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Abstract  

This report describes the Master thesis done by one student at the Mechanical Engineering 

program, Engineering Mechanics at Luleå University of Technology. The aim of the project 

was to characterise the mechanical impact properties of granite and diabase and to calibrate a 

constitutive model using the FEM-software LS-Dyna.  

To characterise the granite and diabase, three different experiments were performed; uniaxial 

compression, Brazilian disc and Split-Hopkinson pressure bar (SHPB). The uniaxial 

compression and Brazilian disc were performed under quasi-static condition in Luleå, while 

the Split-Hopkinson pressure bar test was performed under high strain rates at Nagoya 

Institute of Technology. Two types of rocks were used, Bohus granite and Diabase. Diabase 

was chosen as it has similar mechanical properties as granite but less micro cracks and 

defects.  

To choose a constitutive model suitable for granite a survey on what has been done in 

research before was made. The material models that were chosen were 

096_MAT_BRITTLE_DAMAGE and 110_MAT_JOHNSON_HOLMQUIST_CERAMICS 

from the material library in LS-Dyna. They had both been used for simulating rocks and 

concrete before [1]. Brittle damage is a simple model with a few material parameters to define 

while Johnson-Holmquist ceramics is more complicated with a strain rate dependency and a 

lot of parameters to define.  

The experiments were virtually reproduced with the software LS-Dyna and the uniaxial 

compression and Brazilian disc experiments were solved using implicitly integration while the 

SHPB was solved using explicitly integration. In the implicit simulations, tests were 

performed with the tools both as rigid and as elastic material.  

It showed no difference in using different material in the tools. For the uniaxial compression 

the granite failed at an average stress level of 149 MPa. The results for granite in Brazilian 

disc showed an average tensile stress at failure of 12.2 MPa. For diabase the average stress at 

failure in uniaxial compression was 254 MPa. The results from the Brazilian disc gave an 

average tensile stress at failure for diabase of 22.2 MPa. The numerical model was also able 

to predict when the two rock type failed in a good and promising way.  

Conclusions from this work are that an experimental characterisation of Bohus granite and 

Diabase has been completed for quasi-static conditions. The characterisation for the rock 

types during dynamic conditions has started, but more experiments have to be performed. 

Also numerical models of the mechanical systems have been constructed to further calibrate 

and validate the constitutive models. 
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1 Introduction  

The final task in the mechanical engineering program at Luleå University of Technology is to 

perform a thesis work; the project lasts for 20 weeks which corresponds to 30 credits. This 

report describes a thesis work done by one student, starting with a brief description of what 

has been done in research before, the methods used together with the theories behind them, 

results from the work both experimentally and numerically, ending with a discussion and 

conclusions of the work performed. The thesis work is a part of the project “Development of 

smart and flexible freight wagons and facilities for improved transport of granular 

multimaterials” (HERMES) that has received funding from the European Commission’s 

HORIZON 2020 Work Programme 2014 - 2015 “Smart, green and integrated transport”, topic 

MG.2.2-2014, under grant agreement no 636520 

1.1 Purpose of the project  

The purpose of the project mainly consists of three parts. The first part will be to find suitable 

constitutive model to be used for modelling granite. The second part of the project will consist 

of experimental work to define mechanical properties for granite. As last part, obtain 

numerical models of the experimental test system for calibration of the material models, using 

the mechanical properties received from the experiments, for granite and diabase.  

1.2 Background  

Granite is a very commonly used construction material in many applications. The material is 

loaded and transported mainly on trucks with loads of approximately 20 tons, in mines the 

load weight could be as much as 400 tons. With this in mind, the truck beds, while loading are 

exposed to high impacts resulting in severe impact wear. During the unloading the wear is 

mainly from rock interaction with truck beds, usually constructed in steel. To predict the wear 

life both the steel and rock behaviour have to be known.   

If there was a method to better predict when the truck beds are about the fail due to the wear 

from loading and unloading, a schedule plan for repairs would result in saved money for the 

truck users. Since the wear has contribution from two different rock behaviours, it will be 

important to understand both the dynamic and static mechanical properties for granite.   

Saadati et al. [2] was investigating the mechanical behaviour of Bohus granite and performed 

both tensile and compression tests. The granite was divided into two groups, one weak and 

one strong group depending on their initial stiffness. The conclusion was that granite during 

uniaxial loading has a non-linear behaviour when the initial cracks and defects have been 

closed. Saadati also looked in to the cracking and defects in the granite and concluded that 

initial defects in the rock have a great impact in how the failure occurs.  

Cai et al. [3] also studied granite in uniaxial compression and triaxial compression. The 

conclusion is that the granite in uniaxial compression fails at approximately 145 MPa. For 

triaxial compression the strength of granite is increased. He also concludes that the how the 

granite is failing is related to the mineral structure and stress state.  

