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Compression- and torsion-based characterization of particle-reinforced elastomers yields geometry-dependent
effective properties, limiting the reliability of material parameters used in engineering design and simulation.
In this work, an experimental-modelling methodology is developed to estimate geometry-independent moduli
under quasistatic and small-strain conditions. Cylindrical specimens covering a wide range of geometries and
particle volume fractions are tested under compression and torsion conditions, providing the dataset for
parameter identification. A phenomenological model combines particle reinforcement with geometry-dependent
responses in both loading modes, showing that their interaction is not simply additive. The model is formulated
to ensure simultaneous and physically consistent identification of elastic modulus, shear modulus, and Poisson's
ratio. The model reproduces the measured effective properties with relative root-mean-square errors of
approximately 7 % in compression, 6 % in shear and 11 % in Poisson's ratio. The resulting geometry-corrected
moduli exhibit a linear increase with particle volume fraction, while Poisson's ratio slightly decreases due to
stronger reinforcement in shear. A quantitative criterion is introduced to evaluate geometry-induced errors,
establishing an admissible region based on a 10 % deviation threshold. The analysis shows that standard
compression geometries can significantly overestimate the elastic modulus, whereas shear measurements remain
more robust over a wider range of specimen shapes. For Poisson's ratio, the admissible limit lies outside prac-
tically achievable geometries. The methodology allows the estimation of moduli under quasistatic and small-
strain conditions while providing practical guidelines for specimen design.

1. Introduction mechanical response during testing depends strongly on boundary

conditions and specimen geometry [16,17]. Classical rubber testing

Particle-reinforced elastomeric composites constitute an important
class of engineering materials whose mechanical response can be
tailored through composition. The elastomeric network provides large
reversible deformation, while dispersed particles introduce additional
load-transfer mechanisms and significantly enhance stiffness, strength,
and wear resistance relative to the unfilled matrix [1,2]. These charac-
teristics enable their widespread use in engineering sectors such as
automotive and aerospace components and other structural applications
[3].

Engineering implementation of composite materials requires accu-
rate knowledge of their elastic properties [4-7]. In practice, elastic and
shear moduli of soft composites are typically identified experimentally
from uniaxial compression and shear or torsion tests [8-15], treating the
measured response as representative of the material behavior. For
elastomers this assumption is generally invalid because the measured
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shows that in compression tests, bonding or friction between the spec-
imen faces and the loading platens prevents lateral expansion, produc-
ing a confined deformation rather than uniaxial strain [8,16]. The
degree of confinement is governed by the specimen geometry, with
disk-like samples leading to increased effective compressive modulus
[18-20]. Torsion measurements have shown an opposite effect: disk-like
cylindrical specimens exhibit reduced effective shear stiffness relative to
slender geometries, leading to incompatible moduli when geometry is
not considered [21]. Consequently, the quantities obtained from stan-
dard experiments are geometry-dependent effective properties rather
than material constants.

For isotropic materials the elastic and shear moduli are linked
through Poisson's ratio. When the independently measured moduli are
not strictly correlated, the inferred Poisson's ratio can take nonphysical
values, frequently exceeding the incompressible limit of 0.5 [22].
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In particle-reinforced elastomers the situation is further complicated
by filler reinforcement. Rigid inclusions increase stiffness through load
transfer and matrix constraint mechanisms [23-25], commonly
described by classical reinforcement relations such as the Guth-Gold
model. Experimental studies report stiffness increases with particle
concentration under both compression and shear loading [26-29].
When filler reinforcement and specimen geometry effects are present,
reinforcement modifies the internal stress distribution while specimen
geometry controls the boundary constraints acting on that distribution.
Consequently, the measured moduli may contain coupled contributions
from filler addition and geometric confinement. These two phenomena
have been examined separately in the literature but their combined in-
fluence on the experimentally determined elastic constants has not been
investigated.

In previous studies by the authors, this geometry-induced bias was
experimentally quantified and modeled in unfilled elastomers under
both quasistatic and dynamic conditions, enabling geometry-
independent elastic properties to be obtained from compression and
torsion measurements [16,17]. The present work extends the developed
framework to the quasistatic testing of particle-reinforced elastomeric
composites through a combined experimental and modelling approach
based on geometry-dependent measurements. Cylindrical specimens
with varying shape factors and particle volume fractions are tested
under matched quasistatic compression and torsion conditions.
Geometry-dependent relations are incorporated into a phenomenolog-
ical formulation previously applied to the unfilled matrix, whose pa-
rameters evolve with particle concentration. The analysis shows that
particle reinforcement and specimen geometry cannot be treated as in-
dependent contributions: the presence of particles modifies the depen-
dence of the effective properties on the shape factor. Simultaneous
fitting of both tests enables the estimation of the elastic modulus, shear
modulus, and Poisson's ratio under the selected quasistatic and
small-strain conditions as functions of filler volume fraction.

