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Abstract

Finite element (FE) models are advantageous in the study of intervertebral disc mechanics as the
stress—strain distributions can be determined throughout the tissue and the applied loading and
material properties can be controlled and modified. However, the complicated nature of the disc
presents a challenge in developing an accurate and predictive disc model, which has led to
limitations in FE geometry, material constitutive models and properties, and model validation. The
objective of this study was to develop a new FE model of the intervertebral disc, to validate the
model’s nonlinear and time-dependent responses without tuning or calibration, and to evaluate the
effect of changes in nucleus pulposus (NP), cartilaginous endplate (CEP), and annulus fibrosus
(AF) material properties on the disc mechanical response. The new FE disc model utilized an
analytically-based geometry. The model was created from the mean shape of human L4/L5 discs,
measured from high-resolution 3D MR images and averaged using signed distance functions.
Structural hyperelastic constitutive models were used in conjunction with biphasic-swelling theory
to obtain material properties from recent tissue tests in confined compression and uniaxial tension.
The FE disc model predictions fit within the experimental range (mean £ 95% confidence interval)
of the disc’s nonlinear response for compressive slow loading ramp, creep, and stress-relaxation
simulations. Changes in NP and CEP properties affected the neutral-zone displacement but had
little effect on the final stiffness during slow-ramp compression loading. These results highlight
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the need to validate FE models using the disc’s full nonlinear response in multiple loading
scenarios.
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1. Introduction

Finite element (FE) models are advantageous in the study of intervertebral disc mechanics as
the stress—strain distributions can be determined throughout the disc and the applied loading
and material properties can be controlled and modified. Experimental studies are unable to
isolate and quantify the role of individual tissues or specific factors correlated with aging
and degeneration without invasive procedures such as nucleotomy (Johannessen et al.,
2006), needle puncture (Martin et al., 2013), and enzymatic digestions (Boxberger et al.,
2006; Jacobs et al., 2011), which induce structural and biochemical changes throughout the
disc and obfuscate the interpretation of results. FE models have therefore been used to
complement experimental studies and quantify critical elements intrinsic to both the healthy
and degenerate disc that are otherwise unavailable or hard to control. FE studies have, for
example, calculated the stresses experienced by annulus fibrosus (AF) fibers (Schroeder et
al., 2006) and quantified the impact of disc geometry (Galbusera et al., 2011; Niemeyer et
al., 2012; Noailly et al., 2007). Importantly, mechanical changes with disc degeneration
have been identified, including increased range of motion and stress in compression,
bending, axial rotation, and flexion/extension (Ruberte et al., 2009). FE studies have
identified that failure initiates at the endplates in compressive and bending loads, and that
AF tears are unlikely to occur in compression-only loading (Natarajan et al., 1994).

Intervertebral disc geometry is commonly represented in FE models using an idealized
‘kidney-bean’ profile (Little et al., 2007; Magnier et al., 2009; Motaghinasab et al., 2012;
Schroeder et al., 2006; Stokes et al., 2011). Typically, the 3D shape is developed by taking
multiple measurements, such as an average disc height, anterior—posterior distance, and
lateral width, and extrapolating the remaining shape. This approach facilitates a geometry
that is representative of a group of discs being tested because average measurements from
all discs are used, however, it is often impractical to manually measure sufficient locations
throughout the disc to capture its intricate 3D geometry and it is commonplace for these
models to implement assumptions, such as constant disc height, to simplify the process. Yet,
the importance of accurate geometry has been demonstrated; disc height and end-plate
dimensions affect intradiscal pressure and range of motion (Niemeyer et al., 2012), while
other changes in disc geometry alter the internal stress and strain distributions (Noailly et al.,
2007). FE models seeking increased geometrical accuracy have therefore used sample-
specific MR or CT imaging (del Palomar et al., 2008) to generate disc geometries with
superior detail and spatial resolution. Although these are highly accurate, their geometry
does not represent a group average; typically, single subject samples are chosen to represent
the group.
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Recently, the method of signed distance functions has been applied to quantify intervertebral
disc shape (Peloquin et al., 2014). This technique uses high-resolution 3D MR images of
multiple discs to create a mean geometry wherein every point in 3D space is an average of
all the discs from the group of interest. The resulting shape is therefore fully determined and
representative of the group-set that was imaged. This effectively combines the high-
resolution advantage of image-based geometry with the abilities to represent the mean shape
of a group-set, where idealized geometries have previously excelled. This technique has not
previously been applied to FE models of intervertebral disc.

