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 A B S T R A C T

We present the calibration and validation of a continuum poro-viscoelastic model for a structural battery 
electrolyte in the finite deformation setting. The model is based on a Maxwell type rheology incorporating a 
Norton evolution law, coupled with a simple Darcy type seepage formulation to describe fluid transport. Exper-
iments were performed using in-house manufactured cylindrical specimens subjected to uniaxial compression 
at different strain rates. Radial deformation of the specimens was recorded using an optical camera, while mass 
measurements before and after compression were used to quantify liquid electrolyte seepage. The experimental 
data were used to calibrate the model. Furthermore, independent stress relaxation tests conducted at varying 
strain rates were used for validation.

The proposed model successfully captures the rate-dependent stress–strain behaviour, radial extension, and 
associated mass loss due to seepage, particularly at large compressive strains. Some discrepancies remain in the 
representation of time dependent relaxation at higher strain rates. The framework provides a robust foundation 
for describing coupled solid–fluid interaction in structural battery electrolytes and supports future efforts 
towards micromechanical modelling and design optimization of multifunctional energy storing composites.
. Introduction

Structural battery composites are multifunctional materials that si-
ultaneously serve as energy storage device and construction material. 
he multifunctionality is enabled by carbon fibres, which act both as 
tructural reinforcement and as electrodes due to their turbostratic 
raphitic microstructure. Chaudhary et al. (2024) demonstrated the 
ost recent structural battery composite by embedding carbon fibre 
lectrodes in a nano-porous structural battery electrolyte (SBE). Un-
ike conventional lithium-ion batteries that utilize liquid or gel-based 
lectrolytes, structural batteries require a solid phase with sufficient 
tiffness to transfer mechanical loads between the carbon fibres.
The first generation of such a biphasic electrolyte was developed 

y Ihrner et al. (2017), consisting of a solid matrix based on bisphenol 
 dimethacrylate monomer and organic liquid electrolyte filled pores, 
ontaining lithium trifluoromethanesulfonate (LiTFS). The two phases 
ere initially mixed in a solution and then polymerized through UV 
uring. Upon curing, a nano-porous percolating network is formed, 
here the solid phase stiffens and provides mechanical integrity, while 
he liquid phase enables ion transport. Even though very promising, 
he use of UV curing is not feasible on multi-layered structural battery 

∗ Corresponding author.
E-mail address: calar@chalmers.se (C. Larsson).

composites due to the non-transparent nature of the constituents. For 
this reason, heat curing was proposed by Schneider et al. (2019). The 
same polymerization induced phase separation was achieved with com-
parable ionic conductivities and slightly larger pores. The mechanical 
properties were almost identical with an increased storage modulus 
at higher temperatures for heat cured samples compared to UV cured 
ones.

Duan et al. (2023) demonstrated that these liquid filled pores are 
uniformly distributed, resulting in isotropic material properties such as 
ionic conductivity, elastic modulus and Poisson’s ratio. Furthermore, 
more than 99% of the pores form a connected network. However, 
the predicted ionic conductivity was overestimated by the computa-
tional models, likely due to resolution limits that exclude pores smaller 
than 10 nm. In a more recent study, Cattaruzza et al. (2023) further 
investigated the relation between the microstructure and the ionic 
conductivity in thermally-cured SBEs. For the first time, pores in the 
nanoscale size range were identified and the ionic conductivity was 
precisely measured to be 2.9 ⋅ 10−4 S/cm for a 50/50 monomer to 
liquid electrolyte weight ratio. Furthermore, they explained the mea-
sured values of ionic conductivity by studying the diffusion and the 
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Fig. 1. SEM image of a structural battery negative electrode cross section. A carbon fibre embedded in the structural battery electrolyte matrix, and a zoom-in 
schematic representation highlighting the fluid (dark-grey) and solid (light-grey) domains.
mobility of the solvent and lithium bis(trifluoromethanesulfonyl)imide 
(LiTFSI) in the solid part of the SBE, showing that the transport in 
this region is also of significant importance. Additional mechanical 
characterization by Tavano et al. (2024) on a similar composition of 
SBE as Schneider et al. (2019), showed that the SBE has an elastic 
modulus of 412 MPa and a Poisson’s ratio of 0.34, with failure strains 
of 28.1% in compression and 2.49% in tension, respectively. These tests 
were conducted at a displacement rate of 0.5 mm/min, corresponding 
to approximately 1.8% strain per minute for the tensile specimens. The 
large measured failure strain in compression allows for operation at 
large compressive strains, which motivates modelling based on finite 
deformation kinematics.

The nano-porous structure of the SBE is depicted in Fig.  1. It appears 
that the cured SBE exhibits a fine-scale porous structure, with light grey 
regions indicating the solid phase and dark grey regions representing 
the interconnected liquid electrolyte-filled pores.

Lithiation of carbon fibres is known to induce anisotropic expan-
sion, generating local internal stresses within the structural electrolyte 
matrix (Duan et al., 2021). Previous models by Larsson et al. (2023, 
2025), overestimate these stresses, partly due to the use of simplified 
neo-Hookean material models and lack of experimental data. More-
over, Pipertzis et al. (2025) observed that the effective ionic conductiv-
ity over the carbon fibre electrode increases after lithiation-delithiation 
cycles, which we can interpret as an indication that damage occurs in 
the electrolyte. This formation of damage is most likely due to local 
crushing of the SBE, caused by the expansion of the fibres, although 
this mechanism has not been definitively confirmed. Consequently, it 
is thought that additional ion transport pathways are formed. To better 
understand the damage mechanisms and structural integrity of the SBE, 
it is essential to investigate its behaviour under various mechanical 
loading conditions, particularly in compression.

In order to obtain experimental data that can be used for calibration 
of the constitutive models, we manufactured cylindrical specimens 
and subjected them to compressive mechanical loading at different 
strain rates. To solve the appropriate inverse problem, we model the 
experiments by employing a continuum-based porous media theory 
that involves quasi-static equilibrium and fluid mass balance in the 
finite deformation setting. In this way, we are able to capture stress 
assisted fluid transport. Whereas some experimental data are used for 
calibration of the computational models, others are used for model 
validation. Although the prime use of models for the large deformation 
regime is the structural battery, such models are highly relevant also 
for electro-chemically activated shape-forming devices (sensors and 
actuators) (Johannisson et al., 2020; Carlstedt et al., 2023).
2 
2. Experimental method

2.1. Materials

The SBE samples consisted of a 50:50 weight ratio of
monomer and liquid electrolyte. The monomer consisted of bisphenol-A 
ethoxylate dimethacrylate (BPMA) mixed with a 2, 2′-azobis
(2-methylpropionitrile) (AIBN) thermal initiator. A 1% weight relative 
to the monomer of thermal initiator was used. The liquid electrolyte 
(LE) was made from a 1.0 M solution of lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) salt dissolved in a mixture 
of ethylene carbonate (EC) and propylene carbonate (PC) (Canrud, 
2025). The two carbonates were mixed in a 1:1 weight ratio. All the 
materials were stored inside a glovebox to ensure no significant con-
tact with moisture and oxygen. Furthermore, a pre-mixed electrolyte 
mixture was used for some of the specimens. All materials were used 
as received.

