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Understanding nuclear graphite’s inelastic and fracture behaviour is essential for current and future reactor
technologies using graphite-based engineering components. This study compares the behaviour of three nuclear
graphite grades, fine-grained IG-110, coarse-grained NBG-18 and medium-grained PCEA, subjected to the uni-
axial compression (UC) and the splitting tensile (ST) tests. It was found that the IG-110 graphite has a more
favourable combination of ultimate strength and ductility when compared to the NBG-18 and PCEA grades
containing large pores acting as strain concentrators. The formation of shear cracks was the primary failure mode
under compression, while the formation of a main tension crack in the middle of the specimen was the primary
failure mode during the ST test. The inelastic and fracture response was modelled using finite element simula-
tions employing the concrete damaged plasticity (CDP) material model with the dilation angle parameter value
selected by two different optimisation processes; a decoupled optimisation was run on the UC and ST models
separately, and a coupled optimisation was performed on the UC and ST models running simultaneously. The
best predictions were obtained when the value from the coupled optimisation was used. The results showed that
the CDP model accurately describes the inelastic behaviour and peak force of all graphite grades and could also
capture the failure modes observed experimentally in both UC and ST tests. In particular, the numerical model
could capture the crack initiation and propagation path observed in the ST test reasonably well for the IG-110
and PCEA graphite grades.

1. Introduction these can be the life-limiting components of the overall system.

In general, the bulk mechanical properties of graphite are governed

Graphite is utilised extensively in the nuclear industry as a key
neutron-moderating material of various nuclear reactor designs that
exploit its low neutron absorption and large scattering cross-section [1,
2]. The next generation of reactor systems utilising a graphite neutron
moderator is expected to operate at temperatures of up to 1000 °C under
a significant flux of high-energy particles [3-6]. These extreme oper-
ating conditions lead to irradiation-induced dimensional changes and
associated stresses [7-9], which in turn may cause the formation and
propagation of macroscopic cracks, resulting in the loss of the structural
integrity of graphite components [10-12]. In its unirradiated condition,
graphite exhibits a quasi-brittle behaviour; however, irradiation in-
creases its stiffness and apparent brittleness [13-17]. An in-depth un-
derstanding of the mechanical behaviour of graphite is thus critical for
the structural integrity assessment of graphite components [18-22], as

by the multi-phase microstructure containing filler particles, binder
(pitch), and a large number of defects such as open and closed porosity
that typically constitute up to ~ 20 % of its volume [16,23-27]. As noted
by several authors, the microstructure of graphite resembles the
microstructure of other porous aggregate materials such as concrete and
rock [28,29]. The porosity in graphite has a size distribution across
many length scales, from microcracks [30-32] to larger gas pores
[33-35]. Unirradiated graphite exhibits an initial linear elastic behav-
iour followed by a non-linear inelastic behaviour, which is somewhat
similar to the elastoplastic response of alloys. The irreversible inelastic
deformation of graphite is attributed to the propagation and accumu-
lation of microcracks [36,37] and pre-existing defects [38,39], which
ultimately coalesce, leading to macroscopic fracture [40,41]. During
crack propagation, a micro-cracked fracture process zone is formed
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ahead of the crack tip, leading to the quasi-brittle nature of graphite
fracture [15,42]. Hence, the structural properties of graphite can be
linked to the stability of the microcracks, which is directly related to its
microstructure [33,42,43]. In addition, the inherently brittle nature of
the carbon structures present in graphite also contributes to its nonlin-
earity and fracture behaviour [44-48].

A wide range of engineering applications utilising graphite compo-
nents requires reliable predictions of the inelastic behaviour of graphite
under various in-service loading conditions. These predictions are
challenging due to the complex microcracking and porosity-driven in-
elastic behaviour, which is difficult to describe through empirical
models [42]. Moreover, the mechanical behaviour of graphite in
compression is very different from that in tension. For instance, the ul-
timate strength in compression could be 3 to 4 times higher than that in
tension [49,50]. Another material that exhibits different behaviour in
compression compared to its behaviour in tension is concrete [51,52]
due to its inherently porous and granular microstructure [53,54]. An
approach for describing the inelastic and fracture behaviour of graphite
could include employing a constitutive material model that has been
applied to predict the mechanical behaviour of other porous aggregate
materials, such as concrete or rocks, considering that similar fracture
mechanisms observed for graphite have also been observed in these
quasi-brittle materials [55-57].

Among constitutive material models that have been implemented in
finite element (FE) codes to predict the mechanical behaviour of con-
crete and other quasi-brittle materials, the concrete damaged plasticity
(CDP) model has been widely used due to its capability to model in-
elastic behaviour under different loading conditions, including
compression and tension, as well as irreversible damage [58-60]. The
CDP material model, first developed by Lubliner et al. [61] and later
modified by Lee and Fenves [62], is a plasticity-based damage model
that accounts for the evolution of the strength under tension and
compression and identifies the failure of the material into either
compressive crushing or tensile cracking [58]. The CDP model has been
primarily used to model concrete [63-68]; however, it has also been
successfully used to model other quasi-brittle materials such as mortar
[69,70], plaster [71], masonry [72,73] and graphite [55,74].

Becker and Marrow [55] applied the CDP model in their 2D FE
simulations to capture the mechanical behaviour of unirradiated Gil-
socarbon graphite compact tension (CT) specimens and notched speci-
mens under three-point bending using plane stress conditions. They
found that the FE simulations with the CDP model captured the general
mechanical behaviour of both specimens, including damage localisation
and material degradation after the peak load. In another study, Wigger
et al. [74] used the CDP material model in the 3D FE analysis of a Gil-
socarbon Brazilian disc specimen with a notch subjected to diametral
compression, assuming a stationary crack with no crack growth. From
their FE results, they could estimate the J-integral from the near-tip
strains of the notch. Multiscale modelling has also been used to model
graphite [75-78]. Multiscale models could lead to more accurate results
for small testing specimens [79,80]; however, these models take more
time to build and require extensive computational resources due to the
large number of elements used to capture the features of the graphite
microstructure. Therefore, this modelling approach is unsuitable for
dimensionally larger engineering components where a continuum-based
FE model would be more appropriate.

Based on the literature above, there is still a need for more explo-
ration of the applicability of the constitutive CDP model to be used in a
continuum-based FE model to capture the mechanical behaviour of
nuclear-grade graphite under compression and tension loading. In this
work, first, the compressive and tensile behaviour of the fine-grained
(IG-110), medium-grained (PCEA), and coarse-grained (NGB-18) nu-
clear graphite grades are examined experimentally using the uniaxial
compression (UC) test and the splitting tensile (ST) strength test. These
three graphite grades are among the candidate grades that were selected
for the very-high-temperature reactor (VHTR) based on their properties
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[43,81,82]. The VHTR is a graphite-moderated nuclear reactor and is
one of the Generation IV nuclear reactors being developed for energy
generation [83-85]. Second, the mechanical response of the tested
graphite grades is modelled using continuum-based FE simulations
employing the CDP material model to capture the inelastic and fracture
responses. Then, to find the unknown material parameter, the dilation
angle, of the CDP model, an optimisation process is used, in which the FE
simulations are iteratively compared with the experimental
load-displacement measurements of the UC and ST tests via objective
functions until a good agreement is achieved. Finally, the FE simulations
are used to investigate the capability of the CDP model to predict the
failure modes and crack development of the studied graphite grades
subjected to the UT and ST tests.

The paper’s outline is as follows: Section 2 presents the materials
used in this work and the experimental methodology employed to
perform the UT and ST tests. Section 3 presents the FE simulations and
CDP material model employed to simulate the UT and ST tests and the
optimisation process. Section 4 presents and discusses the experimental
testing results, the FE simulation and optimisation results, and a failure
analysis based on experimental observations and numerical predictions.
Finally, Section 5 presents the conclusions drawn from the results of this
investigation.

2. Materials and experimental methods

This section presents the three nuclear graphite grades studied in this
work, as well as their properties and microstructure. The experimental
methodology used to perform the mechanical testing, i.e., the UT and ST
tests, is also presented along with the digital image correlation (DIC)
analysis used during the ST test.

2.1. Materials

Three nuclear-grade graphites, (i) fine-grained 1G-110, (ii) coarse-
grained NBG-18, and (iii) medium-grained PCEA grades provided by
the Idaho National Laboratory (INL) in Idaho Falls (USA), were tested to
measure their compressive and splitting tensile responses. Fig. 1 shows
the scanning electron microscopy (SEM) images comparing their overall
microstructures. It can be seen in Fig. 1 that the fine-grained IG-110 has
a large number of fine pores (< 15 pym) [86]. In contrast, PCEA and
NBG-18 graphite grades have a smaller number of significantly larger
pores, which are often hundreds of micrometres in size. Table 1 sum-
marises the microstructural, physical, and mechanical properties of
these graphite grades found in the literature.