There is great diversity in the material models used in FE studies of the disc. The utilization
of biphasic-swelling theory using anisotropic, nonlinear and inhomogeneous structural
continuum models is becoming prevalent (del Palomar et al., 2008; Malandrino et al., 2009;
Schroeder et al., 2010; Stokes et al., 2011). The material parameters used within these
advanced constitutive theories are frequently selected from combinations of tissue-testing
studies in the literature. However, the elastic and permeability properties of the CEP have
only recently been determined through experimental tissue tests. Additionally, the published
permeability properties for the NP and AF span several orders of magnitude, likely due to
different initial conditions of the tissue and different testing protocols. Importantly, recent
work has demonstrated that fitting material parameters to the standard biphasic model
(without swelling) provides a different set of elastic and permeability parameters compared
to the biphasic-swelling model (Cortes et al., 2014). Therefore, when constructing a
biphasic-swelling disc model, it may be precarious to use the elastic and permeability
parameters from the standard biphasic model and append an osmotic pressure contribution.
In response to the aforementioned limitations, a new set of biphasic-swelling material
parameters has recently been obtained (Cortes et al., 2014), wherein all of the disc soft
tissues, including the CEP, were tested using a consistent protocol, and with initial
conditions that would be similar to those of the FE disc model.

Validation is critical in order to confidently apply the findings of disc FE models. Validation
is frequently performed only at the end-points of loading using global disc metrics such as
total disc displacement, intradiscal pressure, and bulge. The reported values in experimental
motion segment testing have large variability and are thus easily matched within a standard
deviation. Especially problematic, this approach neglects the nonlinearity of disc stress—
strain behavior and the time-dependent response, both essential to disc function. Calibration
methods have been used to tune the material parameters of FE models, especially those of
the AF fibers, in order for FE results to fit experimental data (Malandrino et al., 2013;
Schmidt et al., 2006, 2007). Many studies that do include validation of the nonlinear stress—
strain response use a similar procedure to calibrate or tune their material parameters (Noailly
etal., 2011). Recently, the nonlinear response of a cervical disc was validated in flexion and
extension without tuning or altering material parameters, but only for quasi-static loading
(del Palomar et al., 2008).

The objective of this study was to develop a new FE model of the intervertebral disc
utilizing an analytically based geometry, with material properties obtained from tissue-tests
fit to biphasic-swelling theory, and to validate the model’s nonlinear and time-dependent
responses without tuning or calibration. Additionally, this model was used to elucidate the
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contributions of the NP, CEP, and AF to the disc response in multiple axial compression
experiments including quasi-static loading, creep, and stress relaxation.

2. Methods

2.1. Finite element mesh

In order to obtain the disc geometry for the FE simulations, 7 human L4/L5 intervertebral
discs with a degeneration score of 3 were imaged using a high-resolution (200pum isotropic)
3D MR sequence. The volumetric shape of each disc was averaged using signed distance
functions following the methods outlined in Peloquin et al. (2012) and Tsai et al. (2003),
resulting in an analytically-based 3D geometry that represented the mean shape of the group
of discs imaged (Fig. 1).

The mean disc shape was processed using a custom Matlab (MathWorks, MA) routine to
generate the FE mesh (Fig. 2A). An intermediate 2D quad mesh of the disc’s axial silhouette
was created, formed using a combination of concentric contours of quad elements and a
central rectangular grid (Fig. 2B). This arrangement of concentric contours allowed the AF
elements to be aligned with the disc’s circumferential axis, such that each element’s local
coordinate frame could be used to define the local collagen fiber direction, which was
oriented at £25° to the disc circumferential axis (Guerin and Elliott, 2006). The NP
encompassed 31% of the disc axial area and the center of the NP was positioned with a
posterior offset equal to 10% of disc anterior—posterior length (O’Connell et al., 2007).

The 3D mesh (Fig. 2C) was composed of 8-node hexahedral elements (10,625 elements,
11,336 nodes), created initially by stacking copies of the 2D quad mesh in vertical layers
along the axis of the disc height and subsequently projecting the surface nodes to the
boundary of the average human disc geometry. The cartilage and bony endplates were then
created by extruding the superior and inferior element layers of the disc by 500 um, which
was chosen based on recent histological and MR measurements of CEP (Moon et al., 2013).
A similar process was used to create vertebral bodies, with a height of 0.5 mm and 3-
element layers. In order to establish the final geometry, hydration for 24 h in PBS was
simulated. During this time the vertebral bodies were constrained, causing the disc to
pressurize and bulge outwards, achieving its final geometry (Fig. 2D).