To manufacture the compression samples, the same technique de-
scribed by Tavano et al. (2024) was used. Cylindrical samples with 
approximately 2:1 ratio of length to diameter were obtained and the 
two end surfaces were polished to ensure flat and parallel surfaces. 
A nominal length and diameter of 24 mm and 12 mm was achieved, 
respectively.

2.2. Compression tests

The mechanical tests followed the ASTM D695 standard. The sam-
ples were tested using an Instron 5500R tensile tester paired with a 100 
kN load cell. Flat parallel stiff platens were used to apply the axial load 
in order to investigate the rate dependence on the mechanical response. 
Deformation during the compression test was measured from the dis-
placement of the top cross head. Speckle patterning in combination 
with DIC could not be applied due to liquid seepage from the sample 
at high strain values (Tavano et al., 2024). An initial compressive 
preload was applied up to 50 N, after which, the compression test was 
performed until a certain predefined top displacement was reached. The 
unloading response was also monitored until the recorded cross-head 
force reached 0 N.

Furthermore, the effect of loading rate on the diameter evolution at 
the mid-height of the sample was investigated. A 48 megapixel optical 
camera was used to capture a series of frontal images of the compres-
sion samples. A resolution of 4032 × 3024 pixels was considered with 
a 13 mm focal length and an f 2.2 aperture. The obtained images were 
analysed with the ImageJ software so that the diameter values could 
be measured; subsequently, the diameter evolution could be obtained.
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2.3. Mass loss tests

The loss of fluid mass suffered during the compression tests was 
measured using a Radwag X7 laboratory scale. The pristine samples 
were weighed before and after compression, and the difference repre-
sents the loss of fluid mass that seeped out through the boundaries.

2.4. Relaxation tests

The stress relaxation tests followed the ASTM D2990-17 standard, 
with varying relaxation times. The same type of polymeric cylindrical 
samples used for the compression tests as employed to ensure direct 
comparability of the mechanical behaviour. Each specimen was com-
pressed at a given rate to a prescribed position of the end platens, which 
were then kept in position for the duration of the relaxation test, during 
which a decay in compressive stress was continuously recorded. Once 
the stress relaxation test was completed, the sample was unloaded and 
weighed to record the loss of mass. Like the compression tests, an initial 
preload of 50 N was applied to ensure consistent contact between the 
sample and the platens.

3. Model description

3.1. Preliminaries

To represent the experimental tests described in the previous sec-
tion, we adopt a model that describes the time- and rate-dependent 
mechanical response of a fluid-saturated porous body undergoing ar-
bitrarily large (finite) deformations. The key ingredient is a model of 
visco-hyperelasticity to characterize the solid skeleton together with a 
quite simple model of the Darcy-type to describe seepage. A rich litera-
ture exists on the quasistatic, finite deformation, response of porous me-
dia. Among important contributions we merely mention (Sanavia et al., 
2002; Schrefler, 2002; Ehlers, 2018). A review of various modelling 
attempts is given by (De Boer, 2012).

In the context of structural batteries, Carlstedt et al. investigated 
how stress-induced seepage affects ion mobility in a structural battery 
electrolyte (Carlstedt et al., 2022). In that work, which was restricted to 
small strain kinematics, effective poro-elastic properties were obtained 
upon calibration of analytical (Bruggeman) models against data from 
virtual material tests. The virtual data were generated using artificially 
constructed idealized representative volume elements (RVEs) as pro-
posed by Tu et al. (2020). However, as discussed by Duan et al. (2023), 
Pipertzis et al. (2023), measurements indicate broad pore size distri-
butions and the presence of closed pores. These observations call into 
question the representativeness of such artificial RVEs, the resulting 
virtual data and consequently, the calibrated poro-elastic properties.

The deformation gradient 𝑭  is expressed as 𝑭 ∶= 𝑰 + 𝒖⊗𝛁X, where 
𝑰 is the (2nd order) identity tensor, 𝒖 is the displacement field, 𝛁X is 
the differential operator with respect to the reference configuration. 
Moreover, we introduce the so-called ‘‘effective’’ 1st Piola–Kirchhoff 
(PK) stress 𝑷 ′, defined as 

𝑷 ′ = 𝑷 + 𝑝𝐽𝑭 -T, (1)

where 𝑷  is the total 1st PK stress,1 𝑝 is the fluid pore pressure, and 
𝐽 = det(𝑭 ) is the volume ratio of deformed to undeformed unit volume.

1 We remark that the definition of effective stress is not unique; rather, the 
present choice corresponds to the classical definition by Terzaghi et al. (1996), 
cf., discussion by Ehlers (2018).
3 
3.2. Balance equations - Boundary conditions - Weak forms

The relevant balance equations are (i) balance of linear momentum 
and (ii) balance of fluid mass. For the quasi-static problem it is then 
sufficient to choose the pair (𝒖, 𝑝) as the independent fields. At the 
outset, we consider the general setting in 3D without a priori intro-
ducing constraints from geometric and material symmetry. Ignoring 
self-weight and assuming quasi-static conditions, we then state the 
relevant initial–boundary-value problem in 𝛺 × (0, 𝑇 ] as follows: 

−𝑷 ⋅ 𝛁X = 𝟎, (2a)

𝛷̇ +
[

𝜌F𝜙𝑾
]

⋅ 𝛁X = 0, (2b)

 where 𝑾  is the seepage velocity, 𝜙 is the current porosity. 𝛷 is the 
fluid (mass) storage function, defined as 
𝛷 ∶= 𝐽𝜙𝜌F, (3)

and where 𝜌F is the current density of the fluid.
As to the appropriate choice of boundary conditions, we first con-

sider a generic boundary part with outwards pointing unit normal 𝑵 . 
We then introduce the normal displacement 𝑢n ∶= 𝒖 ⋅𝑵 , the tangential 
displacement (vector) 𝒖t ∶= 𝒖 − 𝑢n𝑵 . Similarly, we define the normal 
seepage 𝑊n ∶= 𝑾 ⋅𝑵 . Furthermore, we define the traction 𝒕 ∶= 𝑷 ⋅𝑵 , 
the normal traction 𝑡n ∶= 𝒕 ⋅𝑵 and the tangential traction 𝒕t ∶= 𝒕− 𝑡n𝑵 .