The paper is organized as follows. Section 2 introduces the theoret-
ical framework, including the influence of specimen geometry and filler
reinforcement. Section 3 describes the materials and experimental pro-
cedures, and Section 4 presents the experimental results. Section 5 de-
scribes the phenomenological model and shows the parameter
identification procedure. Section 6 introduces a quantitative criterion to
evaluate geometry-induced errors and establishes practical limits for
specimen design. Finally, Section 7 summarizes the main conclusions.

2. Theoretical framework

This section introduces the theoretical background required for this
work. Linear elasticity relations relevant to compression and torsion
tests are first shown, followed by a description of the influence of sample
geometry on the measured elastic properties. Finally, a well stablished
model of filler reinforcement in elastomers is described to account for
the effect of particle volume fraction on the mechanical response of the
composite material.

2.1. Elastic properties

The specimens used in this study are cylindrical, and the tests were
performed under small-strain conditions. Therefore, the measured axial
and torsional responses were analyzed using the classical linear-elastic
relations for compression and torsion of circular cylinders.

In compression, the load F applied along the cylinder axis produces
an axial displacement § (see Fig. 1 (a)). Under quasistatic conditions and
assuming a linear regime, these quantities are related by [8]

EA
F=—5 (€8]

where E is the elastic modulus of the tested material, and A = nd?/ 4 is

Polymer Testing 161 (2026) 109298

/
d d
(@) (b)

Fig. 1. Deformation modes in cylindrical specimens during (a) compression
and (b) torsion tests.

the cross-sectional area for a cylindrical sample of diameter d and length
L.

Torsion tests on cylindrical specimens are characterized by an
applied torque M and the corresponding twist angle 0 (see Fig. 1 (b)). For
small deformations and within linear elasticity, the torque-twist rela-
tionship for a solid cylinder is given by

M:Té (2)

where G denotes the shear modulus and I, = nd*/32 is the polar moment
of inertia of the circular cross section. The shear stress at the outer radius
of the cylinder is 7 = Md/2I, and its associated shear strain is y = df/2L.

The axial and shear responses are connected in isotropic materials
through Poisson's ratio v, which yields the relationship

E
- _1 3

V=3a 3)

Consequently, independent measurements of E and G obtained from
compression and torsion tests allow v to be determined through Eq. (3).
Under the same assumption, the bulk modulus K can also be obtained
from E and G as

EG

For incompressible or near incompressible materials, the volume re-
mains almost constant during deformation, it follows that v ~ 0.5 and
E =~ 3G. Therefore, the denominator in Eq. (4) tends to zero and K— .

2.2. Effect of the sample shape on the measured properties

The measured effective properties of cylindrical specimens are
influenced by the geometry of the sample. In axial compression, the
measured properties are influenced by the lateral confinement imposed
by the contact surfaces [18]. This effect can be described through the
shape factor S of the sample, defined as the ratio between the loaded
area and the free-to-bulge area as
S—Aload _ Ed2/4 o d

= =— 5
Afree ndlL 4L )

Large values of S correspond to wide disk-like specimens that expe-
rience strong lateral constraint, which artificially increases the
measured effective compressive modulus Es of the sample. This behavior
is well established for elastomers and is commonly described through
the expression [8,19]

Es(S)=E(1+pS") (6)
where E is the elastic modulus of the tested material, and $ and n govern

the rate at which geometric confinement increases the effective
modulus. As S—0, corresponding to rod-like specimens, Eg converges to
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the material modulus E. This trend was previously validated experi-
mentally in silicone rubber across a broad range of geometries [16].

Torsional measurements are also sensitive to geometry, although the
mechanisms differ from those of compression. High S specimens tend to
exhibit lower effective shear modulus Gs while long, slender samples
(low S) produce more reliable and geometry-independent shear re-
sponses. The absence of an existing correction model analogous to the
compressive case motivated the introduction of a phenomenological
model describing this dependency [16]. The proposed expression for the
effective shear modulus is

L 14pst
_Gl + ast

Gs(S) )

where G is the shear modulus of the material, the parameters § and n are
shared with the compressive model and « is an added parameter which
governs the extent of the effective shear modulus decrease. This
behavior was confirmed in the previous study, which showed a reduc-
tion of Gs with increasing S.