2.2. Constitutive models

Structurally based hyperelastic continuum models were used, which are advantageous as
they link the mechanical response of tissues to their constituent components including the
nonfibrillar solid matrix, collagenous fibers, hydration, and fixed charge density. In order to
capture both the equilibrium and transient mechanics, biphasic-swelling theory was
implemented (Garcia and Cortes, 2007; Lai et al., 1997; Laible et al., 1993; Mow et al.,
1980, 1989), wherein each tissue is considered a mixture of a porous solid saturated by a
fluid phase. The total Cauchy stress, g, is then the summation of its solid elastic stress, o€,
fluid pressure, ps, and osmotic pressure, Pos,
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o=—(p+pos)I+0°, (1)

where | is the identity tensor. The constitutive formulations for the solid elastic stress (o€)
utilize the integrity basis of invariants (l;, i = 1-5) of the right Cauchy—Green deformation
tensor C as

L=trC, 12:%[(tTC)2—tT’C2], I3=detC, I4=a-C-a, Is=b-C-b, (2

where F is the deformation gradient, and a and b are unit vectors representing collagen fiber
orientations in the reference configuration.

The nonfibrillar matrix of the disc soft tissues, including the AF, NP and CEP, were
modeled with a compressible Holmes—Mow formulation, previously used for of cartilage
and AF matrix (Cortes and Elliott, 2012; Garcia and Cortes, 2006). This formulation is a
function of invariants 1;—13 and material parameters c; (MPa), ¢, (unitless) and c3 (unitless),
as

, Cl [ea(I1—3)+c3(la—3
W MATRIX:Iﬂe[ 2(h=3)+es(l2=3)] )
3
where f=c¢q + 2cp and is a nonlinear stiffening coefficient. Material properties c;—c3 are
related to Young’s modulus (E) and Poisson’s ratio (1) using the following transformation
equations (Garcia and Cortes, 2006):

E=4¢1(ca+c3)(14v)
r=—=2 )
c2+3c3

Alternate expressions of the Holmes—Mow model express the strain-energy as a function of
Lamé parameters, which are in turn related to Young’s modulus and Poisson’s ratio
(Ateshian et al., 1997; Holmes and Mow, 1990; latridis et al., 1998; Maas et al., 2014).

Material parameters c,—c3 for each tissue were obtained by fitting experimental confined
compression force—displacement data (Cortes et al., 2014) and are listed in Table 1.

In addition to the nonfibrillar matrix, the AF included two fiber populations. Each fiber
population was represented using an exponential stress—stretch relationship that is a function
of material properties ¢4 (MPa) and cg (unitless) that represent fiber stiffness and
nonlinearity and invariant 14 or 15, defined in Eq. (2), which is the fiber stretch squared. The
complete formulation for the AF was therefore the summation of the matrix and both fiber
terms,

&(605(14—1)2_,_665(15—1)2_2)_
5

W r=Wyarnix+ 2%

®)
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The fibers were constrained such that they only contributed to the AF strain-energy when
they were in tension and fiber properties were calculated from fits to uniaxial tensile stress—
strain data (Jacobs et al., 2013) and are listed in Table 1.

Vertebral bodies were modeled using a compressible neo-Hookean material

A
WVBZ%(A—S)—MHJ +5(InJ )% @)

where p and A are Lamé parameters and J is the determinate of the deformation gradient F.
The Lamé parameters are related to Young’s modulus and Poisson’s ratio through the
transformation equation:

vE FE

/\:(1+7/)(1—21/)’ #:2(1—0—1/)' 0

Material parameters E (12,000 MPa) and v (0.3) were selected from the literature (Williams
et al., 2007). The relative stiffness of the vertebral bodies compared to the intervertebral disc
causes the vertebral bodies to act similarly to a rigid body, however, in order to permit fluid
flow through the vertebral bodies they were modeled as a biphasic material with high
modulus.

A nonlinear, strain-dependent Holmes—Mow permeability model was used for outer and
inner AF, NP, and CEP, defining permeability, k, as

J— 2
k(J)=k0((1—<f§)> /M gg)

where ¢y is the solid volume fraction, kg is permeability in reference configuration, and M is
an exponential strain-dependence coefficient. Material parameters kg and M were
determined through fits to confined compression experiments and are listed in Table 1
(Cortes et al., 2014). Vertebral bodies, which undergo very small deformations in the
simulations performed in this study, were prescribed a constant permeability of 5 mm#/N s
(Ferguson et al., 2004).

