer capacity, contributing to the stability of the
post-yield plateau. The interplay between matrix plasticity and interface
degradation is therefore essential to fully capture the compressive
response of SRR under triaxial stress states.

5.4. Uniaxial tensile behaviour of micro-mechanical model

The results presented above demonstrate that the micro-mechanical
FE model is well able to predict the uniaxial and triaxial compressive
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Fig. 19. Compressive behaviour of SRR as predicted by the micromechanics model.
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Fig. 20. Degradation of interface between steel particles and resin at various points on the stress-strain curve.
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Fig. 21. Development of plastic strains in the resin at various points on the stress-strain curve.
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Fig. 22. Triaxial compressive behaviour of micro-mechanical FE model against
the experimental results.

behaviour observed in the cylindrical steel-reinforced resin experi-
mental campaign. With the fine-scale model validated for compressive
scenarios, additional simulations are conducted without confinement to

CSDMG General_Contact_Domain

Y
Point Al: Gradual progression of
A damage (0<D<1); non-linear region
z X

Intermediate point at the
beginning of plateau region; (D=1)

study the tensile behaviour. The Poisson’s ratio calculated from the
micromechanical model under uniaxial tensile loading was found to
closely match the experimental value obtained from indirect tensile
splitting tests on SRR specimens with identical composition, as reported
in previous work [16]. This agreement further supports the model’s
ability to reproduce the elastic response of the SRR material. The
stress-strain response of the RVE under tensile loading is illustrated in
Fig. 24.

It can be observed that the tensile strength is significantly reduced
compared to the compressive strength, showing a reduction of approx-
imately 75 %. Specifically, the tensile strength reaches 21 MPa (Fig. 24),
while the compressive strength peaks at 84 MPa (Fig. 19). This reduction
is primarily attributed to the lack of contact between the steel particles
under tensile loading, which forces the load to be transferred almost
entirely through the resin. As a result, the initial stiffness is also reduced
to 5.2 GPa. This shift in the load transfer mechanism influences not only
the stiffness but also the Poisson’s ratio, as discussed earlier.

Fig. 25 presents the differential Poisson’s ratio as a function of axial
strain, based on results from the micromechanics model under both
tensile and compressive loading conditions. The initial Poisson’s ratio in
tension is approximately 0.124, consistent with the value of 0.13 ob-
tained from indirect tensile (Brazilian splitting) tests [16]. Under
compression, the initial Poisson’s ratio is significantly higher, around
0.425, reflecting the pronounced lateral expansion caused by confine-
ment and particle interaction within the granular structure as axial

Point B1: Full progression of interfface damage
in regions between the particles and resin

Fig. 23. Mechanisms underlying non-linearity and stable plateau behaviour.
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strain begins to develop.

The deformed shapes in Fig. 26 provide insight into the underlying
failure mechanisms. Under tensile loading (Fig. 26a), the resin matrix
undergoes brittle fracture along axial planes, with limited lateral
contraction. Under compression (Fig. 26b), failure is more distributed,
primarily governed by progressive debonding between the resin and the
steel particles, accompanied by pronounced lateral bulging. These
contrasting behaviours confirm the asymmetric mechanical response of
SRR and highlight that the difference arises solely from the change in
load path under tension and compression. In this study, identical ma-
terial properties, particle arrangement, and interface definitions were
used in both simulations, meaning the observed differences result purely
from how the load is transmitted through the microstructure.

6. Concluding remarks

This study presented a comprehensive evaluation of the compressive
behaviour of SRR material under both unconfined and confined condi-
tions, using monotonic, incremental (low-cycle), and high-cycle fatigue
tests. The experimental results provided valuable insights into the
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material’s load-bearing capacity, stiffness, and failure modes under
various stress conditions. Additionally, the impact of confinement on the
SRR material’s mechanical performance was assessed, highlighting its
role in improving ductility and delaying failure. Despite minor stiffness
variations between confined and unconfined tests, further micro-
mechanics models were developed to better understand fundamental
SRR material behaviour under confined and unconfined conditions.
Based on these findings, several key conclusions can be drawn.

