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The  effect  of cyclic  loading  on  the  mechanical  response  of  pebble  beds  was  assessed.
Numerical  simulations  were  performed  with  KIT-DEM  code.
The  numerical  simulations  were  compared  with  the  experimental  outcomes.
A  good  qualitative  agreement  between  experimental  and simulation  results  was  found.
The  pebble  size  distribution  affects  the  mechanical  response  of  the  assemblies.
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a  b  s  t  r  a  c  t

All solid  breeder  concepts  considered  to  be  tested  in  ITER  (International  Thermonuclear  Experimental
Reactor),  make  use  of  lithium-based  ceramics  in the  form  of  pebble-packed  beds  as  tritium  breeder.
A  thorough  understanding  of  the  thermal  and  mechanical  properties  of the ceramic  pebble  beds  under
fusion  relevant  conditions  is  essential  for the design  of  the breeder  blanket  modules  of  future  fusion  reac-
tors. In  this  study,  the  effect  of  cyclic  loading  on the  mechanical  behaviour  of pebble  bed  assemblies  was
investigated  using  a Discrete  Element  Method  (DEM)  code.  The  numerical  simulations  were  compared
with  the experimental  outcomes.  The  results  of  numerical  simulations  show  that  the  pebble  size  dis-
tribution  affects  noticeably  the  stress-strain  behaviour  of the  assemblies.  A  good  qualitative  agreement
ranular materials
reeder blankets
eramic breeder

between  experimental  and  simulation  results  was  found  in  terms  of  difference  between  residual  strains
of consecutive  cycles.  An  increase  of  the  oedometric  modulus  with  the  compressive  load  was  observed
for  all  investigated  compositions  in  both  experimental  and  DEM  simulations.  The  numerical  results  show
an increase  of the  oedometric  modulus  (E)  with  progressive  compaction  of  the  assemblies  due  to  the
cycling  loading,  while  no  significant  influence  of the  pebbles  size  distribution  was  observed.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

A tritium Breeding Blanket (BB), ensuring tritium breeding
elf-sufficiency, is a compulsory component for the DEMOnstra-
ion Power Plant (DEMO). Presently, two tritium breeder concepts
solid breeder blanket and liquid metal breeding blanket) are
onsidered to be tested in the International Thermonuclear Exper-
mental Reactor (ITER). In the solid breeder blanket concept, the

eramic breeding material is in the form of pebble-packed beds.
he present reference tritium breeding material for the European
elium Cooled Pebble Bed (HCPB) breeder blanket concept con-

∗ Corresponding author.
E-mail address: pupeschi.simone@hotmail.it (S. Pupeschi).

ttp://dx.doi.org/10.1016/j.fusengdes.2016.08.021
920-3796/© 2016 Elsevier B.V. All rights reserved.
sists of a two-phase material (Li4SiO4 + 10mol% Li2SiO3) [1]. In 2009
an Advanced Ceramic Breeder (ACB) material was proposed [2],
to optimize the mechanical stability of lithium orthosilicate peb-
bles lithium metatitanate was introduced as a second phase. Even
if the ceramic beds have no structural function, the beds have to
withstand stresses induced by the blanket operating conditions. A
blanket module will experience a cycling loading due to the burn
pulses of the plasma. Due to the temperature gradients and a mis-
matching of the thermal expansion coefficients between the beds
and the structural materials, a cyclic compressive load will arises
on the beds.
An experimental set-up for the investigation of the effective
thermal conductivity of ceramic pebble beds was designed and
assembled [3]. The hot wire method was  selected to measure
the thermal conductivity of ceramic pebble beds [4]. During the

dx.doi.org/10.1016/j.fusengdes.2016.08.021
http://www.sciencedirect.com/science/journal/09203796
http://www.elsevier.com/locate/fusengdes
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xperimental campaign simultaneous measurements of the ther-
al  conductivity and stress-strain properties were conducted.

