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Abstract 

In the solid blanket concept, the tritium breeder and the neutron multiplier are both used in the 

form of pebble beds. Due to their discrete nature, the Discrete Element Analysis (DEM) allows 

determining the macroscopic behaviour of the bed as a result of the microscopic interactions 

among pebbles. At the Karlsruhe Institute of Technology, a Discrete Element Code (KIT DEM code) 

is constantly under development to support the R&D on the solid breeding blanket. As a further 

extension of the code, a first approach towards implementing plastic deformation inside pebble 

beds was investigated. By simulating the plastic deformation of each single pebble, the 

macroscopic plastic strain of the bed is defined jointly with the rearrangement of the particles in 

the assembly. Among the approaches reported in literature, the Thornton theory was selected and 

implemented. In order to validate the method, a comparison with experiments already reported in 

literature was carried out. Numerical results are in good agreement with the experiment in terms 

of maximum stress and residual strain. However, due to the approximation introduced by the 

theory, a perfect linear behaviour which differs from the experimental results is obtained during 

the plastic loading phase. In this sense, Finite Element analyses were carried out to adjust the 

correlation describing the plastic loading occurring during uniaxial compression.  

1 Introduction 

The solid Breeding Blanket (BB) concepts make use of lithium-based ceramic pebble beds as 

tritium breeder and packed beryllium pebbles as neutron multiplier. The overall properties as well 

as the thermo-mechanical behaviour strongly depend on several parameters such as particle 

shape, packing factor, state of tritium purge gas passing through particles, as well as involved solid 

material and particle size [1]- [17]. Therefore, the whole behaviour is determined by the individual 

interactions among particles and between particles and stiff walls of the confining container. In 

this framework, the Discrete Element Method (DEM) guarantees determining the macroscopic 

behaviour of a bed as a result of the microscopic interactions among pebbles taking into account 

the characteristics of the individual particles. At the Karlsruhe Institute of Technology, a DEM code 

is constantly under development to support the R&D of the solid breeding blanket [1], [4], [10]-

[14]. Subject of this work is the recent extension of the KIT-DEM code concerning the 

implementation of a plastic contact theory, which allows simulating the mechanical behaviour of 

materials exhibiting plastic deformation as beryllium [18]. Indeed, the plastic deformation of the 
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bed is given by both the particles’ rearrangement determined by the cyclic thermal load acting on 

the BB and the plastic deformation of the individual particles due to overcoming the material yield 

point. Most of the approaches reported in literature describe the plastic deformation by using 

hysteretic models, which define the normal force acting on the contact point [19]-[33]. In 

particular Walton and Braun [21] proposed an ideal plastic force scheme where the normal force is 

evaluated by means of two ideal plastic springs for loading and unloading. Sadd [22] studied wave 

propagation in granular materials and developed a model assuming a material behavior based on 

a deformation dependent damping without any velocity dependent dissipation effects. His 

approach incorporates three different non-linear springs for the loading, unloading/re-unloading 

and reloading. Here, two adjustable parameters are introduced to calibrate the stiffness during 

the loading and the unloading cycle.  

In this work, the Thornton theory [32], [33] was selected among the available methods to be 

implemented in the KIT-DEM code. This method approximates the material behavior of spheres as 

elastic-perfectly plastic evaluating the normal force at the contact level in three consecutive steps: 

non-linear elastic loading, linear plastic loading and non-linear elastic unloading. The code was 

validated through a comparison with experiments carried out by J. Reimann et al. [34]-[35] 

concerning the uniaxial compression test of beryllium packed particles.  

In this paper, the implementation of the Thornton theory is presented in Section 2, while the 

comparison between numerical results and experimental data is reported in Section 3. In view of 

deficiencies observed, analyses by the Finite Element Method (FEM) and DEM for the compression 

of an individual particle between two walls made of the same material as the pebble are 

compared in Section 4. Furthermore, based on this, a new correlation is presented for this 

situation. Conclusions are reported in Section 5. 