Substituting the expressions for Eg(S) and Gg(S) in Eq. (3) yields the
corresponding effective Poisson's ratio:

vs(S) :L/Jr%asn (8)
where v is the Poisson's ratio of the material as defined in Eq. (3). This
formulation reproduces the strong growth of the effective Poisson's ratio
with increasing S observed experimentally and explains why uncorrec-
ted measurements frequently exceed the incompressible limit of 0.5 in
isotropic elastomers.

Together, the models in Egs. (6)-(8) enable quantification and
correction of specimen geometry effects in compression and torsion
tests.

2.3. Filler reinforcement in elastomers

The addition of rigid particulate fillers into an elastomeric matrix
modifies the elastic response of the material through load transfer and
matrix constraint mechanisms. For isotropic composites containing
spherical inclusions, classical homogenization approaches establish an
increase in both elastic and shear moduli with increasing volume frac-
tion of the filler [23].

Assuming small deformations and dilute to moderate filler concen-
trations, typically lower than 30 % volume fraction, the reinforcement
effect is often described by expressing the modulus of the composite as a
function of filler volume fraction ¢. A general representation can be
written in polynomial form as [30]

M(g) =Mo(1+ @1+ axp? + .. + @) ©)

where M = {E, G} represents the elastic or shear modulus, My is the
modulus of the unfilled matrix and a; are the material-dependent co-
efficients accounting for particle stiffness, particle-matrix interactions
and inter-particle effects. For perfectly spherical rigid particles, an
ideally incompressible matrix and accounting for the interaction be-
tween pairs of particles, Guth & Gold proposed the well-known second-
order expression [23,30]:

M(p) :Mo(l +2.5¢+14.1(p2) (10)
3. Materials and methods

This section outlines the preparation of the composite samples, the
equipment and the experimental methods employed.

3.1. Sample preparation

The composite material studied was prepared by mixing a silicone
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rubber matrix with rigid ferromagnetic particles. On the one hand, the
matrix of the composite was a commercially available room temperature
vulcanization (RTV) silicone rubber supplied by WACKER, known as
ELASTOSIL® M 4644 A/B [31]. This two-component silicone rubber
vulcanizes at room temperature when its two components (A and B) are
mixed in a 10:1 wt ratio. According to the technical sheet provided by
the supplier, the resultant density of the matrix is py; = 1.07 g/cm?,
where the M subindex stands for ‘matrix’.

On the other hand, the ferromagnetic material embedded in the
matrix were spherical carbonyl-iron powder (CIP) particles supplied by
BASF. According to the supplier, these particles have 1.25 + 0.55 pm
average diameter and their density is pop = 7.8 g/cm®>.

Samples with four different CIP volume fractions (¢¢p) under the
moderate concentration threshold were prepared: 5 %, 10 %, 15 % and
20 %. To achieve a wide range of sample geometries, molds were
fabricated from polymethyl methacrylate (PMMA) sheets of two thick-
nesses (3 and 10 mm) using a ROLAND MDX-40A [32] 3D milling ma-
chine (see Fig. 2 (a)). Each mold contains cylindrical holes with
diameters of 5, 10, 15, and 20 mm (Fig. 2 (b)). This combination of sheet
thicknesses and hole diameters yields 8 distinct nominal sample sizes,
from which 7 were selected to ensure an approximately uniform
coverage of the shape factor range. The 5 mm diameter and 3 mm
thickness specimens were excluded due to handling difficulties and
because their shape factor lies within that defined by the 10 mm thick
specimens with 15 mm and 20 mm diameters.

To obtain the different volume fractions of CIP the needed mass can
be obtained as a function of known parameters as

q 4
mep = — P /CJmM an
1—wcp pu

where my is the total mass of the silicone rubber matrix.

Component A is first weighted in a precision balance. CIP is then
added in the required mass, calculated using Eq. (11) to obtain the
desired particle volume fraction, and the mixture is manually stirred.
Subsequently, component B is incorporated in a 10:1 (A:B) weight ratio.
The resulting composite is poured into cylindrical molds within 30 min
after mixing. Vacuum cycles are applied at each step to remove any air
bubbles present using a vacuum chamber (Fig. 2 (c)). The molds are then
sealed and left to cure for 24 h before demolding. For each nominal
geometry, 3 specimens are prepared, yielding 21 samples per particle
volume fraction. In Fig. 2 (d) a set of samples of a single concentration
and different shape factors is shown.

3.2. Experimental equipment

This subsection describes the experimental equipment used for the
characterization of the prepared composite samples.