Discrete element methods (DEM) have been adopted previously
o study the thermo-mechanical responses of pebble bed assem-
lies [5–7]. An in-house DEM code [8] was successfully used in
revious studies [8,9] to investigate the mechanical behaviour of
ono-sized, binary and polydispersed pebble assemblies. In these

imulation studies a defined uni-axial macroscopic strain (�33) was
radually applied on random pebble assemblies. When the defined
aximum strain was reached, the assemblies were unloaded by

radually removing �33 until the stress �33 approaches zero. No
epeating cycles were simulated; the studies were focused on the
rst loading/unloading cycle.

A recent research [10] investigated the effect of mechanical
ycling on the behavior of granular materials. The simulations were
arried out with an assembly consisting of mono-size spherical
ebbles (diameter of 0.5 mm)  with an initial packing factor (PF) of
9.9%. The pebbles were randomly generated in a cubic box made
f steel. The bed was compressed imposing a cyclic loading on the
op wall of the box, the number of compressive load was  limited
o 10 cycles. The initial packing factor used in the study is actually
elow the reference value for the solid BB concept. Furthermore, in
he EU solid BB concept, polydispersed beds are used.

Zhang et al. [11] recently investigated the stability of pebble
eds under pulsed loading conditions. Both Uniaxial Compression
ests (UCTs) and Finite Element Method (FEM) simulations were
onducted. The UCTs were performed at elevated temperatures
up to 750 ◦C) on both the EU Ref. [1] (PF = 61%) and Li2TiO3 [12]
PF = 63%) tritium breeding materials. The FEM simulations were
arried out to study the coupled thermo-mechanical problem of
ELICA mock-up experiment [13].

In this study, the in-house DEM code developed in [8] was used
o investigate the influence of cyclic loading on the mechanical
ehavior of polydispersed pebble bed assemblies with periodic
oundary conditions. To provide a representative result for the EU
B, an initial PF of approx. 64% was used. The results were compared
ith the experimental outcomes of the UCTs, conducted at room

emperature, performed during the thermal conductivity experi-
ental campaign.

. Experimental

Fig. 1 shows the developed experimental set-up for the mea-
urements of ceramic pebble beds’ thermo-mechanical properties
3]. The experimental set-up was designed for the investigation of
eramic pebble beds’ thermal conductivity as a function of temper-
ture, mechanical load and filling gas type/pressure. Simultaneous
easurements of the thermal conductivity and stress-strain prop-

rties were conducted. Even if the bed deformation (mm)  is
easured during the experiments at each investigated tempera-

ure, the evaluation of the bed strain � (%) is only possible at room
emperature when the initial bed height is known. For that reason
he results of the simulations were compared with experiments at
T.

A cylindrical measuring cell of 55 mm inner diameter with the
eater placed along its axis is filled by ceramic pebbles. Pebbles
ere packed into the measuring cell by mechanical vibration; the

nitial PF of the beds was approx. 64% with an initial height of
pprox. 40 mm.  The experimental set up is placed axially on a uni-
ersal testing machine; the pebble bed is compressed up to 6 MPa
n the axial direction by a piston connected to the movable crossbar

f the testing machine. The bed was compressed five times with a

oading/unloading speed of 1 MPa/min. The lateral displacement of
he pebble bed is inhibited by the measuring cell while the axial
train arises by applying the vertical load. The bed strain is mea-
nd Design 112 (2016) 162–168 163

sured by means of three linear variable displacement transducers
(LVDT) equally spaced with 120◦ along the poloidal direction while
the compressive load is measured by a load cell.

Polydispersed lithium orthosilicate pebble beds characterized
by different pebble size distributions and different Lithium metati-
tanate (LMT) contents were examined. The investigated ACB
compositions [2] were:

• 20 LMT  → Li4SiO4 + 20 mol% Li2TiO3
• 25 LMT  → Li4SiO4 + 25 mol% Li2TiO3
• 30 LMT  → Li4SiO4 + 30 mol% Li2TiO3