For the cylindrical specimen, let 𝛤T, 𝛤B, 𝛤P denote the top, bottom 
and perimeter surfaces, respectively, as shown in Fig.  2. We shall then 
define two different loading-conditions with respect to the choice of 
boundary conditions on 𝛤T/B, which are either smooth or rough. The 
smooth case represents frictionless boundaries while the counterpart 
rough represents maximized friction, i.e., full sticking. We then choose 
(D = Dirichlet, N = Neumann) the conditions 
𝑢n = 𝑢T/Bapp (D), 𝑊n = 0 (N) on 𝛤T/B (4a)

𝒕 = 𝟎 (N), 𝑝 = 0 (D) on 𝛤P (4b)

𝒕t = 𝟎 (N) on 𝛤T/B (smooth) (4c)

𝒖t = 𝟎 (D) on 𝛤T/B (rough) (4d)

Here, 𝑢T/Bapp denotes the prescribed normal (vertical) displacement com-
ponent on the boundary parts 𝛤T/B. In practise, the prescribed normal 
displacement 𝑢Bapp = 0. Obviously, the entire displacement 𝒖, is pre-
scribed on 𝛤T/B in the case of a rough boundary, whereas only the 
normal component is prescribed when the boundary is smooth.

The time-continuous weak forms, corresponding to the balance 
equations in Eqs. (2a) and (2b), read: Find 𝒖(𝒙, 𝑡), 𝑝(𝒙, 𝑡) ∈ U × P that 
solve 

∫𝛺
𝑷 ∶

[

𝛿𝒖⊗ 𝛁X
]

d𝛺 = 0, (5a)

∫𝛺
𝛷̇𝛿𝑝d𝛺 − ∫𝛺

𝜌F𝜙𝑾 ⋅
[

𝛁X𝛿𝑝
]

d𝛺 = 0, (5b)

 that must hold for appropriately chosen test functions 𝛿𝒖, 𝛿𝑝 ∈ U0×P0.
For a smooth boundary 𝛤T/B, the trial and test set for displacements 

are given as 

U =
{

𝒖′ suff. regular on 𝛺: 𝑢′n = 𝑢T/Bapp on 𝛤T/B
}

, (6a)

U0 =
{

𝒖′ suff. regular on 𝛺: 𝑢′n = 0 on 𝛤T/B
}

, (6b)

whereas for a rough boundary 𝛤T/B
U =

{

𝒖′ suff. regular: 𝑢′n = 𝑢T/Bapp , 𝒖
′
t = 𝟎 on 𝛤T/B

}

, (7a)

U0 =
{

𝒖′ suff. regular: 𝒖′ = 𝟎 on 𝛤T/B
}

. (7b)

Finally, the trial and test space for the pressure is chosen as 
P =

{

𝑝′ suff. regular: 𝑝′ = 0 on 𝛤P
}

= P0. (8)
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Fig. 2. Cylindrical SBE specimen subjected to compressive deformation (left figure), illustration of the domain 𝛺, along with the top boundary 𝛤T, bottom 
boundary 𝛤B and perimeter boundary 𝛤P (middle figure), schematic illustration of the nano-porous structure with pore pressure field 𝑝, normal seepage 𝑊𝑛 and 
the effective 1st PK stress in the solid skeleton 𝑷 ′ (right figure).
3.3. Constitutive equations

The drained solid skeleton is represented as a viscoelastic material. 
The constitutive relation is formulated in terms of the effective 2nd PK 
stress 𝑺′, which is related to the effective 1st PK stress through 

𝑷 ′(𝑭 ,𝑭 v) = 𝑭 ⋅ 𝑺′(𝑪 ,𝑪el). (9)

The rheological basis is the so-called three-parameter model with two 
chains, as illustrated in Fig.  3. A similar model for finite viscoelasticity, 
motivated by the dissipation inequality and involving an intermediate 
viscous configuration, was proposed by Reese and Govindjee (1998). 
Extensions of poro-viscoelastic models for soft biological tissues have 
also been developed by Ehlers and Markert (2001).

The total volume specific strain energy density is additively de-
composed into equilibrium and non-equilibrium contributions, asso-
ciated with the equilibrium spring and the spring–dashpot branch, 
respectively; hence, 

𝜓 = 𝜓EQ + 𝜓NEQ. (10)

Since the equilibrium response is purely elastic, we conveniently
parametrize 𝜓EQ = 𝜓EQ(𝑪), where 𝑪 = 𝑭 𝑇 ⋅ 𝑭  is the right Cauchy–
Green deformation. For the non-equilibrium branch, the deformation 
gradient 𝑭  is multiplicatively decomposed into an elastic part 𝑭 el asso-
ciated with the spring, and a viscous part 𝑭 v representing the dashpot 
deformation, so that 𝑭 = 𝑭 el ⋅ 𝑭 v. The non-equilibrium contribution 
to the strain energy density therefore depends on the elastic measure 
as 𝜓NEQ = 𝜓NEQ(𝑪el), where the elastic right Cauchy–Green tensor is 
given by 𝑪el = 𝑭 𝑇

el ⋅ 𝑭 el = 𝑭 −𝑇
v ⋅ 𝑪 ⋅ 𝑭 −1

v .
Finally, we specify the constitutive forms of the strain energy den-

sity functions for both the equilibrium and non-equilibrium branches 
using a neo-Hookean formulation. The energy contribution of the equi-
librium spring, accounting for both isochoric and volumetric deforma-
tions, is given by 

𝜓EQ(𝑪) =
𝜇1
2

[

𝐽−2∕3 tr(𝑪) − 3
]

+
𝜅1
2

[𝐽 − 1]2 , (11)

where 𝐽 =
√

det(𝑪) is the volume ratio of the total deformation, 𝜇1 and 
𝜅1 are the bulk and shear moduli of the equilibrium spring, respectively. 
For the non-equilibrium (viscoelastic) chain, only the isochoric part 
is considered to neglect viscous resistance to volumetric changes. The 
corresponding energy density is therefore expressed as 

𝜓NEQ(𝑪 ) =
𝜇2 [

𝐽−2∕3 tr(𝑪 ) − 3
]

, (12)
el 2 el el

4 
Fig. 3. Rheological visualization of the material model for the solid drained 
skeleton: The top chain represents the static response, i.e., the rate-
independent spring. The bottom chain represents the dynamic response, a 
spring and a viscous dashpot.