2.2. Mechanical testing

Two different experimental tests were performed on the graphite
samples. First, UC testing was performed on cylindrical graphite speci-
mens to determine the compressive material properties and validate the
numerical models. Second, the ST strength test was performed on disc
specimens to validate the numerical models and indirectly estimate the
tensile strength. The experimental details for both tests are described in
the following sections.

2.2.1. Uniaxial compression test

The UC test of cylindrical specimens with a diameter of 12.7 mm and
20 mm in height was performed according to the ASTM D7012 standard
[107] using an Instron universal testing machine with a constant
displacement rate of 0.015 mm/min (Fig. 2a). The test specimens were
cut from as-received blocks using electrical discharge machining (EDM).
The compression plates were lubricated using molybdenum disulphide
to minimise friction between specimens and compression plates. At least
four specimens of each graphite grade were tested up to the fracture
point. The strain measurement during the testing was monitored via a
linear variable displacement transducer (LVDT) attached to the Instron
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PCEA

Fig. 1. SEM images of studied graphite grades showing their overall microstructures: (a) IG-110 is fine-grained, (b) NBG-18 is coarse-grained, and (c) PCEA is

medium-grained.

Table 1

Reported microstructural, physical, and mechanical properties of IG-110, NBG-
18 and PCEA graphite grades.

Properties

1G-110

NBG-18

PCEA

Grain size (um)

Bulk density (g/
cm®)
Porosity (%)

Young’s modulus
(GPa)
Poisson’s ratio (-)

Compressive
strength (MPa)

Tensile strength
(MPa)

Fracture energy
(J/m?)

10-25 avg. [87,
88]
<100 max. [89]

1.75-1.77 [21,
92]

14.73-21.7 [26,
95]

7.9-9.8 [96,97]

0.138-0.210 [77,
99]

69.6-86.4 [92,
100]

22.0-29.6 [49,
102]

180-250 [39,55,
104-106]

300-360 avg. [21,
26]

1600-1800 max.
[21,26]
1.85-1.88 [21,
93]

13.97-16.8 [26,
95]

10.74-12.37 [82,
98]

0.230 [99]

73.5-82.85 [98,
1001

20.4-24.07 [13,
98]

180-250 [39,55,
104-106]

360 avg. [21]
760-800 max.
[90,911]

1.83-1.85 [21,
94]

15.98-16.9 [12,
26]

9.23-10.75 [82,
98]

0.178 [99]

62.99-69.89 [98,
1011

15.32-23.5 [98,

1031

180-250 [39,55,
104-106]

machine crosshead, as shown in Fig. 2a.

2.2.2. Splitting tensile test
The ST test was performed following the ASTM D8289 standard

|Cylindrical
o
|, specimen

[108], which is dedicated to the ST testing of nuclear graphite grades.
The ST test is an indirect method to estimate the tensile strength of
brittle materials such as rocks, ceramics, or graphite, which are difficult
to test under uniaxial tension conditions. During the ST test, a thin disc is
compressed diametrically; the compression load induces tensile stresses
in the centre of the disc specimen in the direction perpendicular to the
loading. The tensile stresses then lead to specimen failure by disc split-
ting [109,110]. The ST test setup is shown in Fig. 2b The loading fixture
used in this work (Fig. 2b), designed according to [108], allows testing
of complete round disc specimens as opposed to flattened discs [111]
that could lead to stress concentrations at the contact surface between
the specimen and loading plates. The current study used disc specimens
with a diameter of 12.7 mm and a thickness of L = 6.35 mm cut with
EDM. Both flat faces of the disc specimens were gently polished to
reduce the effect of the post-cutting roughness on the DIC analysis. The
ST tests were done using an Instron universal testing machine at a
constant displacement rate of 0.015 mm/min until the specimens failed.
The displacement was measured using an LVDT (Fig. 2b). The splitting
tensile strength oy, was calculated using the following equation [108]:

P
=0.931— 1
0w =0.93 2R @
where P is the maximum applied load, and R is the specimen radius. The
in-plane strain fields at the disc surface were measured using the 2D DIC
technique during the ST test. For these measurements, a black and white
speckle pattern (white painted background with black speckles) was

DSLR camera
Loading fixture

Disc specimen

Fig. 2. Mechanical testing of the nuclear graphite grades: (a) UC test setup for cylindrical specimens and (b) ST test setup for disc specimens.
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created on one of the polished disc specimen faces using an airbrush
(Iwata Revolution, Anest Iwata, Japan) and water-based inks (FW
Acrylic Ink, Daler-Rowney, UK). A single Nikon D500 DSLR camera with
a macro lens (AF-S 105 mm Micro-Nikkor) was used; this configuration
had a depth of field of + 5 mm. The images were recorded every second
during the testing. To follow the evolution of the strain field in the
specimen X-Y plane (Fig. 2b), the recorded image sequences were ana-
lysed using the GOM Correlate 2021 software package [112]. It is noted
that the out-of-plane displacement in the Z direction (Fig. 2b) was not
captured. At least seven specimens of each graphite grade were sub-
jected to the ST test.

3. Numerical modelling and optimisation

This section presents the numerical modelling methodology and the
CDP material model used in this work. The FE simulations of the UC and
ST tests of the studied graphite grades were performed in ABAQUS/
Standard (version 2024) [113]. The FE simulations were coupled with
the optimisation tool Isight (version 2024) [114] for the optimisation of
the unknown dilation angle parameter of the CDP material model, which
was used in the FE models to predict the inelastic and fracture behaviour
of the graphite grades. The following subsections explain in detail the FE
simulations and the optimisation process.

3.1. FE simulations

3.1.1. FE models and mesh convergence study

Fig. 3a and b show the 3D FE models of the UC and ST tests,
respectively, developed in Abaqus/Standard (Version 2024) [113]. Both
FE models were loaded in the Y direction, as seen in Fig. 3. Due to
symmetry, only a quarter model was built for both UC and ST simula-
tions to reduce computational cost (Fig. 3). In addition, Fig. 3c shows an
FE model, in which, coupled UC and ST models were run simultaneously
for the optimisation process described in Section 3.2. The FE mesh
comprised reduced-integration 8-node brick elements (C3D8R) for the
graphite specimens and 3D rigid elements (R3D4) for the loading fix-
tures, which were modelled as rigid surfaces. Global element sizes of 0.7
mm and 0.2 mm were used for the UC and ST test models, respectively,
based on a mesh sensitivity analysis presented below. The mesh depicted
in Fig. 3 is a coarser mesh for illustration purposes. The tangential
contact between the graphite specimens and loading fixtures was
modelled as frictionless. The elastic response of the studied graphite
grades was described using an isotropic elastic model with the elastic

(a) ¥ Load (b)
- ﬂ

i

—7 77
7

Symmetry
plane
(back face)

{

T

t
T

i

===}

Z‘J\’X

Fixed plate

Symmetry plane Fixed loading fixture g
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parameters shown in Table 2, which were selected based on parameters
available in the open literature (Table 1). This approach was used
considering that nuclear graphite grades are designed to be isotropic or
near isotropic [94], having isotropic ratio ranges of 1.00-1.10 and
1.10-1.15, respectively [115]; for a material with an isotropy ratio of 1,
properties are the same in any tested direction. IG-110 is considered an
isotropic nuclear graphite grade [4], while NBG-18 and PCEA are near
isotropic grades [26]. The inelastic response of the graphite grades was
modelled using the CDP model, described in detail in the following
subsections.

A mesh sensitivity analysis was conducted for UC and ST test simu-
lations using element sizes ranging from 0.1 mm to 2 mm. The relative
percentage difference R4 of the peak force for different element sizes
was utilised to assess mesh convergence. Fig. 4a and b show Ryq for the
UC and ST simulations, respectively, which was calculated as:

‘Pmax_f - Pmax_c

(Pmax,ﬁl’max_c)
2

Ry = x 100%, )

where Py, ¢ is the predicted peak force using the finer mesh, and Ppax_c
is the predicted peak force using coarser element sizes. The normalised
running simulation time using a workstation with 16 cores is also pre-

Table 2
Material properties and CDP model parameters for IG-110, NBG-18 and PCEA
graphite grades.