2 Implementation of the Thornton theory in the KIT-DEM code 

Among the available methods reported in literature, the Thornton theory was selected and 

implemented in the KIT-DEM code. Compared to the other methods, the main advantage of the 

Thornton theory is the presence of only one fitting parameter, which is set to match experimental 

or analytical results. Furthermore, this theory is supported by a large database of numerical results 

already reported in literature; however it was mainly adopted to study the mechanical behavior of 

a single sphere impacting a wall [19]-[33]. Thornton developed a theoretical model for the elastic-

perfectly plastic behavior of spheres [32], [33]. According to that theory, the pressure distribution 

at the contact level is defined by an elastic phase described by the Hertzian contact law, which is 

followed by a plastic phase characterized by a truncated Hertzian pressure distribution. In 

particular, the normal force at the contact level is evaluated by means of three consecutive steps: 

non-linear elastic loading, linear plastic loading and non-linear elastic unloading [32], [33]. The 

resulting hysteretic cycle is defined as 
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𝐹𝑛 =

{
 

 
𝐹𝑒 = −𝑘𝑛𝛿3/2                                               𝛿 < 𝛿𝑦                

𝐹𝑝 = −[𝐹𝑦 + 𝜋𝑝𝑦𝑅𝑒𝑓𝑓(𝛿 − 𝛿𝑦)]             𝛿 ≥ 𝛿𝑦, 𝛿̇ ≥ 0   

𝐹𝑢 = −𝑘𝑢𝑛
𝑛 (𝛿 − 𝛿𝑝)

3
2                                  𝛿 ≥ 𝛿𝑦,  𝛿̇ < 0.  

 Eq. 1 

 

According to the hysteretic cycle, until the overlap 𝛿 between the two particles in contact is lower 

than the overlap at the yield point 𝛿𝑦, the normal force is defined as purely elastic 𝐹𝑒 and thus 

evaluated by means of the Hertzian contact law. Here, 𝑘𝑛 is the Hertzian non-linear elastic 

stiffness. When 𝛿 reaches 𝛿𝑦 the contact enters in the plastic region and 𝐹𝑛 is evaluated as 𝐹𝑝 

according to Eq. 1. 𝐹𝑝 is applied as long as the overlap increases or stays constant, thus as long as 

the two particles in contact are getting closer or don’t change their position. In the equation 

defining 𝐹𝑝, the parameter 𝐹𝑦 is the Hertzian contact force at the yield point. It is defined as  

𝐹𝑦 = −𝑘𝑛𝛿𝑦
3/2, Eq. 2 

where 𝛿𝑦 is given by 

𝛿𝑦 = 𝑅𝑒𝑓𝑓 (
𝜋 𝑝̃𝑦

2 𝐸𝑒𝑓𝑓
)
3/2

. Eq. 3 

Here, 𝑅𝑒𝑓𝑓 and 𝐸𝑒𝑓𝑓 are the effective radius and Young’s Modulus, respectively. 𝑝𝑦 is the contact 

pressure and it is a constant value defined as 

𝑝𝑦 = 𝒯 𝜎𝑦 , Eq. 4 

where 𝜎𝑦 is the yield stress while 𝒯 is a constant value. 𝒯 is used as a fitting parameter to match 

the experimental results. The adopted values reported in literature range between 1.6-3.0 [19]-

[33]. In particular, Hardy et al. [27] performed FEA analysis comparing the numerical results with 

existing experiments of normal indentation on an elastoplastic half-space of a rigid sphere. Results 

showed that the Hertzian pressure distribution is valid until the contact pressure is lower than 1.6 

times the yield stress, at this point the yield stress is reached below the center of the contact area. 

Further indentation spreads a plastic deformation zone below the surface modifying the shape of 

the contact pressure distribution and increasing the maximum pressure. A further increase of the 

contact force over a contact pressure equal to 2.8–3.0 times the yield stress generates an 

enlargement of the contact area while the maximum pressure does not increase anymore. Over 

this point a dramatic change in the pressure distribution occurs. According to this study, three 

zones can be defined: an elastic zone up to 1.6 𝜎𝑦, an elastoplastic zone until 2.8-3.0 𝜎𝑦 and then a 

fully plastic zone. However, it was observed that the exact threshold depends on the involved 

material [19]-[33]. Other studies apply a unique value determined as a function of the Poisson 

ratio [31]. In this work, 𝒯was chosen in order to match the simulated experimental results. Details 

are reported in the next section.  