On the one hand, to measure the effective compressive modulus,
quasistatic strain ramps are performed using a Dynamic Mechanical
Analyzer (DMA) equipped with a compression clamp, specifically, the
DMA Q800 model fabricated by T.A. Instruments (Fig. 3 (a)). This
equipment can generate force-controlled displacements with a range
from 0.001 N to 18 N and measure displacements with 1 nm resolution.
The data acquisition is done using Advantage for Q Series Version
2.9.2.396 software, provided by T.A. Instruments and the subsequent
processing and analysis are carried out in MATLAB R2025a.

On the other hand, to measure the effective shear modulus, quasi-
static shear strain ramps are performed using the Anton Paar Modular
Compact Rheometer (MCR) 302e with a parallel plate configuration
(Fig. 3 (b)). This rheometer can exert axial compressive forces up to 50 N
and 230 mN m maximum torque and measure angular displacements
with a resolution of 0.05 prad. Data acquisition is performed through
RheoCompass v1.33.491, and the subsequent processing and analysis
are carried out in MATLAB R2025a.
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Fig. 2. Equipment and materials used for the preparation of particle-reinforced elastomer samples: (a) ROLAND MDX-40A 3D milling machine; (b) cylindrical mold
made of PMMA; (c) vacuum chamber and pump and (d) composite samples of various sizes.

Fig. 3. Experimental equipment used for characterization: (a) DMA equipped with a compression clamp and (b) rheometer with a parallel-plate configuration.

3.3. Experimental methods

To obtain the compressive and shear moduli of cylindrical composite
samples with different CIP volume fractions, 3 specimens are tested for
each of the 7 nominal geometries to ensure repeatability, giving a total
of 21 measurements per concentration. Correlating the effective moduli
and deriving the effective Poisson's ratio requires that compression and
torsion tests be carried out under equivalent conditions, including strain
rate, axial pre-strain, and temperature. This approach is consistent with
the intent behind Tschoegl's protocol [33]. While that protocol pre-
scribes simultaneous measurements on a single device, the present work
employs separate testing setups operated under rigorously aligned
conditions.

Quasistatic strain ramps are conducted in the DMA (compression)
and the rheometer (torsion) to obtain effective compressive and shear
moduli respectively. Preliminary tests were performed to ensure strain-
rate and pre-strain independence of the results in both the compression
and torsion tests as well as linear behavior up to the maximum strain.
The selected strain-rate is 0.2 %/min and the maximum strainis1 % in
both cases. All tests are conducted at room temperature (25+ 2 °C).
Because the silicone rubber matrix lies in the viscoelastic rubbery

regime, far from transition (reported to be bellow —60 °C [14]), small
temperature variations within this range are not expected to affect the
measured moduli.

A small axial pre-strain was required in torsion to prevent slipping at
the sample-plate interfaces. Although such pre-strain is not necessary
for quasistatic compression, identical conditions were imposed in both
setups to ensure consistency between the measurements. The DMA
operates in force-controlled mode. Therefore, the force required to
achieve the selected pre-strain for each geometry was determined from
previously established quasistatic relations between shape factor and
effective compressive modulus [16]. An axial pre-strain of o = 0.5 %
was adopted for both test configurations ensuring it was sufficiently
small to avoid affecting the compression measurements and sufficiently
large to prevent wall slip in torsion tests.

4. Experimental results

This section presents the experimental results obtained from the
compression and torsion tests. For each nominal geometry, 3 specimens
are tested to ensure repeatability. The reported values correspond to the
slopes of linear regressions of the measured stress—strain curves, shown
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as the mean value and standard deviation for each nominal size and
particle volume fraction.

4.1. Effect of shape factor on the effective moduli

The effect of the sample shape factor on the effective moduli is
evaluated by representing them as a function of shape factor for the
different particle volume fractions tested.

Fig. 4(a) and (b) presents the effective compressive modulus Es and
the effective shear modulus Gs as a function of the sample shape factor S
for all investigated CIP volume fractions (represented as different
markers and colors).

On the one hand, a clear increase in Eg with increasing S is observed
for all concentrations, reflecting the progressive stiffening induced by
lateral confinement in cylindrical specimens. This trend is consistent
with the well-established influence of geometric constraint in elastomer
compression tests [16]. Measurements for the highest filler content
(20 %) and shape factor (1.67) could not be obtained as the required
compressive force exceeded the operational limit of the DMA. Operating
close to the force limit of the instrument also led to increased experi-
mental uncertainty, as reflected by the larger dispersion bars observed in
the measured values of higher S.

On the other hand, Gs exhibits a decreasing trend with increasing S
for all concentrations, indicating a progressive reduction of the
measured shear stiffness in short, disk-like specimens. This trend is
consistent with the previous results obtained when testing the elasto-
meric matrix [16].