Properties 1G-110 NBG-18 PCEA
Elastic properties

Density p (kg/m®) 1770 1870 1820
Young’s Modulus E, (GPa) 9.8 11.1 10.0
Poisson’s Ratio v (-) 0.21 0.23 0.18
Plasticity parameters

Optimised dilation angle ., (°) 43.2 44.6 43.6
Eccentricity € (-) 0.1 0.1 0.1

s () 1.16 1.16 1.16
K. () 0.667 0.667 0.667
Viscosity p (-) 0.0005 0.0005 0.0005
Compressive behaviour

Compressive yield stress ., (MPa) 22.7 21.7 15.0
Compressive strength 6., (MPa) 77.7 78.2 67.1
Tensile behaviour

Tensile strength c,, (MPa) 27.6 20.8 19.4
Fracture energy Gy (J/mz) 220 220 220

¥ Low

11
T
|

Symmetry
plane
(back face)

/

1
I
I

) I I

A" W W W W W W VA VA W W W W ¥

AV VP " VA W VO W W W ¥

N\
Symmetry plane

Fig. 3. Mesh of the 3D FE models: (a) UC test model, (b) ST test model and (c) coupled UC and ST models.
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Fig. 4. Relative percentage difference Ry of the peak force and normalised simulation time versus the number of elements in the simulation: (a) UC test and (b) ST
test simulations. Predicted force-displacement curves of the UC and ST test simulations of the IG-110 graphite using different CDP model parameter values: (c) €, (d)

K. and (e) ro.

sented in Fig. 4a and b. Mesh convergence is achieved when a decrease
in element size results in Rpg < 2 %. It can be seen in Fig. 4a that mesh
convergence is achieved even for the coarser mesh in the case of the UC
simulations. However, an element size no larger than 0.3 mm is required
for the ST simulation to achieve mesh convergence. Based on this
analysis, mesh sizes of 0.7 mm and 0.2 mm were used for the UC and ST
test simulations, respectively, for convergence and optimised compu-
tational efficiency.

3.1.2. Concrete damaged plasticity model: yield surface and flow rule
The CDP material model was used to simulate the inelastic response
and damage of the tested graphite specimens. The CDP model can be
used to model the inelastic behaviour and damage of concrete [116] and
other quasi-brittle materials such as mortar [69] or graphite [55]. The
CDP model utilises the yield function proposed by Lubliner et al. [61],
which was later modified by Lee and Fenves [62] to account for the
evolution of the strength under tension and compression [113]. The
evolution of the yield surface is controlled by the tensile and compres-

sive plastic hardening variables Tafl and E‘C’I. The yield function is defined
as [113]:

F= ; (q - 3a1—)+/),(2‘1;l) <;_7\max> - 7</_{;max>) - %C (Epl) = 07 (3)

1—a

where G is the maximum principal effective stress, and o, p and y are
dimensionless constants defined as follows:

r,—1

a:2r671,0§a§0.5
5. ?l
ﬂ:_a("l)(lfa)f(lJra)’ 4
5 ()
_3(17Kc)
T

where, r; = 06p0/00 is ratio of the initial equibiaxial compressive yield

stress to the initial uniaxial compressive yield stress, o, (Tafl> is the

effective compressive cohesive stress, &; <Efl> is the effective tensile

cohesive stress, and K, is the ratio of the second stress invariant on the
tensile meridian to that on the compressive meridian [61] at initial yield
for any given value of the pressure invariant p. The CDP model assumes a
non-associated potential plastic flow. The flow potential used for the
CDP model is the Drucker-Prager hyperbolic function [113]:
G = \/ (contany)® + * — ptany, )
where, oy, is the uniaxial tensile stress at failure, ¢ is the eccentricity
parameter, \ is the dilation angle measured in the p—q plane at high
confining pressure; g is the von Mises effective equivalent stress and p is
the hydrostatic pressure stress.

The abovementioned material parameters (y, &, r; and K.) are
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required inputs for the CDP model in Abaqus/Standard. The default
values of ¢ = 0.1, r; = 1.16 and K. = 0.667 were used [113] (see
Table 2), while the dilation angle y was optimised, as described in
Section 3.2. To assess the influence of €, r; and K. on the graphite’s
mechanical response, Fig. 4c—e present the predicted force-displacement
curves from both UC and ST test simulations for the IG-110 graphite,
using parameter ranges commonly found in the literature for concrete
[65,117]. These figures show that variations in ¢, K, and r; > 1.1 have a
minimal effect on the predicted mechanical response up to the peak
load. Reducing r,; below 1.1 has some effect on the post-failure response
in compression but no effect on the peak load; however, it lowers the ST
peak force (Fig. 4c). While reported r,; values for concrete typically fall
between 1.1 and 1.2 [65], data for the equibiaxial compressive yield
strength of concrete still remains scarce [117], and in the case of
graphite, even more so, as no experimental measurements of equibiaxial
compressive yield strength were found in the open literature. Although
some studies suggest r,; could be <1 for graphite [55], the equibiaxial
behaviour of graphite is still not well understood [118]. Given the
absence of reliable experimental data of r; for the studied graphite
grades and the sensitivity study results shown in Fig. 4c—e, the default
Abaqus/Standard parameters € = 0.1, r; = 1.16 and K, = 0.667 were
used as a reasonable approximation for modelling purposes.

The dilation angle y, which controls the amount of volumetric strain
developed during inelastic deformation, is an unknown parameter for
the studied graphite grades. The values of y for the CDP model must be
in the range of 0°<y<56.3° [113]. Values for y in the range of 20°—50°
are commonly accepted for concrete [119]. While a value of y =30° was
used in the FE simulations of Gilsocarbon graphite CT specimens [55],
the open literature has not yet reported a range of y values for
nuclear-grade graphite modelling when subjected to compressive and
tensile loads. In this work, y is optimised for the graphite grades
investigated here using the optimisation process described in Section
3.2; the optimised values are shown in Table 2, while the complete re-
sults of the optimisation process are presented in Section 4.2. Finally, the
CPD model requires the viscosity parameter p for viscous regularisation,
considering that material models exhibiting softening behaviour and
stiffness degradation could lead to convergence problems. The value of p
should be small compared to the characteristic time increment of the
simulation to improve convergence without altering the simulation re-
sults [113]. Here, a value of p=0.0005 was used.

3.1.3. Concrete damaged plasticity model: inelastic behaviour

In the CDP model, the uniaxial compression response is linear elastic
until the initial compressive yield stress o, is reached. In the inelastic
regime, the response is characterized by stress hardening followed by
strain softening beyond the ultimate compressive stress o, (Fig. 5a)

(a) (®)
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[113]. The values of o, and 6., used for the CDP model are shown in
Table 2, which were taken from the mean values obtained experimen-
tally in Section 4.1.1. The compressive stress 6. beyond the elastic
regime is required for the CDP model as a tabular function of the in-
elastic strain 2%, defined as &" = ¢, — &, where ¢fL = o, /E, (Fig. 5a).
Ey is the initial elastic modulus of the material. Under uniaxial tension,
the stress-strain response is linear elastic until the failure stress 6y,
corresponding to the onset of microcracking, is reached. Beyond oy, the
response is characterized by strain softening (Fig. 5b). The post-failure
behaviour can be defined by providing the post-failure tensile stress o;
in tabular form as a function of the cracking strain & = ¢, — ¢fl, where
ef)lt = 0¢/Ey (Fig. 5b). However, for brittle materials with no reinforce-
ment, the post-failure response in tension in the CDP model should be
provided by specifying o, as a tabular function of the cracking
displacement u* to avoid unreasonable mesh sensitivity in the results
[113]. Alternatively, the fracture energy Gy can be specified directly as a
material property, assuming a linear loss of strength after the failure
strength (Fig. 5¢).

3.1.4. Concrete damaged plasticity model: damage

When material damage is not considered to describe the mechanical
response beyond the elastic regime, the abovementioned description of
inelastic behaviour will suffice. However, concrete is a material that
undergoes damage before catastrophic failure in the form of tensile
cracking and compressive crushing [120]. Similarly, damage in graphite
occurs before failure via the development and accumulation of micro-
cracks [29,41,121]. Microcracks eventually grow, resulting in cata-
strophic failure. The CDP model considers material damage by
incorporating stiffness and strength degradation via the damage vari-
ables d. and d; for compressive and tensile behaviour, respectively. The
damage variables take values from 0 (undamaged material) to 1 (total
loss of strength). When damage is considered, the stress-strain re-
lationships in compression and tension loading can be expressed as
[113]:

{ac =(1—d.)Eo(e. — &)

< 6
Oy = (1 - dt)EO (Et - tl) ©

where the terms (1 — d.)Ep and (1 — dpEy represent the reduction of the
elastic modulus in terms of the damage variables d. and d;, respectively
(Fig. 5a and b).