After entering in the plastic region, whenever contacting particles move away from each other 

reducing 𝛿, the normal force is defined as unloading plastic force 𝐹𝑢  and it is evaluated according 
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to Eq. 1. It has to be noticed that particles can move away from each other during both the loading 

and unloading of a packed assembly. Therefore it is necessary to track the whole history of the 

individual contacts. In the equation defying 𝐹𝑢 (see Eq. 1), 𝑘𝑢𝑛
𝑛  is the elastic stiffness unloading 

defined as 

𝑘𝑢𝑛
𝑛  = 4/3𝐸𝑒𝑓𝑓√𝑅𝑢𝑛_𝑒𝑓𝑓, Eq. 5 

where, 𝑅𝑢𝑛_𝑒𝑓𝑓 is  

 

𝑅𝑢𝑛_𝑒𝑓𝑓  = 𝑅𝑒𝑓𝑓
𝐹𝑒
𝑚𝑎𝑥

𝐹𝑛_𝑚𝑎𝑥
. Eq. 6 

 

In the correlation defining 𝐹𝑢,  the parameter 𝛿𝑝 is the residual strain after complete unloading and 

it is: 

𝛿𝑝   = 𝛿max _𝑖 − 𝛿max _𝑖
𝑅𝑒𝑓𝑓

𝑅𝑢𝑛_𝑒𝑓𝑓
. Eq. 7 

Here, 𝛿max _𝑖  is the maximum overlap reached by the individual contact during the loading history 

up to the current time step ‘’i’’ of the simulation. In Fig. 1 the difference of the mechanical 

behavior exhibited by the individual contact generated by compressing two identical spheres 

showing non-linear elastic behavior or affected by plastic deformation is reported with a solid and 

dashed line, respectively. The non-linear elastic behavior is calculated analytically by means of the 

Hertzian contact law while the elastic-perfect plastic behavior is obtained by applying the 

hysteretic cycle reported in Eq. 1. The curves are defined by the correlation linking the normal 

force with the contacting overlap occurring during both loading and unloading. When the involved 

materials do not exhibit plastic deformation, the unloading curve retraces backwards the loading 

curve. Whereas, when plastic behavior is shown during compression, the contact evolves through 

the hysteretic cycle defined in Eq. 1. In particular, up to the yield point (𝛿𝑦, 𝐹𝑦) the contact is 

described by the Hertzian non-linear elastic model. When the yield point is reached, plastic 

deformation occurs and a truncated Hertzian pressure distribution determines a linear plastic 

loading phase. The unloading/reloading is defined by a non-linear elastic theory based on a 

modified contact curvature due to the permanent plastic deformation 𝛿𝑝.  
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Fig. 1: Comparison between the mechanical behavior obtained by the individual contact generated 
by compressing two identical spheres showing non-linear elastic behavior and plastic deformation. 

3 Numerical results and code validation 

In this section, the numerical results obtained by using the KIT-DEM code are reported. The 

uniaxial compression test carried out by Reimann et al. [34]-[35] for an assembly of highly packed 

Beryllium pebbles are simulated. First the assembly is generated with the same conditions as the 

packed particles used in the experiment, then uniaxial compression is applied by imposing the 

same maximum strain as reached in the experiment. As output the overall stress acting on the 

assembly is obtained. Periodic boundary conditions are applied in all directions and the number of 

particles is chosen in order to guarantee the bulk behavior of the investigated assembly [11]. 

Information characterizing the packed particles are reported in Tab. 1. 

Tab. 1: Characteristic of the simulated packed particles 

Number of spheres (N) [/] 5000 

Packing Factor (PF)[%] 63% 

Radius (r)[mm] 1 

Material  Beryllium   

Young’s Modulus (E) [GPa] 306 

Yield Strength (ν) 0.07 

Poisson Ratio (𝜎𝑦) [MPa] 395 

In Fig. 2 the comparison between the experimental data presented by Reimannin [34]-[35] and the 

DEM numerical results is reported. The experimental data are shown with black diamonds while 

the numerical results are depicted with three curves represented by solid black, dotted and solid 

red lines. They differ only in the adopted fitting parameter 𝒯 (see Eq. 4) which is equal to 1.6, 2.4 

and 2.8, respectively.  
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Fig. 2: Comparison between experimental data (Reimann et al. [34]-[35]) and DEM numerical 

results. 

According to the implemented hysteretic cycle (see Eq. 1) the fitting parameter affects only the 

loading cycle, while the residual strain after the unloading is almost unchanged. By increasing the 

fitting parameter a stiffer behaviour is obtained resulting in higher stresses for given strains. 