The experimental scatter between samples with the same nominal
dimensions remains limited across most geometries and compositions,
only standard deviations greater than 5 % have been represented in
Fig. 4. This level of dispersion confirms the good repeatability of both
the sample preparation and the experimental measurements.
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Fig. 4. Effective (a) compressive modulus and (b) shear modulus as functions
of shape factor for composites with different CIP volume fractions. Each marker
represents the mean value from three nominally identical samples, and the
vertical bars denote the corresponding standard deviations (only standard de-
viations >5 % are shown).
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4.2. Effect of particle volume fraction on the effective moduli

The effect of filler volume fraction on the measured mechanical
response is examined by analyzing the effective moduli at fixed sample
geometry. Figs. 5 and 6 present the effective compressive modulus Es
and the effective shear modulus Gg, respectively, as functions of the CIP
volume fraction for each nominal shape factor.

For a given shape factor, both Es and Gs increase with filler volume
fraction. Over the investigated concentration range, this dependence is
well approximated by a linear relation for all geometries. Linear fits are
included for reference in dashed grey lines.

5. Modelling and parameter identification

This section introduces a phenomenological model to describe the
combined influence of sample geometry and particle volume fraction on
the effective mechanical response. The model parameters are deter-
mined through curve fitting to the experimental data. The composite
material's elastic properties can then be extracted as functions of the
particle volume fraction, independent of sample geometry.

5.1. Model formulation including filler reinforcement and shape factor

effects

Based on the observations in Section 4, a phenomenological model is
formulated to describe the effective compressive and shear moduli as
functions of specimen geometry and particle volume fraction. The
geometry-dependent relations introduced in Section 2.2 are retained,
and, based on the approximately linear dependence on particle volume
fraction observed in Section 4, only the linear term of Eq. (9) is
considered to represent filler reinforcement. In addition, the shape
factor effect is modeled following Egs. (6) and (7), and the parameters
B =Py (1+kse) and a = ag(1 +kqp) are allowed to depend linearly on
the particle volume fraction. The resulting expressions for the effective
compressive and shear moduli are written as

Es(S, @) =Eo(1+kep)[14 B4 (1 +kyp)S"] 12)

1+ 5 (1 +kpp)S"

Gs(S,9) =Go(1 +kclﬂ)m

(13)

Here, Ey = Es(S—0,90=0) and Gop = Gs(S—0,p=0) represent the
elastic and shear moduli of the unfilled silicone rubber matrix, obtained
in the limit of vanishing shape factor, and f,, ap and n are the model
parameters for the silicone rubber matrix [16]. The coefficients kg and
kg represent the proportionality constants for filler reinforcement of the
composite material while ks and k, quantify how this filler reinforce-
ment modify the shape factor dependence of the effective moduli.

To obtain an expression consistent with the approximately linear
reinforcement behavior observed experimentally (Section 4.2), Egs. (12)
and (13) are expanded about ¢ = 0 using their Taylor series and trun-
cated at first order. This expansion yields the following approximations
for the effective compressive and shear moduli:

Bs=Eo(1 1 foS") [1 n (ks+/}°k7ﬂ8n>tﬂ} 14)

14 oS
14 foS" PoksS"  agk,S"
Gs=Gor P03 |1y (kg 1 Lo Gofad™ 15
s 01+aOS"[ +<G+1+ﬁ05n Ttas)? as)

Egs. (14) and (15) are linear in particle volume fraction while pre-
serving the shape-factor dependence of the geometry correction, and are
therefore used for parameter identification in the following section.

5.2. Parameter identification via curve fitting

The parameters Ey, Go, fy, ao and n are taken from the previously
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Fig. 5. Effective compressive modulus as a function of filler volume fraction. A linear regression of the experimental data is represented by a dashed grey line. (a) to

(g) represent the different nominal shape factor tested.

characterized unfilled silicone rubber matrix and are kept fixed during
the identification procedure. These parameters define the reference
response of the matrix material, and fixing them avoids re-identifying
the matrix behavior from the composite data, thereby reducing the
number of fitted variables and improving the robustness of the optimi-
zation. Their numerical values are summarized in Table 1. Parameters
kg, kg, ks and k, are determined by curve fitting of the present experi-
mental data.

To determine the value of each presented parameter, the function
‘fmincon’ of MATLAB R2025a is used. The parameter estimation prob-
lem is formulated as a nonlinear constrained optimization and solved
using an interior-point algorithm. Constraint enforcement is achieved
through a barrier approach, while search directions are computed via
approximate solutions of the Karush-Kuhn-Tucker system using quasi-
Newton Hessian updates combined with a line-search globalization
strategy [34]. High limits on function evaluations and iterations were
imposed to prevent premature termination, while strict tolerances on
objective reduction and step norm were enforced to avoid convergence
to flat or ill-conditioned regions.