The NP, CEP, and AF contain a significant amount of charged proteoglycan, leading to
tissue-specific fixed charge density (FCD). In order to maintain charge neutrality with
surrounding fluid, counter-ions flow into or out of the tissues, creating an osmotic pressure,
Pos, Which was modeled with a Donnan equilibrium term

Pos=RT(\/c},—4c;—2c1), (9)
where R is the universal gas constant, T is the absolute temperature, c¢ is the FCD and ¢y, is

the osmolarity of the surrounding fluid. Strain induced changes in fixed charge density are
calculated using the relationship:
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_ Cfc0Po

T 1

y (10)
where cgcg and ¢y are the fixed charge density and the water content at the reference
configuration. Parameters used for the disc model are listed in Table 1.

2.3. Loading protocol and boundary conditions

As described in the FE mesh section, prior to loading, a hydration simulation was performed
wherein the disc model was introduced to an external saline bath and allowed to equilibrate
24 h while the vertebral bodies were constrained. This follows experimental procedure and
allows the FE disc model to pressurize, with the osmotic loading causing the disc to swell
outward, inducing the characteristic bulge of the outer AF.

The FE model was then used to simulate the quasi-static and time-dependent response of the
intervertebral disc in axial compression (Fig. 3), following established protocols (O’Connell
et al., 2011; Peloquin et al., 2014). All simulations were performed in FEBio (Maas et al.,
2012). The disc quasi-static response was quantified during a 2000 N slow-loading ramp at 1
N/s while displacement of the superior vertebral body was measured (Fig. 3A). The time-
dependent response was quantified through two loading protocols: creep and stress-
relaxation. For the creep protocol, a 1000 N load was applied in 1.5 s and held for 4 h (Fig.
3B). Time—displacement data were measured. For stress-relaxation, a 5% compression was
applied in 10 s and held for 1 h, while the time—force data were recorded (Fig. 3C).

During each protocol the nodes on the inferior surface of the inferior vertebra were
constrained in all directions. Loads were applied to a rigid body affixed to the nodes along
the superior surface of the disc superior vertebra. The rigid body was constrained such that
no rotations or displacements were allowed other than in the loading axis. A zero-fluid
pressure boundary condition was applied to the peripheral surfaces of the disc, allowing free
fluid flow into and out of the disc in response to osmotic and applied loads.

2.4. Validation

For purposes of model validation, the FE disc response was plotted against an experimental
window consisting of the mean+95% confidence interval (Cl) of the experimental results
(O’Connell et al., 2011; Yoder et al., in preparation). The experimental data used for the
validation consisted only of discs with grade 3 degeneration in order to provide consistency
between the degeneration grades in the discs used for geometry, those used for tissue testing
for material parameters, and those used in experimental motion segment testing.
Importantly, no tuning or adjustment of material parameters was used to improve the FE fit.

2.5. Role of NP, CEP, and AF

The role of the NP, CEP, and AF tissue properties was investigated to determine the impact
of each tissue on viscoelastic disc mechanics in compression. A set of high and low
parameters were selected for each tissue from individual tissue tests, and are listed in Table
2. For the NP and CEP, data from Cortes et al. (2014) were used. For each tissue, two
individual tissue responses were selected to represent the high- and low-load response of all
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the tissues tested. This selection was based on proximity to the meanzstandard deviation of
the experimental group response. Using experimental data from a single sample ensured a
physically permissible combination of tissue properties for the nonlinear constitutive
models. The elastic, permeability, and swelling properties from these tissues were then used
to replace the FE model’s NP and subsequently CEP parameters and the slow ramp, creep
and stress-relaxation simulations were repeated. For the AF, a similar procedure was used to
find a set of high- and low-fiber properties from the data in Jacobs et al. (2013). In order to
isolate the role of the individual tissues, the remaining disc properties were not altered
(Table 1).

3.1. Validation

Color maps of Lagrange strain and Cauchy stress confirmed expected distribution patterns
(Fig. 4). After hydration (Fig. 5A), fluid has entered the disc and caused the outer AF to
bulge radially outward. The hydration also caused central parts of the disc to experience
compressive forces as the constraints on the vertebral bodies countered the tendency for the
swelling to increase disc height. After loading (Fig. 5B), the greatest compression was in the
NP while tension was observed in the AF.