where 𝐽el =
√

det(𝑪el) denotes the elastic volume ratio and 𝜇2 is 
the shear modulus associated with the non-equilibrium branch. The 
effective second Piola–Kirchhoff stress can thus be written as 

𝑺′ = 2
𝜕𝜓
𝜕𝑪

= 2
[

𝜕𝜓EQ

𝜕𝑪
+
𝜕𝜓NEQ

𝜕𝑪el
∶
𝜕𝑪el
𝜕𝑪

]

. (13)

In the intermediate configuration, the viscous response is governed by 
a Norton type evolution law for the viscous velocity gradient, 
𝒍v = 𝑭̇ v ⋅ 𝑭 −1

v , (14)

which is expressed as 

𝒍v =
1
𝑡∗

[𝑀𝑒
v

𝜎0

]𝑛 3
2
𝑴v,d
𝑀𝑒
v
. (15)

Here, a power law dependence on the equivalent driving stress is 
introduced to capture (rate-dependent) viscous effects. The evolution 
law is driven by the Mandel stress tensor 

𝑴v = 𝑪el ⋅ 2
𝜕𝜓NEQ

𝜕𝑪el
, (16)

with volumetric and deviatoric components expressed as 

𝑀v,vol =
1
3
tr(𝑴v), 𝑴v,d = 𝑴v −𝑀v,vol 𝑰 . (17)

The equivalent Mandel stress is defined in the usual manner as 

𝑀𝑒
v =

√

3
2
𝑴v,d ∶ 𝑴v,d. (18)

The material parameters 𝑡∗, 𝑛, and 𝜎0 govern the viscous evolution. 
Specifically, 𝑡∗ is the relaxation time, 𝑛 is the Norton exponent con-
trolling stress sensitivity, and 𝜎0 is the reference stress.

In the current model, we shall assume that the solid phase is 
incompressible so that the solid phase density is constant 𝜌s = 𝜌s , 
0
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while compressibility is introduced in the fluid phase. This assumption 
effectively reduces the parameter space and omits solid phase density 
dependence with respect to pore pressure and mechanical deformation. 
Based on this assumption, the current porosity can be expressed as 

𝜙(𝐽 ) = 1 − 1
𝐽
[1 − 𝜙0], (19)

where 𝜙0 is the initial (undeformed) porosity.
Furthermore, the constitutive relation for the pore fluid density is 

assumed to follow a linear compressibility law, 

𝜌F(𝑝) = 𝜌F0

[

1 +
𝑝
𝜅F

]

, (20)

where 𝜅F denotes the intrinsic bulk modulus of the fluid. In this form, 
the density increases linearly with pore pressure relative to the initial 
fluid density 𝜌F0 . For the fluid flux, we adopt a Darcy type law in the 
reference configuration. The relative seepage velocity scaled by the 
current porosity as the constitutive quantity gives 
𝜙𝑾 = −𝑲 ⋅ 𝛁X𝑝, (21)

where 𝑲 is the permeability tensor in the reference configuration. 
In the present study, the permeability is assumed macroscopically 
isotropic, such that 𝑲 = 𝐾𝑰 .

4. Axisymmetric representation at the experimental setup

4.1. Preliminaries - Kinematics - Weak forms

For convenience, the analysis is performed in an axisymmetric 
representation of the cylindrical specimens, whereby polar coordinates 
(𝑟, 𝜃, 𝑧) are used in the reference (undeformed) configuration 𝛺 =
𝛺̄ × [0, 2𝜋] with 𝛺̄ = [0, 𝑅0] × [0,𝐻0] representing the computational 
domain with related surfaces 𝛤T/B and 𝛤R. The corresponding set of 
unit orthonormal base vectors are (𝒆𝑟, 𝒆𝜃 , 𝒆𝑧). The displacement vector 
𝒖 is then represented as 
𝒖 = 𝑢𝑟𝒆𝑟 + 𝑢𝑧𝒆𝑧 (22)

where it is used that 𝑢𝜃 = 0 (due to axisymmetry). Further, we consider 
the case where the applied displacement on the bottom boundary 
𝑢Bapp = 0 and the top boundary 𝑢Tapp = −𝜖(𝑡)𝑧, where 𝜖(𝑡) is the 
relevant prescribed deformation. The gradient operator 𝛁X has the 
representation 

𝛁X = 𝒆𝑟
𝜕
𝜕𝑟

+ 𝒆𝜃
1
𝑟
𝜕
𝜕𝜃

+ 𝒆𝑧
𝜕
𝜕𝑧
. (23)

Upon using the constraints 𝜕𝑢𝑟𝜕𝜃 = 𝜕𝑢𝑧
𝜕𝜃 = 0 and 𝜕𝑝𝜕𝜃 = 0 we obtain, in 

standard fashion, that 𝑭 = 𝑰 +𝑯 with 

𝑯 ∶= 𝒖⊗𝛁X =
𝜕𝑢𝑟
𝜕𝑟

𝒆𝑟⊗𝒆𝑟+
𝜕𝑢𝑟
𝜕𝑧

𝒆𝑟⊗𝒆𝑧+
1
𝑟
𝑢𝑟𝒆𝜃⊗𝒆𝜃+

𝜕𝑢𝑧
𝜕𝑟

𝒆𝑧⊗𝒆𝑟+
𝜕𝑢𝑧
𝜕𝑧

𝒆𝑧⊗𝒆𝑧

(24)

and 
𝛁X𝑝 =

𝜕𝑝
𝜕𝑟

𝒆𝑟 +
𝜕𝑝
𝜕𝑧

𝒆𝑧. (25)

The corresponding (time-continuous) weak forms are obtained as spe-
cial cases of Eqs. (5a) and (5b) as follows: Upon choosing, in turn, for 
𝛿𝑢𝑟 ≠ 0 (𝛿𝑢𝑧 = 0) 

𝛿𝒖⊗ 𝛁𝑋 =
𝜕𝛿𝑢𝑟
𝜕𝑟

𝒆𝑟 ⊗ 𝒆𝑟 +
𝜕𝛿𝑢𝑟
𝜕𝑧

𝒆𝑟 ⊗ 𝒆𝑧 +
1
𝑟
𝛿𝑢𝑟𝒆𝜃 ⊗ 𝒆𝜃 , (26)

in Eq. (5a), for 𝛿𝑢𝑧 ≠ 0 (𝛿𝑢𝑟 = 0) 