The model parameters are identified by minimizing the difference
between the experimental measurements and the predictions of Egs.
(14) and (15). For each specimen geometry and particle volume fraction,
residuals are defined as the difference between the measured and pre-
dicted effective moduli. The objective function is constructed as the sum

of the squared normalized residuals for both compression and shear
tests,

E?}'(P —E Siﬁ¢'7x ? Gie)'(p -G Sialp'7X :
j(x)_z|:< J L‘;Ep J )) +< J GS_E)('(p J )
ij [

ij

(16

where E;;° and G;;° are the experimental values of the effective
compressive and shear moduli for the sample with shape factor S; and
volume fraction ¢; and X = {kg, k¢, ks, kq} is the vector of fitted pa-
rameters. Normalization by the measured moduli prevents bias towards
the data with larger absolute magnitude and allows both test types to
contribute comparably to the identification of parameters.

Optimization includes physically motivated nonlinear constraints to
ensure mechanical admissibility of the identified properties. Over the
investigated concentration range, the Poisson's ratio is required to
decrease with particle volume fraction, while the corresponding bulk
modulus must increase, as reported in the literature [35,36]. The
parameter vector is therefore obtained by minimizing Eq. (17) subject to
these conditions, so that only parameter sets consistent with the ex-
pected behavior of particle-reinforced elastomers are accepted.
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Fig. 6. Effective shear modulus as a function of filler volume fraction. A linear regression of the experimental data is represented by a dashed grey line. (a) to (g)

represent the different nominal shape factor tested.

Table 1
Values of the obtained parameters for the shape factor correction of the unfilled
silicone rubber [16].

Eo Go Po

1.75

o

2.26 MPa 0.763 MPa 2.01 1.85

5.3. Parameters and model validation

The model parameters were identified using the optimization pro-
cedure described in Section 5.2 through simultaneous fitting of the
compression and torsion data. The identified values of the reinforcement
and geometry-modification coefficients are summarized in Table 2.

The identified coefficients provide information on how particle
addition affects both the elastic response and the geometry-dependent
contribution. The fact that kg is slightly bigger than kg implies that
the shear modulus increases more rapidly with particle volume fraction

Table 2
Identified parameter values.
kg kg k/; ko
2.71 2.74 —0.159 —0.314

than the elastic modulus, which results in a small decrease of the Pois-
son's ratio with filler content. Moreover, the obtained values for kz and
kg are close to those proposed by Guth & Gold [30] (Eq. (10)). The
negative value of k; indicates that particle addition slightly reduces the
shape-factor contribution in compression, leading to a less pronounced
increase of the effective compressive modulus. Given k, is also negative
and |k,| > |k/;}, the particle addition increases the shape factor effect in
the effective shear modulus measured in torsion tests.

Additionally, the slope of the moduli with respect to particle volume
fraction kS(S) = dM;s(S,)/dp, is shown as a function of shape factor in
Fig. 7. The compressive slope decreases with shape factor, whereas the
shear slope increases. Consequently, specimens with larger shape factors
exhibit a stronger apparent reinforcement in torsion but a weaker
apparent reinforcement in compression.

For model validation, Fig. 8 compares the model predictions with the
experimental measurements of the effective compressive and shear
moduli as functions of shape factor for all investigated particle volume
fractions. The continuous curves correspond to the values obtained from
Egs. (14) and (15) using the parameters listed in Table 2, while the
symbols represent the experimental data. The model reproduces the
increase of the effective compressive modulus with shape factor as well
as the progressive decrease of the effective shear modulus, capturing
also the dependence on the filler reinforcement volume fraction. The
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Fig. 7. Reinforcement slopes with respect to particle volume fraction as func-
tions of shape factor predicted by the model for the effective compressive and
shear moduli.

agreement is maintained over most of the investigated geometries and
concentrations, although the deviations become slightly larger at higher
particle volume fractions, particularly for increasing shape factor.

To quantify the accuracy of the identified model, the relative root-
mean-square error (RRMSE) is evaluated for the effective compressive
modulus, the effective shear modulus, and the derived Poisson's ratio.
The metric is computed separately for each particle volume fraction by
comparing the model predictions with the corresponding experimental
measurements. For a generic measured data M, the RRMSE is defined as

Mnodel

RRMSE(M) = NZ( Vi

xXp
M; ) a7)

where M™%l and M:™ represent the model predicted and the experi-
mental values, respectively and N is the number of measurements
considered. Applying this definition to both moduli it is obtained that
RRMSE(Es) = 0.07 and RRMSE(Gs) = 0.06, and for the Poisson's ratio
predictions RRMSE(vs) = 0.11.