The FE predictions for slow ramp, creep, and stress-relaxation simulations fit well within the
experimental window (Fig. 6A—C). Importantly, validation included the entire nonlinear
response for quasi-static and time-dependent axial compression and no material parameter
tuning was performed.

3.2. Role of NP, CEP, and AF

Altering the NP, CEP, and AF properties caused the FE disc response to deviate from its
original behavior (Fig. 6).

3.2.1. NP—The set of high NP material properties had minimal impact on the disc response
for slow ramp, creep, or stress relaxation. The low NP properties decreased the initial toe-
region, or neutral-zone, stiffness of the slow ramp, while final stiffness was unchanged. For
creep, the low NP properties resulted in increased initial and total creep displacement and
for stress-relaxation, the low NP properties resulted in reduced peak and equilibrium loads
(Fig. 6A-C).

3.2.2. CEP—For the slow ramp, the set of high CEP material parameters had minimal
impact on the disc response in slow ramp, creep, or stress-relaxation. The set of low CEP
parameters increased the slow ramp neutral-zone displacement. Similar to the NP, the low
CEP parameters increased initial and total creep displacement. In contrast to the NP, the set
of low CEP material properties did not significantly alter the disc stress-relaxation response
(Fig. 6D-F).

3.2.3. AF—For the slow ramp, changes in AF altered the load response after the neutral-

zone (1 mm displacement), with the high parameters increasing and the low parameters
decreasing the load response. In stress-relaxation, the high parameters caused a significant
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increase in the instantaneous load response of the disc, while not affecting the equilibrium
response (Fig. 6G-I).

4. Discussion

In this study, a new FE model of the intervertebral disc was developed, validated, and
applied to study the effect of altered NP, CEP, and AF material properties. Primary
advantages of this disc model include the innovative approach in obtaining a quantitative
mean disc geometry from a human dataset, biphasic-swelling tissue parameters obtained at
the tissue-testing level, and validation of the entire nonlinear response in axial compression
at multiple loading rates, with no tuning or adjustment of parameters.

The disc model was validated by comparison to the full nonlinear response of disc motion
segment experiments in axial compression for 3 critical loading modalities: quasi-static slow
ramp, constant-load creep, and stress-relaxation (Fig. 3). In all cases, the FE model response
was within the experimental 95% confidence interval (Fig. 6). Critically, the tissue-level
material properties did not need adjustment or calibration in order to allow the FE disc
response to fall within the experimental range. This can be considered a predictive
validation, as the loading modalities that were used at the full-disc level were different from
those used to obtain tissue material parameters. This validation is more complete than many
disc FE studies, which often compare only one loading modality and typically use only the
endpoints of loading for validation metrics, as opposed to the complete nonlinear response
(Renner et al., 2007).

The importance of utilizing the entire nonlinear response of multiple loading modalities is
exemplified by observing the disc response with a range of NP, CEP, and AF values (Fig.
6). Changes in NP and CEP had little impact on the final stiffness of the slow-ramp,
however, they affected the neutral-zone response in axial compression. If model validation
were only to consider the final stiffness during slow-loading, a FE model with inaccurate NP
and CEP values may still match experimental values.

In addition to highlighting the importance of model validation techniques, altering the NP
and CEP properties elucidated key mechanical functions of each tissue on the disc behavior.
Lowering the NP or CEP properties reduced the neutral-zone stiffness and caused an
increase in neutral-zone displacement during the slow ramp, with no observable effect on
final stiffness. These findings are consistent with experimental studies (Johannessen et al.,
2006; Shea et al., 1994) and indicate that for slow-rate axial compression, the NP and CEP
function primarily in the neutral-zone, controlling the initial stiffness and displacement, and
have only a minor role in the linear-region, where changes in the AF were shown to affect
the disc response (Fig. 6G).

The function of the NP and CEP is different in creep and stress-relaxation than it is in slow-
rate loading. Lowered NP or CEP properties increased creep displacement throughout the
duration of loading. Experimentally, trans-endplate nucleotomy in the ovine disc increased
neutral-zone displacement and total range of motion as well as initial creep displacement,
creep rate, and total creep (Johannessen et al., 2006). In stress-relaxation, lower NP
properties resulted in reduced initial and final load response, while higher NP properties and
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both higher and lower CEP properties had no significant effect on the load response. Stress-
relaxation is thought to occur as a result of fluid-flow out of the disc. While a primary flow
pathway is expected to be axially through the CEP, it is possible that changes in CEP
properties may be compensated by increased radial flow through the AF, resulting in
insignificant changes in global disc load response over time. Further study is needed to
quantify the stress—strain and fluid pressure distributions throughout the disc.