The EU reference (EU Ref.) tritium breeding material
(Li4SiO4 + 10 mol% Li2SiO3), fabricated by Schott AG by the
melt-spraying method [14], was  investigated as well. Pebbles fab-
ricated by this method are characterized by a peaked pebble size
distribution in the range 0.25-0.65 mm.  The lithium orthosilicate
pebbles with LMT  as a second phase have been fabricated at KIT by
a melt-based process [15]. In Fig. 2, the pebble size distributions
of the four investigated compositions are reported. As shown
in the figures, pebbles fabricated by the melt-based process are
characterized by broader pebble size distributions in the range
0.25-1.25 mm.  Among the ACB materials, the pebble size distribu-
tion of 20LMT is more representative of a typical batch produced
by the melt-based process (Fig. 2b). The pebble size distributions
of 25 and 30 LMT  (Fig. 2c and d) are not typically obtained by
the production process but selected here to have a set of distinct
assemblies, representative of a more uniform distribution.

Approximately 150 g of pebbles were used for each experiment.
Before using, the pebbles were dried at 300 ◦C for one hour in a
vacuum oven. The experiments were carried out in helium atmo-
sphere. The physical characteristics of the studied pebbles are given
in Table 1.

3. Numerical simulations

In this study, the existing in-house DEM code [8] was slightly
modified in order to simulate cyclic loading with the stress �33 as
the driven parameter. The simulated assemblies consist of 5000
spherical pebbles packed in periodic configuration into a virtual
cubic box. Using, in addition, periodic boundary conditions, we  rep-
resent the bulk behaviour of the pebble beds and avoid friction
effects and the impact on the packing factor due to the pres-
ence of container walls. The assemblies were generated using a
Random Close Packing (RCP) algorithm [16] with a PF of approx.
64%, consistent with the reference value of the actual EU BB
design. The assemblies were generated with the actual pebble size
distributions of the EU Ref. and of the three modified breeder
ceramic compositions, respectively. For each investigated compo-
sition an assembly with a PF close to the experimental value was
created. The assemblies were subjected to cyclic loading simulat-
ing the experimental uni-axial compression tests. Starting from
the stress-free configuration, generated by the RCP algorithm,
the assemblies were progressively loaded up to a defined maxi-
mum stress (�33 = �max). After the loading, the assemblies were
unloaded by gradually reducing �33 until the stress-free configu-
ration, �33 ≈ 0, was  reached. As in the experiments the assemblies
were compressed by five loading cycles.

Furthermore, for the assembly simulating 20 LMT, representa-
tive of the size distribution for the melt-based process, another

assembly with a PF of approx. 64% was created. The load-
ing/unloading process was repeated 30 times, this time. Three
maximum loads of 6, 4 and 2 MPa  were applied. The performed sim-
ulations are listed in Table 2. The sample ID reported in the table
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Fig. 1. Experimental set-up for the measurements of ceramic pebble beds’ thermal conductivity.

Fig. 2. Size distributions of (a) EU Ref., (b) 20LMT, (c) 25LMT, and (d) 30LMT pebbles.
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Table  1
Characteristics of the investigated materials.

ID Material Density(g/cm3) Pebble diameter(mm) Density(% th. density) Packing factor(%)

20LMT Li4SiO4 + 20 mol% Li2TiO3 2.54 0.25–1.25 93.0 64.2
25LMT Li4SiO4 + 25 mol% Li2TiO3 2.58 0.25–1.25 93.3 64.2
30LMT Li4SiO4 + 30 mol% Li2TiO3 2.62 0.25–1.25 93.5 64.2
EU  Ref. Li4SiO4 + 10 mol% Li2SiO3 2.40 0.25–0.65 95.1 64.1

Table 2
Performed simulations.

ID No. Loading cycles PF (%) Max. load [MPa]

20LMT-30-6 30 64.056 6
20LMT-30-4 4
20LMT-30-2 2

20LMT-5 5 64.225 6
25LMT-5 5 64.226 6
30LMT-5 5 64.246 6
EU  Ref.-5 5 64.154 6
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Fig. 4. Simulated stress-strain curves for the 1 st and the 30th loading/unloading
ig. 3. Simulated stress-strain curves of the investigated compositions for the 1 st
nd the 2 nd loading/unloading cycle.

ignifies the investigated material, the number of loading cycles
nd maximum load.