Under the simulated conditions it was found that 𝒯 = 2.8 is the best fitting paramenter, which 

guarantees reaching a stress of around 8 MPa for a maximum strain of 2.25%. Numerical results 

perfectly match the experiments in terms of maximum stress and residual strain after unloading. 

However, due to the applied linear equation defining the loading cycle in the plastic region (see 𝐹𝑝 

of Eq. 1) the trend of the curve generated in this zone deviates from the experimental data. 

In Fig. 3 the comparison between experiments, DEM plastic analysis by applying 𝒯 = 2.8 and a 

non-linear purely elastic DEM analysis carried out over the same assembly is reported. The three 

curves are rapresented by means of black diamonds, a solid red line and a dashed black line, 

respectively. The comparison hilights a stiffer behaviour when a purely elastic analysis is 

performed, obtaining a maximum stress about eighty times higher than in the simulation of plastic 

behaviour. Due to the absence of the plastic deformation, the residual strain obtained after the 

unloading in the pure elastic analysis is negligible. This is due to the stronger reversibility shown by 

monosized packed particles compared to polydispersed assemblies [12]. During the compression 

of polydispersed assemblies, the smallest particles can be trapped among larger spheres, while 

monosized spheres tend to come back into the original position during the unloading. 
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Fig. 3: Comparison between plastic and pure elastic behavior.  

In order to study the influence of the walls, a new assembly was generated by simulating on the 

top and bottom region two walls made of the same material of the compressed pebbles, while 

PBC were applied in the other directions. Fig. 4 shows the two assemblies: the assembly with PBC 

applied in all directions is represented by blue packed spheres while the assembly bound between 

two walls in the upper and bottom regions is depicted in red. A more regular packing of the 

spheres touching the walls is evident by comparing e.g. the upper region of the red and blue 

assembly. Conditions characterizing the blue and red assemblies are comparable, however due to 

the different procedures involved to generate the two assemblies few differences occur. Details 

are reported in Tab. 2. Furthermore, details about the procedures adopted to create both 

assemblies are reported in [11],[12] and [14]. After generating the assemblies, compression is 

applied in the vertical direction. When walls are implemented, compression is applied by imposing 

a constant increase of the strain on the upper wall while the bottom wall is fixed. The loading cycle 

stops when a given maximum stress of about 8.0E6 MPa is reached. Fig. 5 shows a comparison 

between experimental data [34]-[35] and numerical results obtained from the two generated 

assemblies. Results referring to the red assembly are reported with a solid black line, experiments 

are shown with back diamonds, while numerical results concerning the blue assembly by imposing 

𝒯equal to 2.8 and 2.4 are reported with solid red and dashed black lines, respectively. By  

comparison, the same trend is obtained when compression of the blue and the red assembly is 

carried out by imposing 𝒯 equal to 2.8 and 2.4, respectively. Thus, 𝒯 has to be reduced from 2.8 to 

2.4 in the assembly with walls, revealing a stiffer behavior of the bounded assembly. If 2.4 is 

applied to the blue assembly a softer behavior is obtained and an underestimation of the 

experimental data is determined for strains over 1.5%. This result suggests that in the presence of 

plastic particle deformation, the effect of the presence of a flat wall on the ordering structure 

reaches deeper into the assembly than 5 times the sphere diameter as it would be the case for 

elastic spheres [14]. In this sense further investigations are needed in order to support this 

assertion.  
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Tab. 2: Comparison between parameters characterizing the two generated assemblies 

 N_particles [/] Box_size [mm] R_spheres[mm] PF [%] 

Blue assembly 5000 32x32x32 1 ~63 

Red assembly 4060 30x30x30 1 ~63 

 
Fig. 5: Comparison among experiments and numerical results obtained with the two generated 

assemblies. 

4 Comparison between FEM and DEM analysis 

In order to improve the mechanical behavior obtained during the plastic loading by the DEM code, 

a dedicated numerical campaign involving FEM and DEM analysis was made. The axial 

compression of an individual sphere between two walls was carried out with both tools by 

applying the same boundary conditions. FEM analyses were carried out by using Ansys R15.0 code, 

while the in-house KIT-DEM code was slightly modified in order to guarantee the compression of 

an individual particle between walls made of the same material as the compressed sphere. By 

comparing the results, an innovative correlation able to reproduce the non-perfect linear behavior 

exhibited during plastic loading of an individual particle compressed between two walls was then 

proposed. The modified DEM code was then validated by performing sensitivity studies varying 

size and material of the compressed particle and by comparing to corresponding FEM simulations.  