Although this study presents a strong validation and novel geometry, there are limitations.
Torsion and bending are important to the physiological disc loading, however, they were not
included in this study. Future experimental disc testing are needed to yield the dataset
necessary to validate the FE model in these additional loading modalities. Further, although
this study measured the impact of NP and CEP material properties on the disc mechanics, it
was limited to the overall segment response and only a single high and low variation in
material properties. Future studies will include a wider range of material property changes
that are linked to disc degeneration and will quantify the effect on the internal stress—strain
and fluid flow throughout the disc.

In conclusion, a new FE model of the intervertebral disc was developed utilizing the mean
geometry of a population of human L4/L5 discs. Structural hyperelastic constitutive models
were used in conjunction with biphasic-swelling theory to ensure the model was capable of
capturing the impacts of structural changes on the disc mechanical response. The model was
validated in axial compression using the entire nonlinear response and at multiple loading
rates. Finally, the model was used to assess the role of the NP and CEP on intervertebral disc
mechanics. Comprehensively validated disc models will provide quantitative insight into the
internal mechanics and stress—strain distributions of the intervertebral disc, and also provide
a means for predicting the impact of potential therapeutics on restoring native function.
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Fig. 1.
Mean shape (not-meshed) of L4/L5 human disc based on principal component analysis of

high resolution MRI (200 pm isotropic) of seven human discs.
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Fig. 2.
(A) Axial view of mean disc geometry. (B) 2D mesh created using axial silhouette of mean

disc geometry. (C) Mid-sagittal plane-cut of complete vertebra—disc—vertebra segment after
3D extrusion and meshing. (D) Final mesh after simulated hydration in saline solution for 24
h. Swelling has induced characteristic bulge of nucleus pulposus and annulus fibrosus.
Colors: orange: vertebral bone, gray: bony endplate, pink: cartilaginous endplate, green:
outer annulus fibrosus, purple: inner annulus fibrosus, yellow: nucleus pulposus, blue:
transition region between nucleus and inner annulus and aqua: transition region between
outer and inner annulus fibrosus.
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Protocol for the three loading modalities simulated: (A) slow ramp: a quasi-static ramp to
2000 N applied at 1 N/s, (B) creep: 1000 N applied in 1.5 s and held for 4 h creep, (C) stress
relaxation: 5% nominal strain applied in 10 s and held for 1 h.
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Axial Lagrange strain (Ez;: A,B) and Cauchy stress (oy;: C,D, MPa) after 24 h hydration

(A,C) and at the end of 4 h creep at 1000 N (B,D).
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Fig. 5.
Fluid pressure (MPa) at the end of the 24 h hydration (A), immediately following the

application of the 1000 N step-load (B), and after 4 h of creep (C).
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Validation of finite element model showing experimental 95% confidence interval (shaded
blue) and FE model simulation (red line) in slow ramp, creep and stress Relaxation. The
effect on load—displacement response for alterations in NP (A-C), CEP (D-F) and AF (G-I)
material properties are shown with the green “+” symbol representing the response with the

higher material properties and the black “~ symbol representing the response with the

lower properties.
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Table 1

Material properties used for each of the disc soft tissues. NP: nucleus pulposus, CEP: cartilaginous endplate,
OAF: outer annulus fibrosus, IAF: inner annulus fibrosus, E: modulus, v Poisson’s ratio, £ nonlinear
parameter of the Holmes—Mow model, c4: AF fiber stiffness, c5: AF fiber nonlinear parameter, kq: hydraulic
permeability at reference configuration, M: nonlinear parameter of the permeability, FCD: fixed charge
density. Parameter values taken from Cortes et al. (2014).

Material property NP  CEP OAF IAF

E (kPa) 649 305 18 26
v (unitless) 024 0.18 024 0.16
£ (unitless) 095 029 34 2.1
¢, (kPa) N/A NA 296 79
Cs (unitless) N/A N/A 65 2

kox 10716 (m#Ns) 55 56 47 25

M (unitless) 192 379 575 35
FCD (mM) 379 248 44 55
Initial porosity 0.79 0.6 077 077
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