Due to lack of experimental data, the mechanical properties of
U Ref. were used for all investigated assemblies. A Young’s mod-
lus of (E) equal to 90 GPa and a Poisson’s ratio (�) equal to 0.25
ere used. The friction coefficient between pebbles (�) was  set

o 0.1. The mechanical behaviour of pebble beds subjected to cyclic
oads at high temperatures was not addressed due to a lack of mate-
ial properties data at high temperatures. All mechanical properties
vailable refer to room temperature.

. Results and discussion

Fig. 3 shows the simulated stress-strain curves of the investi-
ated assemblies subjected to five compressive cycles. In the graph
nly the first two loading/unloading cycles are reported (so that
gure is not overloaded by curves plotted on top of each other).
s shown in the figure, the size distribution influences the stress-
train behaviour of the assemblies. Even though the EU reference
reeding material has the lowest PF, it shows the stiffer behaviour
smaller strain for a given stress) with a residual strain less than
.2% after the first unloading. This assembly is characterized by

 narrow and peaked size distribution resulting, for the given PF,
n a denser configuration in comparison to the ACB materials. The
ssemblies representing the modified breeder compositions show a

ofter behaviour compared to the reference breeding material. Fur-
hermore, even if the three assemblies have the same size ranges,
ifferences in the overall stress-strain behaviour due to the differ-
nt pebble size distributions were observed. In particular, the stiffer
cycles with different maximum compressive load.

behaviour with the lower residual strain after the first unloading
refers to 20 LMT, which shows a peaked pebble size distribution
around 575 �m.  Samples with 25 and 30 LMT  are characterized by a
smoother pebble size distribution resulting in a softer stress-strain
behaviour. In particular 25 LMT  deforms significantly (approx. 0.4%)
before the stress is build up.

In Fig. 4 the simulated stress-strain curves of 20LMT-30 with a
maximum compressive load of 6, 4 and 2 MPa  are reported. For this
assembly 30 loading/unloading cycles were simulated, in the figure
only the first and the last cycles are shown. An increase of the total
residual strain with increasing maximum compressive load was
observed. Because of the greater perturbation provided to the sys-
tem, the residual strain of the bed is more pronounced with higher
loads than with smaller loads (higher contact forces are induced
leading to overcome the friction between pebbles).

The results of the simulations were compared with the experi-
mental outcomes in terms of difference between residual strains
of two consecutive cycles and calculated oedometric modulus.
The difference between the residual strains of two consecu-
tive cycles represents the increment of the irreversible residual
strain due to the cycling loading. The experimental and simulated
stress-strain curves were not directly compared because the first
loading/unloading cycle sensitively depends on the initial PF and on
the first approach of the piston to the pebble bed. Previous stud-
ies [8,9] showed that the initial PF plays an important role in the
mechanical response of an assembly in both experimental and DEM
simulations. The experimental PF is an average of bulk and near wall
regions PFs while the DEM assembly represents the bulk region of
a pebble bed, because of the periodic boundary conditions. More-
over, a quantitative comparison with experimental data in terms
of stress-stain curves, even after the second cycle onwards, cannot
be made. The experimental curves show a stiffer behaviour while
a more compliant response is observed for the simulations. This is
due to the differences that exist between simulations and exper-
imental conditions. In particular to the H/D ratio adopted in the
UCTs and to the friction coefficient between pebbles used in the
simulations (later discussed in the paper). In the present paper the

attention was  then focused on the engineering parameters needed
for the design of the solid breeder blanket concept.
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Fig. 5. Difference between the residual strains of two consecutive cycles of (a) EU Ref., (b) 20LMT, (c) 25LMT, and (d) 30LMT.
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Fig. 6. Residual strain as a function of the cycle number (a) and differe

In Fig. 5, the difference between the residual strains of two
onsecutive cycles are reported and compered with experimental
alues. The residual strain after the first loading cycle is omitted.

 good qualitative agreement between experiments and simula-
ions was found, as the progressive compaction of the bed due to
he cyclic loading is clearly shown. In particular the EU Ref. shows

 smaller difference between the residual strains of two consecu-

ive cycles, evidence of the more dense structure developed in this

aterial, which is closer to its maximum PF than in case of ACB
aterials.