Fig. 4: Representation of the two generated assembly: with PBC applied in all 
directions (blue) and bounded between two walls on the top and bottom region (red) 
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Results obtained before modifying the Thornton theory 

Fig. 6 shows the related FEM 2D model with the generated mesh (Fig. 6-a) and the applied 

boundary conditions (Fig. 6-b). The mesh was refined close to the contact zones reaching a total 

number of elements and nodes equal to 59682 and 183881, respectively. Frinctionless is set as 

contact condition, while axisymmetry is applied according to the dashed black line in Fig. 6-b. The 

compression occurs on the upper wall while the bottom wall is fixed. Similarly, the DEM 3D model 

of a single compressed sphere is generated and the same boundary conditions are applied. As first 

step, a pure elastic compression was carried out with both codes, FEM and DEM, for a sphere of 

Be with a radius of 1 mm (see Tab. 1). Furthermore, an analytical evaluation was made by 

calculating the normal force according to the Hertzian contact law. Fig. 7 shows the model used 

for the analytical calculation. It refers to the compression of a half sphere with a radius of 1 mm by 

a wall made of the same material as the sphere, and, for symmetry reasons, represents half the 

model shown in Fig. 6. 

 

 

 
Fig. 7: Analytical calculation of half sphere over a wall made of the same material of the sphere. 

Fig. 6: 2D FEM model of one pebble compressed between two walls: (a) generated mesh, 
(b)applied boundary 
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Results are reported in Fig. 8. Here, the green, blue and red dashed lines represent the mechanical 

behaviour evaluated with the analytical approach, FEM and DEM analysis, respectively. In 

particular, the normal force is reported as a function of the strain. In the investigated models the 

strain is evaluated as follows:  

 According to Fig. 7, in the analytical model, the strain is determined as the ratio 
𝛿

𝑅
 between the 

displacement identified as the overlap with the wall and the radius of the sphere. 

 In DEM, the strain is given by the total displacement divided by the diameter 
𝛿𝑡𝑜𝑡

2𝑅
, where 𝛿𝑡𝑜𝑡 is 

given by the sum of the two overlaps generated between the sphere and the two walls. 

 Inside FEM the force is imposed on the upper wall and the displacement is determined as the 

variation of the position of the upper wall (point A reported in Fig. 6-a), therefore the strain is 

obtained as the ratio between the displacement of the upper wall over the particle’s diameter 
𝛿𝑢𝑤

2𝑅
. 

Results shows the mechanical behaviour up to a maximum normal force equal to 4 N in a resulting 

maximum strain of about 0.0725 %. The three curves perfectly match with each other showing a 

good agreement among results. This suggest a good accurancy of the adopted models and a 

correct comparison performed among FEM, DEM and analytical approach. 

As second step, the model of a single sphere between two walls of the same material, see Fig. 6, 

was tested under uniaxial compression by including plastic deformation in both DEM and FEM 

code. In order to simulate a perfect plastic behaviour inside FEM, the tangent modulus was set 

equal to 0. Inside the DEM code the hysteretic cycle as given by Eq. 1 was included and 𝒯 was set 

equal to 2.4 according to the analysis reported in Section 3 of the assembly bounded between two 

walls. Fig. 9 shows results obtained by means of the plastic analysis carried out with both, the DEM 

and the FEM, code. In particular Fig. 9-a depicts the differences occurring in the mechanical 

behaviour of the compressed sphere by simulating a pure elastic approach or including plastic 

deformation inside the FEM analysis. As expected, a larger strain is reached for a given maximum 

load, namely in the plastic analysis a strain of about 0.1 % is obtained at  4 N. Fig. 9-b shows the 

comparison between FEM and DEM plastic analysis. As already observed in the previous section, 

the equation defining the plastic normal force 𝐹𝑝 inside DEM (see Eq. 1) generates a linear 

mechanical behaviour when the yield point is overcome. Results differ from the plastic FEM 

analysis where a lower strain is reached for the given maimum load.  
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Fig. 8: Elastic behavior of a compressed sphere evaluated with analytical approach and  numerical 

analysis. 