1. In the unconfined monotonic tests, the SRR material exhibited strain
softening after reaching its maximum compressive strength
(approximately 84.3 MPa). This was evidenced by a gradual post-
peak stress reduction. Incremental cyclic load tests exhibited a
stress-strain behaviour nearly identical to that observed in mono-
tonic tests, characterized by ductile strain-softening behaviour.
These tests highlighted the dual nature of the nonlinear response,
attributed to the combined effects of plasticity and damage.

2. The triaxial tests demonstrated that confining pressure significantly
enhances the load-bearing capacity of the SRR material. The material
exhibited a smoother transition to peak strength under confinement,
which delayed the onset of failure and improved ductility. Confine-
ment restricts lateral expansion, delays micro-cracking, and distrib-
utes deformation more uniformly. Specifically, the confined SRR
showed a maximum deviatoric stress of 190 MPa at a confining
pressure of 30 MPa, compared to 84.3 MPa compressive strength in
unconfined conditions.

3. The failure modes differed significantly between monotonic and
cyclic loading. Under monotonic conditions, the SRR material
consistently failed along a diagonal shear plane, splitting the spec-
imen into two pieces. In contrast, cyclic loading induced a more
complex failure mode, forming a clepsydra (hourglass) shape, with
specimens fragmenting into several pieces. This clepsydra failure
mode was attributed to the progressive accumulation of fatigue
damage, leading to multiple crack initiations and distributed damage
across several planes.

4. Stiffness values from the tests showed only minor differences be-
tween confined and unconfined conditions. The measured stiffness
for unconfined specimens was approximately 13.1 GPa, while
confined specimens had stiffness values of 10.5-12.5 GPa for
confinement levels between 10 and 30 MPa. These small variations
are likely due to statistical differences in testing rather than intrinsic
material behaviour. It is hypothesized that SRR, with such a high
steel volume fraction, should exhibit similar stiffness under both
confined and unconfined conditions due to the dominance of the
steel phase in governing elastic behaviour.

5. The fatigue data from the unconfined compressive experiments show
a slope in the 6-N curve, which aligns with the slope observed in the
tension fatigue tests, around 14.6. This consistently steep gradient
suggests that when SRR is used as a filler material in connectors for
FRP-steel hybrid bridges, a fatigue cut-off limit may exist. With
appropriate design, stress levels could be reduced below this
threshold to achieve an infinite fatigue life. Finally, the stiffness
degradation prior to failure under compressive load cycles is quan-
tified at approximately 50 %, highlighting the progressive damage
accumulation in the SRR material.

6. Micro-mechanics FE models reveal that the Poisson’s ratio of the SRR
material differs from 0.13 in tension to 0.43 in compression. Under
compressive loading, a non-linear behaviour up to ultimate stress is
observed which is mainly governed by damage at the resin matrix to
steel pellet interface. Such a finding is confirmed in modelling also
for triaxial stress states with confinement stress up to 40 % of the
original compressive strength of the material.

While this study focused on testing SRR material under unconfined
fatigue conditions until complete failure, future work could introduce an
intermediate fatigue failure criterion to enable post-cyclic static testing
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(a) Tension
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Fig. 26. Five-times exaggerated deformed shapes of the micromechanics model at failure under distinct loading conditions (black lines represent the unde-

formed cube).

on SRR cylinders. Similar approaches have been successfully applied at
the connector level to evaluate residual strength and stiffness after fa-
tigue loading [2]. Extending this methodology to material-level speci-
mens would offer valuable insights into the damage tolerance and
post-fatigue performance of the SRR material. In addition, future cy-
clic experiments under confined conditions could further clarify the
fatigue response of SRR when used in applications where multiaxial
stress states and confinement effects dominate.
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