For the compression part of the CDP model, damage data should be

provided in tabular form as a d, — &" curve so the FE software internally

converts the inelastic strain to compressive plastic strain ?C’l. For the
tension part of the CDP model, when damage data is provided as a

(c)
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Fig. 5. CDP material model: stress-strain response under (a) uniaxial compression and (b) uniaxial tension; (c) post-failure tensile stress-displacement curve.
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tensile damage d; — Z“fk curve, the tensile plastic strain Zfl is computed by

the FE software. &' and &' are computed by the FE software as follows:

L _ ~in _ dc ﬁ
& =7 A4 ”
Epl—?k— dt ﬁ

tt (1-d)E

For the case of unreinforced materials, the fracture energy Gyshould
be used to specify the post-failure tensile response, assuming a linear loss
of strength, as previously mentioned. In this case, damage is provided in
tabular form as a d; — ﬂfk curve. The cracking displacement ﬁfk at which
complete loss of strength occurs, i.e., d; = 1, can be calculated as [113]:

i = 2G; /o4 ®)

In this case, the FE software computes the plastic displacement ﬂfl as
follows:

~pl _ ~ck d; oy
uf* ut 7(17(1[)?0. (9)

where [ is the characteristic length associated with the integration
points, computed as ly = /Vg; V, is the element volume. I should be
specified directly in the Abaqus input file in the CDP model keyword as
*Concrete Damaged Plasticity, REF LENGTH=Iy; defining [j is not sup-
ported in the Abaqus/CAE interface [113].

The CDP model assumes that no damage occurs before the tensile
strength for the material tensile response, making the estimation of the

de — ﬁfk curve for the tensile damage definition a straightforward process
when Gyis used to specify the post-failure tensile response considering a
linear loss of strength (Eq. (8)) [113]. The values of Gy and oy, used in Eq.
(8) for the CDP model are shown in Table 2. A value of G=220 J/m?
(Table 2) was selected for all graphite grades based on reported values in
the literature [39,55,104-106]. It is mentioned that the constant value
of Gy was selected, considering this parameter would mainly affect the
post-failure response, which was not quantitatively assessed in this
work. In addition, some preliminary simulations showed that Gydoes not
affect the UC peak load, while only a small effect of <1.5 % on the
predicted ST peak load was observed when Gy values of 180 J /m? or 250
J/m? were used (see Table 1). The values of 6, for the NBG-18 and PCEA
grades (Table 2) were taken from the mean values obtained experi-
mentally in Section 4.1.1; however, the value of 6,=27.6 MPa used for
the IG-110 grade (see Table 2) was taken from Zhang et al. [49]
considering that the experimental value obtained in this work (6,=22.4
MPa, see Table 4 in Section 4.1.1) was much lower than most reference
values of the IG-110 tensile strength reported in the literature (25-30
MPa) [49,97,102], which is discussed in Section 4.1.1.

In contrast, calculating the d. — EZ" curve for the compressive damage
definition is much more complex than estimating the tensile damage
mentioned above. Ideally, it requires performing cyclic compression
tests, which include loading and unloading cycles at different strains
until failure to obtain the stiffness degradation (damage) at different
deformation stages [122]. Without such experimental cyclic test data, a
damage evolution law is required to estimate the damage accumulation
with increasing strain. In this context, several damage evolution laws
have been proposed to obtain d. — Tei" curves for concrete. For instance,
the following simplified equation to estimate concrete damage in
compression using the compressive strength as a reference for damage
initiation has been employed in several studies [116,123]:

d=1-2 10)
O-Cu

However, Eq. (10) assumes no compressive damage occurs before o, is
reached. In contrast, to consider damage before the compressive
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strength, the damage parameter for concrete in compression has been

estimated as the ratio of the inelastic strain to the total strain as follows
[124]:

d.=—*. 1)

Another damage evolution law to account for damage occurring before
the compressive strength was presented by Zhou et al. [125]. In their
work, they developed an exponential law based on the well-known
Mazar’s damage model for concrete [126] as follows:

(ec—¢c0)

d=1-e" @« , 12)

where a, is a constant parameter, while g is the threshold compressive
strain at which damage commences in the material.

Most damage evolution laws in the open literature have been
developed for concrete. In this context, damage evolution laws for
graphite are scarce. In a recent paper, Yi et al. [41] estimated the
damage of graphite subjected to uniaxial compression and tension using
DIC. They found that the damage rate increased steadily with increasing
strain and then slightly slowed down from a particular strain until the
peak strength was reached. They also found that the relationship be-
tween damage and compressive strain could be described by a poly-
nomial function as follows:

d. = —A¢? + Be. — C, (13)

where A, B and C are material constants. In contrast, Morrison et al. [29]
studied the damage evolution of graphite grade IG-110 subjected to
uniaxial tensile loading using a discrete lattice model. They found that
the damage slowly progresses at low deformation levels and progresses
more rapidly when it approaches the peak load. While no damage law
was proposed to describe this behaviour in their work, an exponential
damage law first developed for composites can describe a similar
behaviour, in which damage accumulates slowly at low deformation
levels and increases more rapidly when approaching the peak strength
[127,128]:

A e
d=1- e{ <f> } , 14

where e is the base of the natural logarithm, e is the nominal failure
strain, and n is a shape parameter. In conclusion, the damage evolution
of nuclear-grade graphite is complex and revealing the mechanisms
behind it to develop a law that can predict it requires extensive micro-
mechanical studies [41]. For instance, some studies have demonstrated
with direct measurements that the elastic modulus of graphite degrades
with increasing applied tensile strain due to damage development [16,
129].

To assess the effect of the various d. formulations on the predicted
mechanical response of graphite, FE simulations of both UC and ST tests
were performed using the CDP model with different damage evolution
laws. Fig. 6a shows, for the IG-110 graphite grade, the average experi-
mental stress-strain curve and the damage variable d, calculated using
various damage evolution laws; this average experimental curve was
used as input in the CDP model and for estimating d. using Eqs. (10)-
(14). Fig. 6b shows, for the IG-110 graphite grade, the predicted force-
displacement curves using different damage evolution laws (Egs. (10),
(13) and (14)) along with the average experimental force-displacement
curves from the UC and ST tests (these tests are presented in detail in
Section 4.1.1). The predicted curve when no damage is considered is
also depicted for comparison purposes in Fig. 6b. It can be seen in Fig. 6a
that d, rapidly increases from the early stages of loading when Eqs. (11)-
(13) are used, as expected. On the other hand, d. slowly increases in the
early stages of loading and rapidly increases after the peak strength has
been reached when Eq. (14) is used. Finally, d; rapidly accumulates
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Fig. 6. (a) Estimated compressive damage variable d, versus compressive strain for the IG-110 graphite grade using various damage evolution laws (Eqgs. (10)-(14))
and average experimental stress-strain curve. (b) IG-110 graphite grade average experimental force-displacement curves from the UC and ST tests and predicted
force-displacement curves using various damage evolution laws (Egs. (10), (13) and (14)). (c) Contour plots of the compressive damage (DAMAGEC) and tensile
damage (DAMAGET) output variables from the ST test simulations at displacements of 0.18 mm and 0.26 mm.

when Eq. (10) is used; however, d. accumulation only initiates after
reaching the peak load.

It can be seen in Fig. 6b that using different damage evolution laws
has a slight effect on the uniaxial compressive response up to the peak
force. In contrast, using different damage evolution laws dramatically
affects the mechanical response of the graphite disc subjected to the
splitting tensile loading. It can be seen in 6b that when damage is esti-
mated using Eq. (13), the specimen fails prematurely at a displacement
of 0.18 mm, which is much lower than the observed experimental
displacement of 0.26 mm at peak force. Similar premature failure was
observed when damage was calculated using Eqs. (11) and (12), in
which damage rapidly accumulates from the early stages of loading. This
damage accumulation in the ST specimen can be seen in Fig. 6¢, in which
contour plots of the compressive and tensile damage output variables
DAMAGEC and DAMAGET, respectively, are shown for displacements
D=0.18 mm and D=0.26 mm. It is noted that no contour plots are pre-
sented for the simulation using Eq. (13) at a displacement D=0.26 mm
due to the exhibited premature failure at a much lower displacement. In
contrast, when Eq. (11) is used, or no damage is taken into account, the
displacement at which maximum load occurs is overpredicted compared
to the experimental value due to the minor damage accumulation
(Fig. 6¢). When Eq. (14) is used to calculate d, the predicted strain at
peak load is in accordance with the experimental observation. Based on
these results, Eq. (14) was selected in this work to obtain the d, 751;“
curves for the CDP material model for the FE simulations of the different
graphite grades. The values of n used in Eq. (14) for the IG-110, NBG-18
and PCEA graphite grades were 4.2, 3.5 and 4.0, while the values of &.¢

were 0.018, 0.012 and 0.017, respectively.