𝛿𝒖⊗ 𝛁𝑋 =
𝜕𝛿𝑢𝑧
𝜕𝑟

𝒆𝑧 ⊗ 𝒆𝑟 +
𝜕𝛿𝑢𝑧
𝜕𝑧

𝒆𝑧 ⊗ 𝒆𝑧, (27)

in Eq. (5a), and for 𝛿𝑝 ≠ 0

𝛁 𝛿𝑝 =
𝜕𝛿𝑝 𝒆 +

𝜕𝛿𝑝 𝒆 (28)
X 𝜕𝑟 𝑟 𝜕𝑧 𝑧

5 
in Eq. (5b), we seek 𝑢𝑟(𝑟, 𝑧, 𝑡) ∈ U𝑟, 𝑢𝑧(𝑟, 𝑧, 𝑡) ∈ U𝑧, 𝑝(𝑟, 𝑧, 𝑡) ∈ P that 
satisfy 

∫𝛺̄

[

𝑃𝑟𝑟
𝜕𝛿𝑢𝑟
𝜕𝑟

+ 𝑃𝑟𝑧
𝜕𝛿𝑢𝑟
𝜕𝑧

+ 𝑃𝜃𝜃
1
𝑟
𝛿𝑢𝑟

]

𝑟d𝛺̄ = 0 ∀𝛿𝑢𝑟 ∈ U0
𝑟 , (29a)

∫𝛺̄

[

𝑃𝑧𝑟
𝜕𝛿𝑢𝑧
𝜕𝑟

+ 𝑃𝑧𝑧
𝜕𝛿𝑢𝑧
𝜕𝑧

]

𝑟d𝛺̄ = 0 ∀𝛿𝑢𝑧 ∈ U0
𝑧, (29b)

∫𝛺̄
𝛷̇𝛿𝑝 𝑟d𝛺̄ − ∫𝛺̄

𝜌F𝜙
[

𝑊𝑟
𝜕𝛿𝑝
𝜕𝑟

+𝑊𝑧
𝜕𝛿𝑝
𝜕𝑧

]

𝑟d𝛺̄ = 0 ∀𝛿𝑝 ∈ P0. (29c)

The appropriate trial and test sets are 
U𝑟 =

{

𝒖′ suff. regular on 𝛺̄: 𝑢′ = 0 on 𝛤I
}

= U0
𝑟 , smooth 𝛤T/B, (30a)

U𝑟 =
{

𝒖′ suff. regular on 𝛺̄: 𝑢′ = 0 on 𝛤I ∪ 𝛤T/B
}

= U0
𝑟 , rough 𝛤T/B, (30b)

U𝑧 =
{

𝒖′ suff. regular on 𝛺̄: 𝑢′ = 𝑢Tapp on 𝛤T
}

, (30c)

U0
𝑧 =

{

𝒖′ suff. regular on 𝛺̄: 𝑢′ = 0 on 𝛤T/B
}

, (30d)

P =
{

𝑝′ suff. regular: 𝑝′ = 0 on 𝛤P
}

= P0. (30e)

Furthermore, we have introduced the internal (symmetry) boundary 𝛤I
pertinent to axisymmetry.

For smooth boundary parts 𝛤T/B, we identify that the stress, fluid 
storage and seepage become uniform in the 𝑧 direction. For the primal 
variables, we deduce that 𝜕𝑢𝑟𝜕𝑧 = 𝜕𝑝

𝜕𝑧 = 0 and 𝑢𝑧(𝑟, 𝑧, 𝑡) = −𝜖(𝑡)𝑧, for 
the time-dependent compression, which results in 𝐹 = 𝐹 (𝑟, 𝑧) being 
uniform along 𝑧. Associated with this restrictions, we consider only 
test functions such that 𝛿𝑢𝑧 = 0 and 𝜕𝛿𝑢𝑟𝜕𝑧 = 𝜕𝛿𝑝

𝜕𝑧 =0. As a consequence, 
Eq. (29b) becomes obsolete while Eqs. (29a), (29c) are simplified and 
represent effectively a 1D-problem in 𝑢𝑟(𝑟, 𝑡), 𝑝(𝑟, 𝑡) for 𝑟 ∈ [0, 𝑅0]. 
Hence, the 1D problem to solve is: Find (𝑢𝑟, 𝑝) ∈ U × P such that 

∫

𝑅0

0

[

𝑃𝑟𝑟
𝜕𝛿𝑢𝑟
𝜕𝑟

+ 𝑃𝜃𝜃
1
𝑟
𝛿𝑢𝑟

]

𝑟d𝑟 = 0 ∀𝛿𝑢𝑟 ∈ U0, (31a)

∫

𝑅0

0
𝛷̇𝛿𝑝 𝑟d𝑟 − ∫

𝑅0

0
𝜌F𝜙

𝜕𝛿𝑝
𝜕𝑟

𝑊𝑟 𝑟d𝑟 = 0 ∀𝛿𝑝 ∈ P0, (31b)

where 
U =

{

𝑢′ suff. regular on [0, 𝑅0] ∶ 𝑢′ = 0 at 𝑟 = 0
}

= U0, (32a)

P =
{

𝑝′ suff. regular on [0, 𝑅0] ∶ 𝑝′ = 0 at 𝑟 = 𝑅0

}

= P0. (32b)

4.2. Parameter identification

To ensure that the model reliably represents the material behaviour, 
the parameters are calibrated against the experimental data. To this 
end, we introduce three different measures that are used for calibration

(i) The volume averaged normal stress: 

𝑃𝑧𝑧(𝑡) ∶=
2

𝑅2
0𝐻0

∫𝛺̄
𝑃𝑧𝑧(𝑟, 𝑧, 𝑡)𝑟d𝛺̄. (33)

The average axial deformation gradient is 

𝐹𝑧𝑧(𝑡) =
2

𝑅2
0𝐻0

∫𝛺̄
𝐹𝑧𝑧(𝑟, 𝑧, 𝑡)d𝛺̄ = 1 − 𝜖(𝑡) (34)

with 𝜖(𝑡) = − 1
𝐻0
𝑢app(𝑡). In order to obtain this result, it was used that 

𝑢𝑧(𝑟,𝐻0, 𝑡) = 𝑢app(𝑡) and 𝑢𝑧(𝑟, 0, 𝑡) = 0. Clearly, 𝜖(𝑡) can be interpreted as 
the average axial compressive strain (negative elongation).