The obtained errors indicate good agreement between the model
predictions and the experimental measurements. The RRMSE values of
7 % for the effective compressive modulus and 6 % for the effective
shear modulus are of the same order as the experimental scatter
observed in the experimental data. This suggests that the remaining
differences are primarily associated with measurement scatter and
specimen-to-specimen variability rather than deficiencies of the model.
Therefore, the RRMSE was retained as a conservative error estimate for
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the subsequent interpretation of the geometry-independent properties
identified from the model.

5.4. Quasistatic small-strain elastic properties as functions of particle
volume fraction

The identified model allows the elastic properties of the composite to
be determined independently of specimen geometry under the current
experimental conditions. In the present framework, the elastic proper-
ties correspond to the limit of S—0 in Egs. (14) and (15), for which the
geometry-induced correction disappears and the measured moduli
reduce to material parameters defined by

E=Ey(1 +kgp) 18)

G=Go(1+kep) (19)
_E o w1 +kep) o vl +kep) + (ke — ko)g

DT (1 +keo) 1= (1 +keop) @0

where vy = Ey/(2Go) — 1 is the Poisson's ratio of the unfilled silicone
rubber matrix. Based on the results presented in Section 5.3, Fig. 9 shows
the estimated elastic properties of the composite as a function of filler
volume fraction. Here, the solid lines represent Egs. (18)-(20), and the
shaded region represents the RRMSE associated with the model pre-
diction for each particle volume fraction.

Both moduli increase linearly with particle volume fraction, indi-
cating a consistent reinforcement of the elastomer matrix due to particle
addition. In contrast, Poisson's ratio exhibits a slight decrease, from
0.481 to 0.474, due to the stronger increase of the shear modulus rela-
tive to the elastic modulus. However, this variation is lower than the
estimated RRMSE of the model and should therefore be interpreted as a
weak trend, although it is consistent with previously reported behavior
in filled polymer composites [35-37]. These results indicate that ac-
counting for geometry effects can improve the estimation of elastic
properties in particle-reinforced elastomers from compression and tor-
sion measurements, providing more reliable parameters for small-strain
elastic modelling and composite material design and resulting in phys-
ically feasible values for Poisson's ratio.

6. Quantification of geometry-induced errors

This section introduces a quantitative criterion to evaluate the in-
fluence of specimen geometry on the measured elastic properties. A
tolerance of 10 % is adopted, consistent with the predictive accuracy of
the identified model. The relative deviation between the effective
modulus at a given shape factor and the corresponding material prop-
erty is defined as

([@0% Q5% i10% E15% A20%]

(2)

E, (MPa)

®) 5

G, (MPa)

0 02 04 06 08 1 12 14 16
N

0.5
0

Fig. 8. Effective moduli as a function of the shape factor for different particle volume fractions: (a) effective compressive modulus and (b) effective shear modulus.
Symbols represent experimental measurements and solid lines the model predictions.
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Fig. 9. Estimated elastic properties of the composite as functions of filler vol-
ume fraction. The solid line represents the model prediction while the grey
shaded region represents the RRMSE associated with each particle volume
fraction. (a) Elastic modulus, (b) shear modulus and (c) Poisson's ratio.

IM(S, ) — M(S = 0,9)|
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Fig. 10 summarizes the resulting analysis. In Fig. 10 (a), Eq. (21) is
represented as a function of shape factor for M = {E,G,v}. The different
line styles correspond to each property, while the colors represent the
limiting particle volume fractions (0 % and 20 %). The horizontal line
indicates the selected 10 % admissibility threshold. In Fig. 10 (b), the
boundaries of constant deviation AM = 10 % are mapped in the (L,d)
space. Each line corresponds to a constant shape factor for which the
deviation of a given property reaches the prescribed limit. Specimens
located below and to the right of these lines exhibit deviations smaller
than 10 % and therefore provide measurements that can be considered

(@)
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moderately accurate. The black markers indicate the geometries tested
in the present study.

The results reveal a markedly different sensitivity of the effective
elastic properties to specimen geometry. The compressive modulus and
Poisson's ratio exhibit a steep increase with shape factor, even in the low
S regime. For geometries typically employed in standard compression
tests, corresponding to S~ 0.58 [18,38], the effective compressive
modulus exceeds the material modulus value by approximately 64 %.
The influence of particle volume fraction on this behavior is negligible,
leading to nearly overlapping curves for 0 % and 20 % in Fig. 10. In
contrast, the shear modulus shows a weaker dependence on shape factor
and approaches an asymptotic regime at large S. As a result, accurate
measurements can still be obtained for relatively large shape factors. For
the unfilled material, the 10 % deviation threshold is reached at
S ~ 1.33, while for the highest particle concentration this limit shifts to
S ~ 2.22. This dependence reflects the increasing role of filler rein-
forcement in modulating the geometry-induced bias in torsion
measurements.