3.2. Optimisation process

Using the CDP material model to successfully predict nuclear-grade
graphite’s behaviour under compression and tension, i.e., matching
the experimentally observed material response, requires finding an
optimal set of the material model parameters. While several of these
parameters described in Section 3.1 can be found through the experi-
mental tests described in Section 2.2 (UC and ST tests) or in the litera-
ture, the dilation angle y is unknown for the studied graphite grades.
Although a trial-and-error approach could be used to find an optimum
value of w, i.e., manually trying different values of y until a satisfactory
match between the predictions and measurements is achieved, this
approach would be very time-consuming. It would also require previous
experience or knowledge of reasonable values for the model parameter,
which is not always available. Even in the best-case scenario, this
approach may not find the optimal solution, which in most cases can
only be obtained by finding the global minimum of the error function in
an optimisation process.

For the multi-objective optimisation process in this work, the full-
factorial design technique in the design of experiments (DOE) compo-
nent of the optimisation software Isight 2024 [114] was used to find the
optimum parameter . The full-factorial design technique evaluates all
combinations of all factors at all levels [114]. This optimisation process
was chosen instead of using a genetic algorithm, for instance, consid-
ering that the parameter search space was finite (Table 3). For the
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optimisation process in the Isight software, the Abaqus FE simulations
(Section 3.1.1) were coupled with the optimisation component in an
evaluation loop, automatically running through all the parameter values
while evaluating their performance (fitness). This process performs
fitness evaluation by comparing the predicted load-displacement curve
with the experimentally measured average curve using objective func-
tions. Here, two objective functions were employed, which are defined
as:

n

f 1= ; (P predicted — P meaxured)2 7 (15)

fz = max { ‘P predicted Prneasured |}

where n is the number of points along the predicted and measured load-
displacement curve, and P is either the predicted or measured load at a
given point along the load-displacement curve. f; evaluates the sum of
the squared difference (error magnitude) between all the points on the
load-displacement curve. The second objective function, fo, evaluates
the maximum value of the absolute difference between the predicted
and measured load.

In an ideal case, the same set of CDP’s material model parameters
should be able to describe the material’s response under different
loading conditions (UC and ST tests). However, for practical purposes, a
set of parameters could also be found for a specific loading condition
(compression loading, for instance) if a material or a structure is mainly
subjected to a particular working load. To assess this difference, i.e.,
using a single set of parameters for both compression and tension
loading or using two different sets of parameters, one for compression
loading and one for tension loading, the optimisation process was per-
formed in two different ways; that is, an optimisation of decoupled UC
and ST models and an optimisation of coupled UC/ST models. For the
decoupled optimisation, the optimisation was performed on the UC
(Fig. 3a) and ST (Fig. 3b) models separately, using their corresponding
average experimental load-displacement curve. This process leads to
two different optimised y values, i.e., y. for the UC loading condition
(compression) and , for the ST loading condition (tension). For the
optimisation of the coupled UC/ST models, the optimisation process was
used to concurrently match the average experimental UC and ST load-
displacement curves using a single value of y for both tested loading
conditions, i.e., both UC and ST models were combined in a single FE
model (Fig. 3¢) and run simultaneously in the FE simulation. This pro-
cess leads to an optimised y,, for both UC and ST loading conditions. The
optimisation processes were run using all the possible values of y shown
in Table 3. For each optimisation process, i.e., decoupled UC model,
decoupled ST model and coupled UC/ST models, the obtained optimal
parameter ., ; and ., respectively, was selected as the best design
point that resulted in the minimum sum of the objective functions [114].
The results of the optimisation processes are presented in Section 4.2.

4. Results and discussion

This section combines both the experimental and numerical results.
The UC and ST experimental results are presented, including the force-
displacement curves, obtained mechanical properties, and Weibull
plots. DIC contours are presented to analyse the evolution of the strain
fields during the ST test. The FE simulation results of the UC and ST tests
using the CDP material model are also presented. The numerical results
include presenting the numerical predictions using the different opti-
mised values of y. Finally, this section presents a failure analysis based
on experimental observations (failure modes) and numerical

Table 3
Values of the dilation angle y for the optimisation process.

Parameter Range Increment Number of possibilities

73 10.0-55.0 (°) 0.1 451
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simulations showing the capability of the FE model with the CDP ma-
terial model to predict the inelastic and fracture behaviour of nuclear
graphite grades.

4.1. Mechanical testing

4.1.1. Mechanical properties

Fig. 7a—c present the recorded UC and ST experimental load-
displacement curves for the IG-110, NBG-18 and PCEA graphite
grades, respectively, while Table 4 summarises the material properties
derived from the curves as mean + standard deviation. The derived
properties are the compressive yield strength o, the ultimate
compressive strength o, the compressive strain-to-failure ¢, taken as
the strain at which the compressive strength is reached, and the splitting
tensile strength 64, which was calculated using Eq. (1). Note that 6,y is
determined as the stress at which the recorded load-displacement curves
first visibly deviate from the linear elastic behaviour. As such, the
determined compressive yield strength corresponds to the onset of
micro-cracking, leading to inelastic strain. It can be seen from the results
in Table 4 that the strength of the graphite grades is considerably greater
in compression than in tension due to the significant tension-
compression asymmetry of mechanical properties in graphite [130].
This difference in mechanical behaviour is explained as follows: during
the ST test, the tensile stress field formed in the disc specimen due to the
diametral compression loading provides a driving force for the growth
(opening) of the pre-existing micro-cracks [42], which coalesce leading
to macroscopic cracking, and ultimately fracture of the specimen. In
contrast, the situation is different under compression, where the applied
compressive load generates a significant compressive stress field across
the cylindrical test specimen; these compressive stresses hinder the
growth of micro-cracks, leading to significantly higher strength in
compression for all graphite grades (Fig. 7a—c). The high compressive
stresses can lead to the crushing of the material, which also contributes
to the inelastic deformation and can be considered a deformation
mechanism; however, only a limited amount of crushing was observed
during UC tests of the graphite grades. While no crushing was observed
during ST tests, it is possible that some crushing occurred in the form of
compressive damage based on the numerical results, as discussed in
Section 4.3.2.

The load-displacement responses of the tested graphite grades in
Fig. 7a—c and the derived material properties summarized in Table 4
show that, on average, the fine-grained IG-110 and course-grained NBG-
18 grades have a similar ultimate strength under both compressive and
splitting tensile loading conditions. However, the IG-110 graphite curve
(Fig. 7a—c) deviates from the linear elastic behaviour at a lower applied
load during ST tests, which suggests an earlier onset of micro-cracking,
pointing to the lower stability of the pre-existing micro-cracks. The
medium-grained PCEA grade exhibits the lowest compressive yield
strength and ultimate strength in both tension and compression loading
conditions, thus suggesting the lowest stability of the pre-existing micro-
cracks for this grade. On the other hand, the PCEA grade has an apparent
higher ductility in compression compared to the NBG-18 grade, as
indicated by e, in Table 4, which could suggest a higher amount of
crushing. Interestingly, the NBG-18 grade is noticeably more brittle than
the other graphite grades as it fails at the lowest g, in compression
(Table 4) and also at the lowest displacement in tension (Fig. 7a—c).

As mentioned before, the IG-110 splitting tensile strength value ob-
tained experimentally in this work (64,=22.4 MPa, see Table 4) was
much lower than most values of the IG-110 tensile strength found in the
literature (25-30 MPa) [49,97,102]. A similar low value of 64;,=21.8
MPa was obtained by Lin and Gallego [102] for the splitting tensile
strength of the IG-110 grade. They attributed their results to the higher
porosity and larger pores observed in the microstructure of the IG-110
grade compared to the other tested graphite in their work (Mersen
2114 grade) and the possible sample size effect. It is also possible that
compressive damage occurred in the disc specimens during the ST tests
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Fig. 7. Measured experimental load-displacement curves from the UC tests (red dashed lines) and the ST tests (blue dashed lines) for the (a) IG-110, (b) NBG-18, and
(c) PCEA graphite grades; the average representative load-displacement curves are shown as solid lines. Weibull plots showing the rate of failure on the vertical axis
and the selected failure criterion on the horizontal axis: (d) o, for the UC test and (e) oy, for the ST test. The insets show a boxplot of the datasets.

Table 4

Material properties of the different graphite grades derived from the recorded
experimental load-displacement curves shown in Fig. 7a-c, where o, is the
compressive yield strength, 6., is compressive ultimate strength, e, is the
compressive strain-to-failure, and oy, is the splitting tensile strength calculated
using Eq. (1).