Fig. 7. Calculated oedometric moduli derived from (a) the si
tween the residual strains of two consecutive cycles (b) of 20 LMT-30.

In Fig. 6, the residual strain and the difference between the resid-
ual strains of two  consecutive cycles as a function of the cycle
number of 20LMT-30 are reported. As shown in the figure, the
largest part of the irreversible residual strain occurs during the first
15 cycles, while the compaction of the assembly is still progressing
but with smaller increments as the cycling proceeds. In terms of
difference between the residual strains of two  consecutive cycles

the maximum compressive load affects the first 5 cycles. Similar
results were reported in [10] and [11]. However, quantitative com-
parisons cannot be made because of the different pebble size and
boundary conditions used.

mulated and (b) the experimental stress-strain curves.
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Fig. 9. Increase of the oedometric modulus upon unloading with the cycle number
for  20 LMT-30 derived from simulations.

Table 3
Numerical coefficients.

Max. load [MPa] E1 [MPa] �1 [%]

a broader size distribution. The stiffer behaviour of the EU Ref. is
ig. 8. Increase of the oedometric modulus upon unloading with the cycle number
erived from simulations.

Fig. 7 exemplarily displays the calculated oedometric moduli
erived from the experimental and from the simulated stress-strain
urves. In the figures the oedometric moduli of 30LMT are reported
s a function of the compressive load. The oedometric modulus (E)
as calculated as E = ��

�ε during the unloading. E-L1 and E-L5 in the
gures refer to the oedometric modulus calculated for the first and

he fifth unloading, respectively.
An increase of E with the compressive load was  observed for

ll investigated compositions in both experimental and DEM sim-
lations, however higher values of E were obtained from the
xperimental data, as compared to the simulation results. This
eflects the more compliant mechanical response observed for
he simulated curves. The stress-strain behaviour obtained by the
ni-axial compression test is influenced by the ratio H/D [17]. As
eported before, the experimental data refer to a 40 mm high peb-
le bed with a diameter of 55 mm (H/D = 0.73). The current bed
eight of 40 mm is a compromise for a reliable measurement of the
hermal conductivity with a uniform compressed bed along its axis.

 higher value of the bed height would be beneficial for the ther-
al  conductivity measurement, but detrimental to the uniformity

f the mechanical compression. Indeed, increasing the bed height,
he effective constrains at the cylindrical wall increases and may
ntroduces arching of pebbles inside the container, reducing the
ctual pressure in the bed with increasing axial distance from the
iston, resulting in a bed compressed only in the upper part [17].
s reported in [17] the wall friction, which is directly related to

he ratio H/D, affects the steepness of the unloading curve leading
o higher values of E compared to the simulations, in which the
riction between the boundaries and pebbles was  not considered.
urthermore, due to the lack of experimental data, an arbitrary fric-
ion coefficient between pebbles equal to 0.1 was used. As reported
n [9] the friction coefficient can have profound influence on the
tress–strain response of the assembly. For these reasons quantita-
ively comparisons between experimental and simulations results
n the calculated elastic constants cannot be made.

In Fig. 8, the oedometric moduli upon unloading of the simu-
ated assemblies as a function of the cycle number are reported.
n agreement with [10] the numerical results show an increase of

 with the progressive compaction of the assemblies due to the
ycling loading, the increase falls between 5% and 7%. As shown in
he figure no significant influence of the pebble size distribution of
he assembly was observed, the maximum difference between the
ssemblies after five cycles is about 5%.

In Fig. 9, the calculated oedometric moduli upon unloading of
0LMT-30 as a function of the cycles for compressive loads of 6,
 and 2 MPa  are displayed. An increase of E with increasing maxi-
um  compressive load was observed. The higher compressive load

eads to a higher ability of the pebbles to move in the structure,
2 MPa  1030 0.47
4 MPa  1340 0.54
6 MPa  1580 0.59

resulting in a denser packing structure of the assembly (higher PF)
than in the assemblies subjected to a lower compressive load. As
reported before, an increase of E with the progressive compaction
of the assemblies was  observed due to the cycling loading. More
cycles were simulated for this assembly, and we observe that E is
increasing rapidly during the first 10–15 cycles and it tends to sat-
urate afterwards. Of a total observed increment of about 13% after
30 cycles, an increase of approx. 10% was already observed after 15
cycles.