(ii) Diameter change at mid-height of the specimen: 

𝑑(𝑡) = 1
2𝑅0

2𝑢𝑟(𝑅0,
1
2
𝐻0, 𝑡), (35)

(iii) Loss of pore fluid across the perimeter boundary 𝛤P during a given 
time interval (0, 𝑇 ): 

𝑚̄F = 2𝜋𝑅0𝜌
F
0 ∫

𝑇

0 ∫

𝐻0

0
𝜙(𝑅0, 𝑧, 𝑡)𝑊n(𝑅0, 𝑧, 𝑡)d𝑧d𝑡. (36)

It is noted that 𝜌F = 𝜌F for 𝑟 = 𝑅  since 𝑝 = 0 on 𝛤 .
0 0 P
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Fig. 4. Relative change of: the total cost function,  , the cost term related to axial stress, 1, the cost term related to diameter evolution, 2, the cost term 
related to mass-loss, 3, as defined in Eq. (38). Sensitivities shown in (a) – (h) for a 

( )

: 10% increase and ( )

: 10% decrease of the calibrated parameters 
shown in Table  1.
In total, nine parameters are to be determined. The first two pa-
rameters, 𝜇1 and 𝜅1, describe the elasto-static material response. Four 
parameters, 𝜇2, 𝑡∗, 𝑛, 𝜎0, govern the viscoelastic behaviour. The final 
three parameters, 𝐾,𝜙0, and 𝜅F are fluid-related properties.

Furthermore, we note that the relaxation time and reference stress 
in Eq. (15) can be combined to a single parameter so that 𝐴 = 𝑡−1𝜎−𝑛. 
∗ 0

6 
As a consequence, there exists infinite combinations of 𝑡∗ and 𝜎0 that 
produce the same viscous response. For uniqueness, we choose 𝜎0 =
10 MPa and calibrate 𝑡∗. The complete parameter set is thus collected 
as the set 

𝜽 = {𝜇 , 𝜅 , 𝜇 , 𝑡 , 𝑛, 𝐾, 𝜙 , 𝜅F}. (37)
1 1 2 ∗ 0
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Fig. 5. Experimental and simulated compressive stress–strain responses for a smooth boundary 𝛤T/B with a maximum deformation of 5% (a,c,e) and 10% (b,d,f). 
Results are shown for three different loading rates: (a, b) 𝜀̇ = 0.1 % / min. (c, d) 𝜀̇ = 1 % / min. (e, f) 𝜀̇ = 10 % / min.
The parameters should be chosen to minimize a cost function  , which 
considers the difference between simulations and experiments for axial 
stresses, diameter evolution and loss of fluid mass, defined as 
 (𝜽, 𝑡) = 1 + 2 + 2, (38a)

1(𝜽, 𝑡) =
6
∑

𝑖=1

[

𝑃 exp𝑧𝑧,𝑖 (𝑡) − 𝑃𝑧𝑧,𝑖, (𝜽; 𝑡)
]2
, (38b)

2(𝜽, 𝑡) = 𝑤1

3
∑

𝑗=1

[

𝑑exp𝑗 (𝑡) − 𝑑𝑗 (𝜽; 𝑡)
]2
, (38c)

3(𝜽) = 𝑤2

6
∑

[

𝑚expF,𝑖 − 𝑚̄F,𝑖(𝜽)
]2
. (38d)
𝑖=1

7 
 The first term related to axial stresses is denoted 1, the second term 
related to diameter evolution is denoted 2 and the third term for loss 
of fluid mass is denoted 3. Moreover, the weighting factors 𝑤1 and 𝑤2
are chosen such that the contributions of the three terms in Eq. (38a) 
are of similar magnitude.

4.3. Implementation

The proposed model is implemented in COMSOL Multiphysics 
6.2 using the Mathematics module. In particular, the Weak Form PDE
interface is employed to directly input the space–time continuous for-
mulations given in Eqs. (5a) and (5b). Time integration is carried out 
with the Backward Differentiation Formula (BDF) of order 1, equiv-
alent to the backward Euler scheme. For the spatial discretization, a 
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Fig. 6. Measured and simulated loss of fluid mass at: (a) 5% strain corresponding to Fig.  5a, c, e. (b) 10% strain corresponding to Fig.  5b, d, f.
Fig. 7.  Measured (dashed curves) and simulated (solid curves) diameter 
evolution against applied axial deformation.

quadratic approximation is employed for the displacement field, while 
the pore pressure field is discretized using linear shape functions. This 
choice corresponds to the well known Taylor Hood element, which 
satisfies the LBB condition and ensures numerical stability in the limit 
of small time steps (Taylor and Hood, 1973; Simo et al., 1985; Brezzi 
and Fortin, 2012). To perform parameter estimation, the COMSOL 
model is coupled with MATLAB R2023b via LiveLink, enabling external 
control of the optimization process. The calibration is performed using 
MATLAB’s fminsearch routine, which implements the unconstrained 
Nelder–Mead simplex algorithm (Nelder and Mead, 1965).

For computational efficiency, we assume smooth boundaries that al-
low for one-dimensional specimen representation for model calibration, 
rather than the more computationally demanding rough boundaries 
that require a two-dimensional representation.

5. Results

The calibrated material parameters are presented in Table  1. The 
identified Norton exponent is relatively high, indicating a strongly 
stress sensitive viscous response that approaches perfectly plastic be-
haviour at high stress levels. The corresponding relaxation time reflects 
a comparatively stiff viscous branch; however, its absolute magnitude 
8 
is not unique and depends on the choice of the reference stress used 
in the normalization of the evolution law in Eq. (15). The permeability 
is consistent with the expected pore size and porosity of the material, 
where larger pores and well connected pathways correspond to higher 
permeability, whereas fine and/or tortuous pore networks lead to lower 
values.

A sensitivity study of the cost function with respect to the calibrated 
parameters is shown in Fig.  4, where the parameters are perturbed one 
at a time by ±10 % of their calibrated value. The results suggest that 
a local minimum is obtained, as the total cost function  increases or 
remains unchanged under these perturbations. The sensitivity of the 
cost function is highest when perturbing the shear moduli 𝜇1 and 𝜇2
associated with the mechanical response, as well as the Norton expo-
nent 𝑛, indicating that these parameters are strongly determined by the 
calibration data. In contrast, parameters exhibiting low sensitivity may 
be varied in their calibrated values, as variations in these parameters 
have only a minor effect on the cost function.

The compressive stress–strain responses obtained from experimental 
tests, along with the simulated average compressive stress computed 
using Eq. (33), are presented in Fig.  5 for the case of a smooth boundary 
𝛤T/B. For all cases, the stress–strain behaviour is distinctly nonlinear 
during both loading and unloading. The loading paths exhibit an initial 
steep increase in stress, followed by a gradual reduction in stiffness with 
increasing strain, indicative of material softening. The unloading curves 
are also nonlinear and do not simply retrace the loading trajectories. 
Instead, they form pronounced hysteresis loops that reflect energy 
dissipation during each loading cycle. The size of these loops appears 
to depend primarily on the strain magnitude rather than the strain 
rate, and residual strain is consistently observed upon unloading to zero 
stress. However, this residual deformation gradually relaxes over time, 
suggesting that the overall material response remains elastic.