Graphite Gey Ocu Ecu 6
grade (MPa) (MPa) ) (MPa)
1G-110 22.69 + 77.67 + 0.0309 + 22.37 +
1.97 2.71 0.0040 0.78
NBG-18 21.71 £ 78.18 + 0.0203 + 20.80 +
3.95 3.48 0.0030 1.14
PCEA 14.99 + 67.08 + 0.0241 + 19.36 +
1.76 6.17 0.0047 0.61

[49], which is also suggested by the numerical results in this work
(Section 4.3.2), producing a detrimental effect on the measured tensile
strength. Notwithstanding these observations, the present results show
that, on average, the fine-grained IG-110 grade exhibits a favourable
combination of ultimate strength and ductility. It is noted that the
coarse-grained NBG-18 grade performed similarly to the fine-grained
IG-110 grade in terms of compressive and tensile strength; however, it
showed noticeably reduced ductility in both compression and tension
based on g, (Table 4) and the displacement at peak load (Fig. 7a—c),
respectively.

10

4.1.2. Weibull analysis

Fig. 7d-e show Weibull plots where the rate of failure is on the
vertical axis, and the selected failure criterion, o, for the UC test
(Fig. 7d) and oy, for the ST test (Fig. 7e), is on the horizontal axis (see
Table 4). The Weibull plots were obtained using the methodology
described in Appendix A. Despite a limited number of experimental
datasets, a good linear fit through the data is observed. In the analysis,
the higher the Weibull modulus, the narrower the distribution of the
selected failure criteria, which suggests lower measurement variability
(Appendix A). For completeness, the datasets are also presented as
boxplots (see insets in Fig. 7d-e). It can be seen in Fig. 7d—e that the
medium-grained PCEA graphite consistently exhibited the lowest char-
acteristic strength in both tension and compression. This graphite grade
also exhibited the lowest Weibull modulus (large variability) in
compression but showed the highest Weibull modulus (low variability)
in tension. This observation suggests that the crack-initiating flaws in
tension for the PCEA graphite were significant enough to result in a low
characteristic strength but were also fairly consistent in size to give a
high Weibull modulus. It can also be observed in Fig. 7d-e that the IG-
110 and NGB-18 grades behave similarly in compression; however, the
larger pores of the NGB-18 grade resulted in lower characteristic
strength and Weibull modulus in tension; the large pores acted as crack
initiation locations, and their variability in size (Fig. 1) led to a large
scatter in the strength values. Overall, the fine-grained IG-110 graphite
is the most predictable graphite grade as it has the highest Weibull
module in compression and only a marginally worse Weibull modulus
than the PCEA graphite in tension.
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4.1.3. DIC measurements

Fig. 8 shows the DIC measurements recorded during the ST testing.
Fig. 8a shows the evolution of the strain field in the X direction
(perpendicular to the loading direction), while Fig. 8b shows the strain
field in the Y direction (parallel to the loading direction). The DIC strain
fields shown in Fig. 8 correspond to four distinctive locations along the
force-displacement curve: A is the initial point, B is the mid-way
displacement between A and C, C is the displacement at peak load,
and D is a displacement after the peak load. The DIC contours reveal that
the fine-grained IG-110 grade behaves like a single-phase homogeneous
material exhibiting continuous and smooth strain fields. In contrast, the
coarse-grained NBG-18 and the medium-grained PCEA grades are
affected by the large pre-existing pores showing discontinuous strain
fields. The effect of the pre-existing large pores is most apparent in the
case of the NBG-18 grade, where these large pores act as strain con-
centrators, affecting the overall crack propagation. The discontinuous
strain field is more pronounced for the NBG-18 grade, where the loca-
tions of high tensile strain concentration (red-coloured regions in
Fig. 8a) are associated with the large pores.

The higher ductility of the IG-110 based on &, (Table 4) and the
displacement at peak load in the ST test (Fig. 7a-c), when compared to
the NBG-18 and PCEA grades, can be explained in terms of its micro-
structure. The finer grain size of the IG-110 (Fig. 1a) allows this graphite
grade to deform as a homogeneous material, as shown by the DIC
continuous strain fields (Fig. 8). For instance, it can be seen in Fig. 8b
that although the highest compressive strains are observed in the central
region for all the graphite grades (indicated by the darkest blue-coloured
area), it is clear that for the IG-110 graphite grade, the compressive
strain is more globally distributed, reducing localised regions with high
strain levels. This reduction in localised deformation due to its relatively
homogenous microstructure, in turn, allows the IG-110 graphite to
maintain its integrity through a higher level of deformation [82]. In
addition, due to its lower Young’s modulus, the IG-110 graphite grade
requires the lowest level of applied stress for a given amount of elastic or
inelastic deformation [99], contributing to its higher ductility.

On the contrary, the large pores observed in both NBG-18 and PCEA
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graphite grades (Fig. 1b and c) explain their lower ductility under both
loading conditions compared to the IG-110 graphite grade. The pre-
existing large pores acting as strain concentrators (Fig. 8) affect the
overall crack propagation in these two graphite grades [38]. Moreover,
the variability of the largest pore sizes found in the high-tension region
for the NBG-18 grade (Fig. 8a) is expected to produce a large scatter in
the tensile peak strength (Fig. 7e). Similar behaviour has been observed
previously in the Gilsocarbon graphite [131]. In terms of compressive
strength, while the IG-110 and NBG-18 have similar behaviour, the
compressive strength of the PCEA grade is lower, notwithstanding the
maximum grain size for the PCEA is smaller than that of the NBG-18
(Fig. 1 and Table 1). This lower compressive strength can be attrib-
uted to the less homogenous microstructure of the extruded PCEA
graphite with a widespread distribution of flaws [99]. While the grain
size and manufacturing process partly determine the strength, other
factors related to the microstructure could be influencing the lower
strength of the PCEA graphite grade [82]; however, a detailed study to
address the structure-property relationships of the studied graphite
grades is beyond the scope of this work.

4.2. FE simulations and optimisation results

Fig. 9a—f show the average experimental load-displacement curves
from the UC test (red solid lines) and the ST test (blue solid lines), both
labelled as Exp, along with the predicted load-displacement curves
(labelled as Sim and shown as dashed or dotted lines) using different
values of the parameter y, which was optimised by evaluating y values
in the range of 10.0° to 55.0° (Table 3), as described in Section 3.2. As
aforementioned, y was optimised for the three different graphite grades
using two different optimisation processes: First, an optimisation pro-
cess was used for decoupled UC and ST models to obtain the optimised
values . and y,, respectively (Table 5). Second, a coupled UC/ST model
was used to obtain the optimised value . (Table 5). Then, the opti-
mised values ., y; and ., were used individually in the CDP model of
both UC and ST simulations to assess their effectiveness in predicting
both the compressive and tensile behaviour of the graphite grades.

(b)

i I | I
04 -02 00 02 04

&y (%)
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N | e || [
-1.0 -08 -0.6 -04 -02 00 02 04
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Fig. 8. DIC contours of (a) horizontal strain ex (normal to the applied load) and (b) vertical strain ey (parallel to the applied load) of graphite grade disc specimens at
different loading stages of the ST test. The A, B, C and D labels correspond to the following points along the ST force-displacement curves: A is the initial state, B is the
mid-way displacement between A and C, C is the displacement at peak load, and D is a displacement after the peak load.
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Fig. 9. Average experimental curves of UC and ST tests (solid lines) and predicted load-displacement curves from the FE simulations using different optimised y
(dashed or dotted lines). Simulations using the values of either y, or y, in the UC and ST test models of the graphite grades (a) IG110, (b) NBG-18, and (c) PCEA.
Simulations using the value of y., in UC and ST test models of the graphite grades (d) IG110, (e) NBG-18, and (f) PCEA. Relative percentage error Ry, of the predicted
peak force F, and the predicted displacement at peak force D, for all the studied graphite grades using various values of y (y., y, or y.,) in the simulations of the (g)

UC test and (h) ST test.

It can be seen in Table 5 that the optimised value for y. was the
lowest (10.0°) in the evaluated range for all graphite grades. This result
can be explained considering two facts: (i) y has a positive effect on the
compressive response of the material, i.e., higher values of y will result
in higher peak force and ductility [132,133]; (ii) in all UC test simula-
tions for all graphite grades, the CDP model tended to slightly over-
estimate the peak force compared to the experimental peak force. Thus,
a value of y.=10.0° reduces the predicted peak force, producing a better
prediction of the UC test response (Fig. 9a—c). On the contrary, the

12

optimised value for y, was the highest in the evaluated range (55.0°) for
the NBG-18 and PCEA grades and close to the highest for the IG-110
grade (53.3°). This result is explained by the fact that in all ST test
simulations for all graphite grades, the CDP model slightly under-
estimated the peak force compared to the experimental ST peak force.
Thus, a high value of y, produces a better prediction of the ST test curve
(Fig. 9a—c) by increasing the compressive resistance of the material,
considering that the disc is subjected to compression stresses due to the
diametral compression in the ST test. However, using the optimised .
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Table 5

Optimised values of dilation angle y parameter of the CDP material model used
in the simulations of studied graphite grades IG-110, NBG-18 and PCEA. y. and
y, were obtained using decoupled UC and ST models, respectively. y,., was ob-
tained using coupled UC/ST models.