The representation in Fig. 10 (b) provides a direct guideline for
specimen design. The admissible region defined by AM < 10 % can be
translated into combinations of diameter and length, enabling selection
of geometries that minimize the influence of the shape factor in the
measurement. The comparison with the tested specimens shows that
several configurations commonly used in practice lie outside this ad-
missible region, particularly for compression measurements. Conse-
quently, standard specimen geometries may lead to significant
overestimation of the elastic modulus, whereas torsion measurements
remain comparatively robust over a wider range of geometries, although
typical disk-like samples can reach shape factors as high as S = 5 [39],
for which the obtained effective shear modulus is heavily reduced.

For Poisson's ratio, the admissible limit is reached at significantly
lower shape factors (S = 0.11), which fall outside the range of practi-
cally achievable geometries. None of the specimens tested in this work
lie within this limit due to both equipment constraints (compression
clamps restrict the maximum specimen length to approximately 10 mm)
and handling limitations, as a specimen with L =10 mm and S < 0.11
would require a diameter d < 4.4 mm. Consequently, determination of
Poisson's ratio via indirect methods with errors below 10 % is not
feasible using standard compression/torsion based configurations,
reinforcing the need for correction methodologies.

7. Conclusions

This work has investigated how specimen geometry has affected the
experimental determination of elastic properties in particle-reinforced
elastomers using compression and torsion measurements. The mea-
surements have shown that the effective compressive modulus has

(®) 25 .
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Fig. 10. Quantification of geometry-induced error. (a) Relative deviation as a function of shape factor for the compressive modulus, shear modulus and Poisson's
ratio. Different line styles correspond to each property, while colors represent the particle volume fractions. The horizontal dashed line indicates the 10 %
admissibility threshold. (b) Mapping of the threshold condition in the (L, d) space. Each line corresponds to a constant shape factor for which the deviation of a given
property reaches the prescribed limit. Black markers represent the geometries tested in this work.
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increased with shape factor, whereas the effective shear modulus has
decreased. In addition, the reinforcement trend obtained directly from
the experimental moduli has been found to vary with specimen geom-
etry. These results have demonstrated that properties extracted directly
from standard compression and torsion tests have been geometry-
dependent effective quantities.

To describe this behavior, a phenomenological model combining
filler reinforcement with geometry-dependent relations for compression
and torsion has been formulated and identified from the experimental
data. This formulation adapts the framework previously developed by
the authors for unfilled elastomers to particle-reinforced systems. The
model has reproduced the measured effective moduli over the investi-
gated range of particle volume fractions and specimen geometries, with
relative root-mean-square errors of approximately 7 % for the
compressive modulus, 6 % for the shear modulus and 11 % for Poisson's
ratio. The predicted reinforcement slopes have shown that apparent
reinforcement has decreased with shape factor in compression and has
increased with shape factor in torsion. The results also suggest that
particle reinforcement and specimen geometry should not be treated as
independent contributions, since the presence of particles modifies the
dependence of the effective properties on the shape factor, as reflected
by the evolution of the geometry-related parameters with volume
fraction.

Within the proposed correction framework, the quasistatic small-
strain elastic modulus and shear modulus increase linearly with parti-
cle volume fraction. The corresponding Poisson's ratio shows a slight
decrease, consistent with the stronger increase of the shear modulus
relative to the elastic modulus; however, this variation is lower than the
estimated RRMSE and should therefore be interpreted as a weak trend.
In addition, a quantitative criterion has been introduced to evaluate the
geometry-induced error, defining an admissible region based on a 10 %
deviation threshold. The results have shown that standard specimen
geometries used in compression testing can lead to significant over-
estimation of the elastic modulus (e.g., ~64 % for S ~ 0.58), whereas
shear measurements remain comparatively robust over a wider range of
geometries. For Poisson's ratio, the admissible limit is reached at very
low shape factors (S ~ 0.11), which are not practically achievable under
standard testing conditions, preventing its direct determination with
comparable accuracy.

Overall, these results provide a model-based framework for esti-
mating geometry-corrected quasistatic small-strain elastic properties of
particle-reinforced elastomers from compression and torsion measure-
ments. The proposed approach also provides practical guidelines for
specimen design and for the interpretation of geometry-dependent
experimental data in small-strain elastic modelling and composite ma-
terial characterization.
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