Fig.  5a and 5b show the 1st PK stress during loading up to 𝜖 = 5 % 
and 𝜖 = 10 %, and the subsequent unloading, both at the low rate of 
𝜖̇ = 0.1 % / min. At this rate, both the experimental and simulated 
stress magnitudes are the lowest, and the response is accompanied by 
substantial fluid seepage, see Fig.  12a. This behaviour indicates that 
solid–fluid interaction is small and that the solid skeleton carries the 
major part of the mechanical load. The model predictions capture well 
the overall nonlinear shape of the response, including the softening 
behaviour and the unloading path, although minor deviations are 
observed at large strain levels.

Fig.  5c and 5d illustrate the material response at the intermediate 
rate of 𝜖̇ = 1 % / min. At this loading rate, the stress magnitudes, as well 
as the initial stiffness, are noticeably higher compared with the 0.1% 
/ min rate. Fluid seepage is significantly reduced, as seen in Fig.  12b, 
indicating that the pressurized fluid begins to interact more strongly 
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Fig. 8. Comparison of the smooth and rough boundaries at a strain rate of 10% per minute: (a) The simulated average axial loading-unloading stress. (b) Diameter 
evolution of the specimen. (c) Rate of fluid mass loss as a function of applied axial deformation.
Table 1
Table of material parameters.
 Parameters Description Value Source Eq.  
 𝜇1 Static shear modulus 29.0 MPa Calibrated (11) 
 𝜅1 Static bulk modulus 63.2 MPa Calibrated (11) 
 𝜇2 Dynamic shear modulus 55.7 MPa Calibrated (12) 
 𝑡∗ Relaxation time 8.66 s Calibrated (15) 
 𝑛 Norton exponent 6.18 Calibrated (15) 
 𝜎0 Reference stress 10 MPa Assumed (15) 
 𝐾 Permeability 7.77 ⋅ 10−18m2 Calibrated, (Carlstedt et al., 2022) (21) 
 𝜙0 Initial porosity 0.21 Calibrated, Duan et al. (2023), Carlstedt et al. (2022) (19) 
 𝜅F Fluid bulk modulus 3.95 GPa Calibrated, Wang et al. (2023) (20) 
 𝜌F0 Initial fluid density 1.35 g/cm3 Canrud (2025) (20) 
with the solid phase and contribute to the load bearing response. The 
model reproduces the experimental data well, in particular for the 
10% strain level in Fig.  5d. In Fig.  5c, the initial stiffness is slightly 
underestimated.

At the high rate, 𝜖̇ = 10 % / min, the specimens exhibit even larger 
stress magnitudes and stiffness, as shown in Fig.  5e and 5f. No fluid 
seepage is visually detected under this condition, as shown in Fig.  12c, 
indicating that the fluid phase is effectively trapped and the solid–fluid 
interaction is maximized. The model predictions align well with the 
experimental results at the high rate.

Fig.  6a and 6b compare the measured and simulated loss of fluid 
mass, 𝑚̄F, that is computed using Eq. (36). The measurements were 
conducted at the end of each unloading cycle, i.e., at zero stress in 
9 
Fig.  5, providing one data point for each strain rate and strain level. 
At 5 % compressive strain in Fig.  6a, the measured mass loss is small, 
almost negligible, for all loading rates. In contrast, significant mass loss 
is observed at 10 % compressive strain shown in Fig.  6b, in particular 
for the slow and intermediate rates. This is consistent with the images 
presented in Fig.  12. At this strain level, more than 60 mg of liquid 
electrolyte is lost at the lowest rate 𝜖̇ = 0.1 % / min, and the measured 
loss of mass decreases progressively with increasing loading rate. The 
model overestimates the loss of mass at 5 % strain shown in Fig.  6a; 
however, it is able to predict the loss of mass at 10 % strain in Fig.  6b 
with high accuracy.

Fig.  7 presents the measured diameter change versus applied ax-
ial deformation, together with the corresponding model predictions 
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Fig. 9. Experimental and simulated stress relaxation versus time. The specimens are compressed to 10 % strain and held at the current strain level over time. 
Two specimens were subjected to stress relaxation testing per loading rate: (a) 𝜀̇ = 0.1 % / min. (b) 𝜀̇ = 1 % / min. (c) 𝜀̇ = 10 % / min. (d) Measured and 
simulated loss of fluid mass, as shown in (a)–(c).
computed using Eq. (35) for all considered loading rates. The results 
indicate a clear rate dependence on the diameter evolution, with higher 
rates leading to greater radial expansion. At the highest loading rate, 
noticeable barrelling of the cylindrical specimen is observed, see Fig. 
12c. The calibrated model successfully reproduce the experimental 
observations with good agreement. It should be noted that the mea-
surements were obtained using an optical camera and are, therefore, 
subject to considerable uncertainty.

Furthermore, Fig.  8 compares the obtained simulation results for 
smooth and rough boundaries, as described in Section 3.2. In this 
analysis, the highest strain rate of 𝜖̇ = 10 % / min is considered to 
maximize the fluid–solid interaction. Fig.  8a presents the simulated 
average axial stress response for an applied axial strain of 10 %. It is 
found that the rough boundaries produce a slightly stiffer response than 
the smooth boundaries. We emphasize that the actual experimental 
situation lies between the extreme conditions of smooth and rough 
boundaries. No separate measurement was made to quantify the friction 
coefficient, however the pronounced barelling, cf. Fig.  12c, that was 
recorded for the highest strain rate (close to undrained condition) 
indicates that friction is significant. We thus conjecture that the rough 
conditions is closer to reality than the smooth conditions.

At small deformations, the simulated diameter evolution is nearly 
identical for both smooth and rough boundaries in Fig.  8b. However, 
with increasing axial strain, the simulated diameter evolution at the 
mid-height of the specimen for assumed rough boundaries is shown to 
increase progressively due to the development of barrelling.

Finally, Fig.  8c shows the rate of fluid mass loss ̇̄𝑚F as a function 
of applied axial deformation. The results indicate a seepage profile for 
10 
rough boundaries that is similar to smooth ones, since integration of 
the profiles using Eq. (36) yields essentially the same total volume 
loss. Furthermore, we note that the model produces a negative mass 
flux during the unloading of the specimen. A negative flux means that 
the fluid flow is reversed and that some the leaked fluid returns to 
the specimen. The adopted boundary condition of zero pressure allows 
for the fluid to re-enter the specimen during unloading. This reversed 
flow is not observed experimentally and is merely an artifact of the 
chosen Dirichlet boundary condition. The radial displacement and pore 
pressure fields at 10% strain are presented in Fig.  13.