Graphite grade v () v () Ve ()
1G-110 10.0 53.3 43.2
NBG-18 10.0 55.0 44.6
PCEA 10.0 55.0 43.6

for the ST test simulation will largely underestimate both the peak force
F, and the displacement at peak force Dymp, for all graphite grades
(Fig. 9a—c, see blue dashed lines). Conversely, when y, is used to predict
the UC test behaviour, the simulation overpredicts the F, much more
than the prediction when using . for the UC test simulation (Fig. 9a—c,
see red dotted lines).

(a) - 1G-110

NBG-18
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The aforementioned differences in the predicted values can be seen
better in Fig. 9g and h, in which the relative percentage error R of F,
and Dy, was used to compare the numerical predictions of the UC and
ST tests, respectively, using the different optimised values of y. Ry, was
calculated as:

_ !Vsim - vexp|

Rpe = x 100%, (16)

Vexp

where vgin, is the predicted value of either P, or Dyp, While veyp is the
experimental value. In the case of the IG-110 graphite grade, when v, is
used, the model predicts better the compressive F, (Rpe=3 %) and Dy
(Rpe=1.6 %) as mentioned before (Fig. 9g); however, it vastly un-
derestimates the F, and Dy for the ST test with Ry, of 23.3 % and 18.6
%, respectively (Fig. Sh). In contrast, when v, is used, the Ry, of the
predicted F), is below 10 % for both UC (8.5 %) and ST (5.8 %) tests,
while the Ry, of the predicted Dy is 0.5 % and 3.4 % for the UC and ST
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Fig. 10. Post-failure images of graphite specimens showing different failure modes: (a) for the UC test, the white arrows indicate shear cracks, the orange arrows
show tension cracks, and the red arrows show spalling; (b) for the ST test, the green arrows show the primary tension crack, the yellow arrows show the primary
crack growing towards the contact area of the specimen with the loading fixtures, the blue arrows show secondary cracks, and the red arrows show spalling. Contour
plots of the damage variable SDEG after failure from the (c) UC and (d) ST test FE simulations of all the graphite grades. Contour plots of the compressive damage
variable DAMAGEC from the UC test simulation of the IG-110 graphite grade: (e) at peak force and (f) after failure. Contour plots of the tension damage variable
DAMAGET from the UC test simulation of the IG-110 graphite grade: (g) at peak force and (h) after failure.
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tests, respectively. A similar trend was observed for the predicted values
of F, and D of the NBG-18 and PCEA graphite grades.

Regarding the results of the optimisation of the coupled UC/ST
models, the optimised values of . were in the range of 43.0° to 45.0°
for all graphite grades (Table 5). These values produced the best pre-
diction of the load-displacement curves for both the UC and ST test
simulations (Fig. 9d-f). The results show that when ., is used to predict
the mechanical behaviour of the IG-110 graphite grade, the CDP model
predicts well the F, for both UC (Ry.=5.8 %) and (R,.=11.6 %) ST tests,
while the Ry, of the predicted Dgsp is 1 % and 0.3 % for the UC and ST
tests, respectively (Fig. 9g, h). Again, a similar trend was observed for
the predicted values of F, and Dy of the NBG-18 and PCEA grades
when y; is used.

It is mentioned that using y; also produces good predictions of F, for
both UC and ST tests with Ry, < 10 %; however, the better prediction of
the F,, in the ST test when using y, comes at the expense of larger Ry, of
the Dy, that is, the predicted higher peak force in the ST test when
using the larger value of . is the result of the specimen failing at a larger
displacement due to the increased ductility of the material. Moreover,
although a larger value of y can improve the prediction of the material’s
mechanical response [132], it may also adversely affect, due to the
increased ductility, the post-failure response of the material, i.e., the
failure modes and crack patterns [134]. Therefore, using y, for FE
simulations of the graphite grades investigated here is recommended
based on the results and discussion above.

4.3. Failure analysis

4.3.1. Experimental observations of failure modes

Fig. 10a and b show representative examples of graphite disc and
cylindrical specimens after failure, showing the developed cracks and
associated failure mechanisms. Two different specimens depicting the
characteristic failure modes observed in the UC and ST tests are dis-
played in Fig. 10a and b, respectively, for each graphite grade. For the
UC test (Fig. 10a), in all cases, the cracks initiated at one of the flat ends
of the specimens (either the top or bottom flat end) due to high
compressive stresses experienced in those regions. The developed mac-
rocracks were mainly shear cracks, as expected in a uniaxial compres-
sion test of a cylindrical specimen, which has been previously observed
in the compression testing of graphite [135] (indicated by the white
arrows in Fig. 10a). Some of these macrocracks further propagated as
tension cracks. i.e., they grew parallel to the loading direction (indicated
by the orange arrows), which has also been previously observed in the
uniaxial compression test of graphite [136]. Interestingly, spalling
(small pieces of material detaching from the surface) was observed for
the NBG-18 graphite grade (indicated by the red arrows in Fig. 10a),
which is explained by the coalescence of cracks in compression [40] due
to flaws or large pores in the NBG-18 grade compared to the other two
graphite grades.

For the ST test (Fig. 10b), in all cases, the primary crack initiated at
the centre of the specimen as expected due to the high tensile stresses in
that region (Fig. 8a) and grew along the loading axis in the middle area
of the specimen (indicated by the green arrows). It is noted that in some
cases, the primary crack did not develop precisely at the centre line of
the specimen, which is explained by the initial large imperfections (pre-
existing voids) located in the middle region (but not along the centre-
line) that may have acted as locations of stress concentration and thus
locations of crack initiation and crack propagation. In some cases, after
growing a certain length, the primary crack did not continue developing
vertically along the loading direction; instead, the growing direction
deviated towards the contact area of the specimen with the loading
fixture (Fig. 10b), where high compressive stress developed (indicated
by the yellow arrows); this secondary failure mode was observed in
particular for the IG-110 and PCEA grades. Conversely, secondary cracks
were observed for the NBG-18 (indicated by the blue arrows in Fig. 10b)
as a secondary failure mode, which could result from the large voids in
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this course-grained graphite grade acting as stress concentrators and,
thus, crack initiation locations. In addition, spalling was observed for the
NBG-18 grade (indicated by the red arrows in Fig. 10b), which was also
observed in the UC test of this graphite grade (Fig. 10a).

The failure modes observed in both compression and tension loading
of the studied nuclear graphite grades, which are inherently quasi-
brittle, showed that pre-existing defects and microcracks would signif-
icantly affect their fracture behaviour. When the graphite specimens are
subjected to loading, pre-existing defects will grow, causing damage
accumulation. The enlarged defects and microcracks will start inter-
acting and eventually coalesce, forming macroscopic cracks [41,42].
Pre-existing defects can range in size from nanometres to several milli-
metres; this heterogeneity of defects across multiple length scales can
lead to stress concentration related to the graphite’s fracture behaviour
[38]. As previously mentioned, the DIC contours (Fig. 8) showed that
large pre-existing defects in the coarse-grained NBG-18 and the
medium-grained PCEA grades resulted in discontinuous strain fields and
acted as strain concentrators, affecting the crack propagation and failure
modes. The pre-existing defects, which were significantly larger in
NBG-18 graphite, resulted in spalling in both UC and ST tests and the
formation of secondary cracks in the ST tests, showing the impact of
pre-existing defects in the fracture behaviour of graphite.

4.3.2. FE simulations of the graphite behaviour after failure

FE simulations were performed in Abaqus/Explicit [113] to inves-
tigate the capability of the CDP model to predict the failure modes and
crack development experimentally observed on the studied graphite
grades subjected to the UT and ST tests. This explicit solver was selected
for these particular simulations due to the material nonlinearity caused
by the extensive plastic deformation developed in the specimens after
the peak force and, in particular, after the failure (rapid decrease in the
loading resistance), which caused the simulations in Abaqus/Standard,
an implicit solver, to stop prematurely after the cracks started to grow
rapidly due to convergence problems. Semi-automatic mass scaling was
applied to the whole model to reduce computational time; a target time
increment of 10~° s was used. In addition, a half model was used instead
of a quarter model to visualise better the crack growth in the simulation
of the disc specimen subjected to the ST test, in which, based on the
experiments, cracks can propagate on both sides of the centreline of the
disc specimen surface after failure (Fig. 10b). All the material properties
were the same as those used in the simulations presented in Section 4.2;
however, the values of the optimised ., (Table 5) were used for all
graphite grades.