The following correlations, derived from the simulations (Fig. 6a
and Fig. 9), are suggested for the estimation of E and � of ceramic
pebble beds as a function of cycle number (N) for compressive loads
of 2, 4 and 6 MPa:

EN [MPa] = E1
[

0.031(N − 1)0.434 + 1
]

(1)

εN [%] = ε1
[

0.025(N − 1)0.583 + 1
]

(2)

Where E1 is the oedometric modulus upon the first unloading while
�1 is the residual strain after the first unloading. Since a good quali-
tative agreement between experiments and simulations was found
in terms of difference between residual strains of consecutive cycles
(Fig. 5), even taking into account all the differences between simu-
lations and experiments., Eq. (2) can reasonably represent also the
experimental results. The values of E1 and �1 are reported in Table 3
for the investigated compressive loads.

5. Conclusions and future work

In this study, the effect of cyclic loading on the mechanical
behaviour of pebble bed assemblies was  investigated using an
in-house DEM code. Four assemblies with different pebble size
distributions were investigated. Results of numerical simulations
show that the pebble size distribution affects the stress-strain
behaviour of the assemblies. The assembly representing the EU ref-
erence breeding material, characterized by a narrow and peaked
size distribution, shows a stiffer behaviour compared to the assem-
blies representing the modified breeder materials, characterized by
an evidence of the more dense structure developed in this mate-
rial, closer to the maximum theoretical PF than the ACB materials. In
comparison, pebble beds characterized by a broader pebble size dis-
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ribution can experience higher strains without building up stress
t the beginning of loading.

Even if the simulated residual strain after the first unloading
annot be compared with the experimental one, mainly because
f the uncertainty of the initial PF and of the first approach of the
iston to the pebble bed, a good qualitative agreement between
xperiment and simulation results was found in terms of differ-
nce between residual strains of consecutive cycles even taking
nto account all the differences between simulations and exper-
ments. The progressive compaction of the bed due to the cyclic
oading is clearly shown. In agreement with [11], the first 10–15
ycles are responsible for the largest part of the irreversible resid-
al strain. Afterwards, as the cycling proceeds, the compaction of
he assembly is still progressing but with smaller increments. The

aximum compressive load imposed on the bed affects the first
 cycles. This means that increasing the imposed load leads to a
igher irreversible strain during the first cycles as compared to a

ower load. However, for the period following the first 5 cycles, the
ame increasing rate is reached at a lower compressive load. The
U Ref. material shows a smaller difference between the residual
trains of two consecutive cycles, a confirmation of the fact that
his material is closer to the maximum possible PF.

Because of the influence of the wall friction and the fric-
ion coefficient between pebbles, a quantitative comparison with
xperimental data in terms of stress-stain curve and calculated
edometric modulus cannot be made. An increase of the oedo-
etric modulus with the compressive load was observed for all

nvestigated compositions in both, the experiments and the DEM
imulations. The results show no significant influence of the pebble
ize distributions on the oedometric modulus. An increase of E with
ncreasing imposed compressive load was observed. The numerical
esults show an increase of E with progressive compaction of the
ssemblies due to the cycling loading. The simulations show that E
s rapidly increasing during the first 10–15 cycles and tends to sat-
rate afterwards. Even if similar results were obtained in [10] and
11], quantitative comparisons with the present study on the calcu-
ated elastic constants and the progressive compaction of the bed
annot be made, because of the different pebble size and boundary
onditions used.

From the results of the simulations correlations for the estima-
ion of E and � of ceramic pebble beds as a function of the cycle
umber for maximum compressive loads of 2, 4 and 6 MPa  were

erived.

An experimental campaign aimed at the mechanical characteri-
ation of pebble beds is needed. In further experiments a lower H/D
atio of the bed will be used in order to reduce the influence of the

[

nd Design 112 (2016) 162–168

wall friction and the influence of the near wall regions on the PF.
The results will be compared with numerical simulations.
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