Fig.  9 presents the results of the relaxation tests described in Sec-
tion 2.4. We emphasize that these test data are used solely for model 
validation, i.e., the model was not calibrated to fit any results from the 
relaxation tests.

Fig.  9a – c show how the experimental and simulated axial com-
pressive stress responses evolve with time during and after loading 
with different rates. During loading, the stress evolution resembles that 
observed in Fig.  5, beginning with an initial linear region followed by 
a gradual softening of the stiffness. Once the axial strain reaches 10 %, 
the specimens are held at this constant deformation level.

In Fig.  9a, a sharp stress drop is observed during the transition 
from loading to holding, followed by gradual nonlinear relaxation over 
time. Upon comparing the relaxation plots in Fig.  9a – c, we note that 
the magnitude of the stress drop is rate dependent, where the highest 
rate in Fig.  9c, shows the most pronounced drop. After sufficient time 
has elapsed, the stress in all cases relaxes to an equilibrium value of 
approximately 7 MPa.
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Fig. 10. Simulated drained, undrained and partially drained stress–strain responses at a state of uniaxial stress: (a) 𝜖̇ = 0.1 % / min. (b) 𝜖̇ = 1 % / min. (c) 𝜖̇ = 10
% / min.
Fig. 11. Simulated rate-dependent response at a state of uniaxial strain. (a) Undrained condition. (b) Drained condition.
Fig.  9d shows the corresponding measurements of loss of fluid 
mass after relaxation. Here, we obtain two data points per load rate, 
corresponding to two stress relaxation tests per load rate. The greatest 
mass loss is observed for the low rate 𝜖̇ = 0.1 % / min, consistent with 
the substantial fluid seepage observed under slow loading conditions. 
Although additional seepage and stress reduction are expected over 
longer times, the samples had not yet reached equilibrium at the end of 
the test, suggesting that further minor relaxation and mass loss would 
occur over time.
11 
The model predictions show overall fair agreement with the exper-
iments, with the maximum stress accurately captured across loading 
rates in Fig.  9. However, the magnitude of the stress drop and the subse-
quent relaxation during the hold phase are consistently underestimated. 
This discrepancy is likely due to limitations in the constitutive and 
transport assumptions of the model. Although increasing permeability 
improves the predicted stress relaxation, it leads to poorer agreement 
with the measured mass loss, which is included in the cost function. 
We note that additional mechanisms such as deformation dependent 
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Fig. 12. (a) Pictures of cylindrical specimens subjected to 10% compressive strain at: (a) 𝜖̇ = 0.1 % / min. (b) 𝜖̇ = 1 % / min. (c) 𝜖̇ = 10 % / min.
permeability cf. Rollin et al. (2025), are omitted in the modelling 
framework, since their individual roles cannot be uniquely identified 
within the present experimental setup. Incorporating more viscoelastic 
branches in the modelling approach and a more advanced seepage 
description is therefore expected to improve predictions in future work.

Fig.  10 shows the simulated average axial stress during compressive 
loading up to 𝜖 =10 %. Here, we explore the bounds within which 
the calibrated model operates. The lower bound is represented by 
the drained solid skeleton, which is obtained if we set 𝑝 = 0 every-
where in the specimen. Conversely, the upper bound corresponds to 
the undrained condition, which is obtained if the permeability is zero 
(corresponding to 𝑾 = 𝟎) in the entire specimen. What remains of 
the continuity equation is only the storage term. Both the drained and 
undrained cases result in completely homogeneous pore pressure and 
displacement fields if we choose a smooth 𝛤T/B. In practice, this means 
that the computations can be carried out at the constitutive level. 
These extreme situations are contrasted to the general situation with 
inhomogeneous pore pressure (and drainage) in the specimen, whereby 
we choose a smooth boundary 𝛤T/B.

The first series of results (in Fig.  10a – c) were obtained for different 
loading rates 𝜖̇, while a state of uniaxial stress is ensured. Fig.  10a 
presents the simulation results for 𝜖̇ = 0.1 % per minute. The predicted 
response of the partially drained model lies between the drained and 
undrained bounds, initially slightly skewed towards the undrained 
response. For intermediate and high loading rates, 𝜖̇ = 1 % and 𝜖̇ =
10 % / min in Fig.  10b and 10c, the partially drained responses shift 
closer to the undrained, indicating that fluid mobility decreases as the 
deformation rate increases.

The next series of results (in Fig.  11a – b) concern the response 
under uniaxial strain, which is simulated on the ‘‘constitutive level’’. 
Fig.  11a shows the simulated undrained response for all different strain 
rates 𝜖̇. Since the material point is constrained to deform only in the 
axial direction, this results in a progressive increase in axial stress 
and a maximized fluid–solid interaction. Fig.  11b, in contrast, shows 
the undrained response. It is concluded that the magnitude of stress 
increases with increasing 𝜖̇, while the initial stiffness remains rate-
independent. These findings indicate that the presence of the confined 
fluid may induce pronounced stress concentrations within the material 
under uniaxial strain conditions. Furthermore, for the considered range 
of loading rates, the partially drained model predictions tend to align 
more closely with the undrained bound than with the drained bound.

6. Conclusions and outlook

We show that modelling of the structural battery electrolyte sub-
jected to compressive loading requires a poro-viscoelastic representa-
tion to capture observed deformations and electrolyte seepage. This is 
to the authors knowledge, the first ever attempt to model and calibrate 
the SBE material in a non-linear setting with poro-viscoelastic charac-
teristics. With such a computational model, we successfully reproduce 
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the compressive stress–strain behaviour observed experimentally at 
different rates of loading. Specifically, the model captures the increased 
sample barrelling and decreased electrolyte mass loss with increased 
axial loading rate, in particular at higher compressive deformation. 
By exploring the drained and undrained bounds, we demonstrate that 
the adoption of a porous media model is essential for accurate stress 
predictions, as current model predictions lie close to the undrained 
bound.

As to future work, it would be beneficial to have access to experi-
mental data on the pore pressure distribution in the entire sample (to be 
used for calibration and/or validation). The adopted version of Darcy-
type seepage is certainly simplistic, cf., the philosophy behind the St. 
Venant model for hyperelasticity. By introducing accurate experimental 
data for pore pressure, further refinement of the seepage model can be 
made to improve material relaxation predictions. This work establishes 
a framework for calibration of compression and relaxation behaviour, 
whereas the response under repeated mechanical and electrochemical 
cycling remains to be investigated.
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Fig. 13. Simulation results for a rough top boundary: (a) Displacement field at 10% compressive strain for the loading rate 𝜖̇ = 10 % / min. (b) Pore pressure 
field at 10% compressive strain for the loading rate 𝜖̇ = 10 % / min.
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