Fig. 10c and d show the contour of the damage variable SDEG after
failure from the UC and ST test FE simulations, respectively. It is
mentioned that the output damage variable SDEG indicates the stiffness
degradation d caused by both the compressive and tensile damage
[113]. The output variable d, calculated internally by the FE software, is
a function of the stress state and the uniaxial damage variables d. and d,
and is defined as (1 — d) = (1 — sd.)(1 — s.dp), where s; and s, are
functions of the stress state that are introduced to model stiffness re-
covery effects associated with stress reversals under uniaxial cyclic
loading [113]. For the UC test simulations (Fig. 10c), it can be seen that
for all graphite grades, the cracks initiated at the bottom flat end of the
specimens due to high compressive stresses experienced in those re-
gions, similar to the experimental observation (Fig. 10a). The predicted
cracks were only shear cracks. It can also be seen in Fig. 10c that the
behaviour of the NBG-18 graphite grade is predicted to be more brittle
than the other two graphite grades, as only two prominent shear cracks
were observed in the simulation of the UC test. This behaviour is further
observed in Fig. 10d, where the ST test simulation is shown. For the
NBG-18 graphite grade, the crack initiates in the middle of the specimen
as expected; however, instead of first propagating parallel to the loading
direction, it propagates towards the regions in contact with the loading
fixtures. In contrast, in the ST test simulation of the IG-110 and PCEA
graphite grades (Fig. 10d), the crack first propagates parallel to the
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loading direction before propagating towards the areas in contact with
the loading fixtures, as observed experimentally (Fig. 10b). It is noted
that no secondary cracks or spalling was predicted for the NBG-18
graphite grade, as observed experimentally. This result is explained by
the fact that the post-failure macroscopic behaviour of the NBG-18 is, in
part, dictated by the large pores of the microstructure, which is not
accounted for in the continuum-based FE simulations presented here.
Now, focusing on the numerical results of the fine-grained 1G-110
graphite grade, which has the most homogenous microstructure of the
studied graphite grades (Figs. 1 and 8), and thus, showed the least effect
of pre-existing defects on the macroscopic mechanical response,
Fig. 10e-h show the contour plots of the compressive damage variable d.
(DAMAGEQ) and the tensile damage variable d; (DAMAGET) at peak
force and after failure from the UC test simulations. It is mentioned that

d. corresponds to the damage of the d. — 'Ei" curve obtained from Eq.

(14), while d; corresponds to the damage of the d; — ﬁfk curve obtained
using Eq. (8), as explained in Section 3.1.4. It can be seen in Fig. 10e that
at peak force, although no macrocracks have developed yet, the entire
specimen has uniform compressive damage (light blue colour). In
contrast, no tensile damage is observed (Fig. 10g), which is expected
since the specimen is subjected to uniaxial compression. After failure,
that is, when a sudden drop in the loading response occurs, cracks
develop fast (Fig. 10f). Some tensile damage is also observed once the
cracks have developed (Fig. 10h); however, compression damage is
dominant (Fig. 10f).

Regarding the ST test simulations of the IG-110 graphite grade,
Fig. 11a and b show the contour plots of the compressive damage var-
iable damage d. (DAMAGEC) and the tensile damage variable d,
(DAMAGET), respectively, at peak force, after peak force and after
failure of the ST test simulation from the IG-110 graphite grade. It is
mentioned that the damage contours after the peak force correspond to
the part of the loading curve where the load has started to decrease, that
is, between peak force and failure; at failure, a rapid decrease in loading
resistance and catastrophic crack propagation occur. In both Fig. 11a
and b, the damage contours are shown on the specimen front face and
the symmetry plane surface (internal surface positioned at a distance
equivalent to a half thickness from the front face of a complete
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specimen). In addition, damage contours on the cross-section and front
face surfaces are shown in Fig. 11c.

It can be seen in Fig. 11b that at peak force, tensile damage has
accumulated mainly in the middle section of the front face of the spec-
imen, as expected due to tensile stresses perpendicular to the loading
direction; however, some tensile damage is observed in a narrow region
between the centre of the specimen and the area in contact with the
loading fixtures. In contrast, no tensile damage is observed in the sym-
metry plane surface. Moreover, it can be seen in Fig. 11a that at peak
force, considerable compressive damage has occurred in the regions
where the specimen is in contact with the loading fixtures, while only
minor compressive damage is observed in the central area of the sym-
metry plane surface.

After the peak force, a tensile crack started to develop in the middle
of the specimen on the front face surface, growing parallel to the loading
direction (Fig. 11b) as observed experimentally (Fig. 10b). Finally, after
failure, the tensile crack fully developed and grew towards the areas in
contact with the loading fixtures (Fig. 11b) as a result of the initial
compression damage observed in those areas (Fig. 11a). Compressive
damage is also observed in the crack path (Fig. 11a). Fig. 11c shows the
damage in the specimen’s cross-section after the peak force and after
failure. It can be seen in the cross-section that the tensile damage ini-
tiates at the external front face surface and then develops towards the
internal central region of the specimen, which has been observed in the
splitting tensile behaviour of concrete [137].

These numerical results demonstrate that the FE simulations quali-
tatively match the failure modes, crack initiation and crack propagation
of the graphite grades observed experimentally. However, the simula-
tions predicted a more brittle behaviour than the observed experimen-
tally for the coarse-grained NBG-18 graphite grade containing large
pores, which exhibited localised strain concentrations not accounted for
in the continuum-based FE simulations developed here. Nevertheless,
the current results show that the employed CDP model predicts well the
inelastic behaviour and peak force of the UC and ST tests for the three
studied graphite grades and can also be used to predict reasonably well
the failure modes, crack initiation and crack propagation of the fine-
grained IG-110 and medium-grained PCEA graphite grades. It is,
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Fig. 11. Contour plots of the (a) compressive damage variable DAMAGEC and (b) tension damage variable DAMAGET from the ST test simulation of the IG-110
graphite grade at peak force, after peak force and after failure. (c) Contour plots of the damage variables DAMAGEC and DAMAGET after peak force and after

failure on the cross-section surface.
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however, acknowledged that further improvement to the model will capture the inelastic behaviour and peak force of the studied graphite

need to be explored to account for the multi-scale nature of graphite grades under both UC and ST loading conditions. The FE simulations

containing various pre-existing defects and large pores, as these are could also reasonably capture the failure modes observed experimen-

known to affect the mechanical behaviour and fracture of nuclear-grade tally in both UC and ST tests. In particular, the ST test model could

graphite. capture the crack initiation and propagation path observed experimen-
tally for the IG-110 and PCEA graphite grades.

5. Conclusions In conclusion, the CDP material model successfully predicted the
inelastic and fracture behaviour of nuclear graphite grades subjected to

This study has investigated the inelastic and fracture behaviour of compression and tension loadings.

three different nuclear graphite grades, fine-grained 1G-110, coarse-
grained NBG-18, and medium-grained PCEA, experimentally and CRediT authorship contribution statement
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Appendix A. Weibull analysis

The variability of the mechanical properties of brittle and quasi-brittle materials such as graphite can also be analysed using the Weibull prob-
ability distribution, which uses two fitting parameters: the shape parameter, which is the Weibull modulus (m), and the scale parameter, which is the
characteristic strength (). These two parameters describe the distribution of any measured material failure criteria [138]. The Weibull analysis is
usually employed to predict the likelihood of brittle material failure while assuming that the probability of failure depends on the distribution of the
weak regions where a crack initiates. The Weibull probability distribution is defined as [138]:

F=1 fe’(%m)m, (A1)

where F is the failure rate or cumulative failure probability, and o, is the measured ultimate strength. The Weibull modulus m describes the width of
the distribution (variability), i.e., the higher the Weibull modulus, the narrower the distribution of selected failure criteria, pointing to small variably
and high repeatability of the measured fracture stress. To determine both Weibull parameters (m and 1), Eq. (A1) can be linearised as follows:

In[-In(1 — F)] = mln(o,s) — mln (), (A2)

where F can be calculated as F = (n — 0.5)/N; n is the rank (order) of individual measurements and N is the number of available measurements. The
Weibull analysis can then be employed to determine what stresses will cause arbitrary failure rates when subjected to a given stress condition. As for
any statistical methodology, the confidence in performing a statistical analysis depends on the amount of available data. The Weibull analysis was
applied to this study’s UC and ST test datasets by taking the strength as the material failure criterion in both loading conditions.

16



K. Irman et al.

Data availability

Data will be made available on request.
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