 

 
Fig. 9: FEM and DEM analysis, (a) comparison between FEM plastic and elastic analysis (b) 

comparison between FEM and DEM plastic analysis. 
 

Modification of the Thornton theory 

In order to match the FEM results the Thornton theory implemented inside the KIT-DEM code was 

slightly modified. The aim was to reproduce the trend generated during the plastic loading for a 

single sphere between two walls of the same material which is not perfectly linear according to 

the FEM analysis presented in Fig. 8. In particular, the correlation defining 𝐹𝑝 in the Eq. 1 was 

modified as  

𝐹𝑝 = −[𝐹𝑦 + 𝜋𝑠̃𝑦𝑅𝑒𝑓𝑓(𝛿 − 𝛿𝑦)], Eq. 8 

where 𝑠̃𝑦 is defined as: 

𝑠̃𝑦 = 𝒯𝑠 𝜎𝑦. Eq. 9 

Here, 𝒯𝑠 is equal to 

𝒯𝑠  =  𝒯 + [
𝒯𝑚𝑎𝑡,𝑖−𝒯

2𝒯
], Eq. 10 

(a) 

(b) 
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where, 𝒯 is the fitting parameter already defined in Section 2, while 𝒯𝑚𝑎𝑡,𝑖 is 

𝒯𝑚𝑎𝑡,𝑖 =
2𝐸𝑒𝑓𝑓

𝜋𝜎𝑦
 √

𝛿max _𝑖

𝑅𝑒𝑓𝑓
 . Eq. 11 

With the modified correlation, the slope of 𝐹𝑝 changes during the contact evolution as a function 

of the current maximum overlap, involved material and size of the particles in contact. The 

modified approach does not introduce any new fitting parameter, thus the advantage 

characterizing the Thornton theory of having only one fitting parameter was kept. 

Results obtained by implementing the modified Thornton theory 

In order to test the new correlation, several cases were run by changing the involved material and 

the size of the compressed sphere in the model according to Fig. 6. As before, walls are made of 

the same material of the compressed sphere. Data characterizing the individual cases are listed in 

Tab. 3, while the material properties are reported in Tab. 4. Beryllium, Aluminum and Copper were 

tested by imposing a radius of 1 mm for the compressed sphere. These cases are identified as A, B 

and C, respectively. Then the radius was doubled (case D) and halved (case E) by keeping beryllium 

as the tested material. Case A is the same as the one reported in Fig. 9, where the DEM analysis 

was carried out by using the original Thornton theory. The DEM code using the original and 

modified Thornton theory are indicated with ‘’original DEM code’’ and ‘’modified DEM code’’, 

respectively. 

Fig. 10 shows the comparison between compressions carried out with the FEM and modified DEM 

code for spheres of 1 mm radius made of different materials. The green, red and blue curves 

represents the behavior of Be, CU and Al compressed spheres, respectively. Solid lines refer to 

DEM analysis while dashed lines represent the mechanical behavior obtained by means of the FEM 

code. By using the modified DEM code the mechanical behavior obtained through the Ansys FEM 

code was perfectly reproduced from both quantitative and qualitative point of view. As expected, 

an Al sphere shows softer behavior generating for a given load a larger strain, while Be reaches the 

highest normal contact force for a given strain. It is important to notice the different mechanical 

behavior obtained for a compressed Be sphere of 1 mm radius when using the original (see Fig. 9-

b  ) and modified (see Fig. 10) DEM code. While in Fig. 9-b  a perfect linear behavior is generated 

obtaining a normal force lower than about 33% at the maximum strain, in Fig. 10 the DEM and 

FEM perfectly match with each other. The new correlation defining 𝒯𝑠 guarantees to reproduce 

the behavior during the plastic region of the loading cycle as a function of the evolution of the 

contact deformation, of the materials and accounting for the size of the particle in contact. Here, 

the fitting parameter 𝒯 is kept equal to 2.4. Fig. 11 depicts the related evolution of 𝒯𝑠 defined in 

the DEM analysis according to Eq. 10. 𝒯𝑠 is equal to 𝒯 up to reaching the yield point, then the first 

value obtained by Eq. 10 is equal or greater than 2.4. From this point a different evolution of 𝒯𝑠 as 

a function of the resulting strain is obtained. 𝒯𝑠 changes more rapidly during the Be sphere 

compression due to the highest ratio 𝐸𝑒𝑓𝑓/𝜎𝑦 among the investigated materials. Fig. 12 shows the 

comparison between compressions carried out with the FEM and the modified DEM codes for Be 

spheres characterized by a radius of 0.5, 1 and 2 mm. DEM results perfectly reproduce the FEM 
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mechanical behavior. According to  Eq. 8 defining 𝐹𝑝, a stiffer response is generated for a larger 

sphere. The smaller sphere exhibits a larger deformation for a given imposed load. 

The modification of the Thornton theory presented in this work concerns the plastic loading cycle 

of individual particle compressed between walls made of the same material as the compressed 

sphere. In order to extend the applicability of the modified theory to packed spheres the 

correlation describing the unloading cycle 𝐹𝑢 inside Eq. 1 has to be carefully analyzed. 

Furthermore,  due to the strong influence of the wall observed in this study it is essential to 

validate the correlation for mechanical contacts occurring among particles and between particles 

and rigid walls.  

Tab. 3:  Cases run for testing the modified correlation implemented inside the KIT-DEM code 

Case Material Radius of the sphere [mm] 

A Beryllium (Be) 1  

B Aluminum (Al) 1 

C Copper (Cu) 1 

D Beryllium (Be) 2 

E Beryllium (Be) 0.5 

Tab. 4: Material properties 

Material Young Modulus [GPa] Poisson Ratio [/] Yield Strength [MPa] 

Be 306 0.07 395.5 

Al 70 0.33 280.0 

Cu 110 0.34 430.0 

 
Fig. 10:Comparison between DEM and FEM analysis by changing the material of the compressed 

sphere with 1 mm of radius. 
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Fig. 11: Evolution of the fitting parameters in the DEM code according to Eq. 10 

 
Fig. 12: Comparison between DEM and FEM analysis by changing the size of the compressed Be 

sphere. 

5 Conclusions 

In this work, a method to predict the mechanical behavior of beryllium sphere beds, which are 

used as tritium neutron multiplier inside the solid breeder blanket concept, is presented. Due to 

its discrete nature, DEM analysis turns out to be one of the most suitable tools to investigate this 

material. It allows defining the behavior of the whole assembly as results of the individual 

interactions. In this framework, an advanced DEM code is constantly under development in KIT in 

order to support the R&D of the solid breeder blanket concept. Recently the code was further 

extended in order to simulate the plastic deformation exhibited by beryllium sphere beds, which is 

a suitable candidate as neutron multiplier inside future fusion reactor. Among the available 

models reported in literature, the Thornton theory was selected and implemented inside the KIT-

DEM code. The theory approximates the material behavior as elastic-perfect plastic, evaluating the 

𝒯𝑠 ≥ 2.4 
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normal force at the contact level through a hysteretic cycle in which a non-linear elastic loading, 

linear plastic loading and non-linear elastic unloading occurs as a function of dedicated thresholds.  

Experimental results already reported in literature were used to validate the code. Uniaxial 

compression of packed Beryllium spheres was simulated according to the experiments. A good 

agreement was obtained in terms of maximum stress and residual strain by comparing the 

numerical results with the experimental data. However, the evolution of the macroscopic stress-

strain curve during the plastic loading phase differs from the experiments. Due to the 

approximation introduced by the applied method, the plastic loading is simulated by means of a 

more or less linear relation which produces results diverging from the non-linear behaviour 

exhibited in the experiments. With the aim to improve the behaviour simulated during the plastic 

loading, FEM and DEM analyses were carried out simulating the compression of an individual 

particle between two walls made of the same material as the compressed sphere. From this 

numerical campaign a new correlation describing the plastic loading phase of the contact force law 

was defined. Then, spheres with different materials and radii were simulated. A good agreement 

was observed between FEM and DEM results when the new correlation is applied. 

As next step, the correlation has to be tested for contacts among particles and between particles 

and rigid walls in order to extended its applicability to assemblies with packed particles. However, 

few experiments concerning the uniaxial compression of packed spheres exhibiting plastic 

deformation are reported in literature. Therefore, experimental campaigns would be necessary in 

the future to investigate, adjust and validate the application of the correlation to packed particles. 
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