Goldsmith et al. [4] performed test on Barre granite both static and dynamic and from the 

results the authors argues that the dynamic strength for granite is some percent higher than 
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under quasi-static loading. Goldsmith also concludes that the granite behaviour when loaded 

under static condition can be classified into four states, the first when the micro cracks are 

closing, the second cracks are closed and the true material is carrying the load. The third state 

is when the grains are starting to crack and the fourth state when fracture is taking place. The 

difference in static and dynamic condition will result in a complex relation between the 

material parameters.  

This project aims to calibrate an already existing material model in LS-Dyna for Bohus 

granite and diabase and to validate the model by experiments such as Split-Hopkins pressure 

bar (SHPB) and Brazilian disc. It is desirable that the material model account for strain rate 

effects so that wear from impact can be predicted.  

1.3 Objectives  

This master thesis project mainly consist of two parts, one experimental and one numerical 

part. For the experimental part the main objective is to characterise the mechanical properties 

for granite. This will be done by performing three different compressions tests: uniaxial 

compression, Brazilian disc and Split-Hopkinson pressure bar. The uniaxial compression and 

Brazilian disc tests will be performed at quasi-static conditions at Luleå University of 

Technology, while the Split-Hopkinson pressure bar test will be performed at high strain rates 

at Nagoya Institute of Technology in Nagoya, Japan.  

The goal for the numerical modelling is to find material models that can be used when 

simulations with granite are used. Using the properties obtained in the experimental work, the 

material models should then be calibrated and evaluated which of them that is the most 

suitable to use, in an applied numerical model when granite is considered.  

1.4 Constraints  

There will exists constraints in this work which are presented below,  

 The material models that will be investigated are, 096_MAT_BRITTLE_DAMAGE and 

110_MAT JOHNSON_HOLMQUIST_CERAMICS in LS-Dyna material library.  

 Only two kinds of rocks will be considered, Bohus Granite and Diabase. Diabase is 

chosen as it has similar mechanical properties as granite but with less micro cracks.  

 The behaviour at failure will be considered.  

 No initial cracks will be model or considered in the experimental work or crack 

propagation in the simulations.  

 All simulations will be done using only LS-Dyna. This because LS-Dyna is the one of the 

best software’s to use when impact is to be considered. LS-Dyna also has a large material 

library which contains a lot of different material models suitable for brittle materials.  

1.5 Mineral structure  

The two rock types differs and according to Landström et al. [5] the Bohus granite is about 

900 million years old and the mineral structure varies depending in which area it is extracted. 

The main minerals for Bohus granite are Quartz, Perthitic potassium feldspar, Plagioclase and 

Biotite.  
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According to Goetze and Brace [6] and Caristan [7] diabase, in both their work, from 

Maryland manly consists of the minerals Pyroxane and Plagiocalse but also small amount of 

Oxides and Biotite. In Figure 1 and Figure 2 examples of how the two rock types can look 

like.  

 

Figure 1 Example of Granite [8]. 

 

Figure 2 Example of Diabase [9]. 
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2 Theory  

In this chapter the theory behind the numerical models will be presented together with a brief 

history of the finite element method followed by the theory behind some of the experiments 

made.  

2.1 Finite element method  

The finite element method (FEM) was started to be developed in the 50’s, as a method for 

solving solid mechanics problems that was easier than the matrix methods that was used 

before. In the 60’s the name ‘finite element method’ was introduced by Clough. The 

procedure is to describe the relation between the displacement and internal forces at nodal 

points of individual structural components in the form of algebraic equations.  

The aircraft designers applied those algebraic equations to plane-stress problems by subdivide 

the structures into elements. Each element behaviour was the represented by an element-

stiffness matrix which gave the relation between the displacement and forces of the nodes in 

an element. The difference now was that, when the structure was divided into elements the 

displacement was only an approximation of each element. Instead of an exact relation for each 

structural component as it was when the matrix analysis was used.  

The finite element method has been widely developed during the years and nowadays it 

covers all from the continuum problems to heat conduction, both incompressible and 

compressible fluid flow and even some software’s cover chemical reactions. The users have 

also increased from a few aircraft designers to be used by all kinds of engineers [10].  

2.1.1 Linear FEM 

If a single degree of freedom damped system (Figure 3) is considered, the forces describing 

the system can be seen in Figure 4.  

 

Figure 3 Single degree of freedom damped 

system [11].  

 

Figure 4 Forces acting on the system [11].  

The equilibrium equations are obtain from d’Alembert’s principle  

 𝑓𝐼 + 𝑓𝐷 + 𝑓𝑖𝑛𝑡 = 𝑝(𝑡)  (1) 

which can be rewritten as an ordinary differential equation (ODE) in matrix form according to  

 𝑴�̈� + 𝑪�̇� + 𝑲𝒖 = 𝑷,   (2) 
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where M is the mass matrix, C is the damping matrix and K is the stiffness matrix. 𝒖, �̇�, �̈� 

are vectors of displacement, velocity and acceleration and P is a vector of the external forces 

acting on the system. To solve a linear ODE analytic solutions are available [11].  

2.1.2 Nonlinear FEM 

When solving a nonlinear ODE there are no analytic solutions, the only way is numerical 

solutions. The discretization will now be done with respect to time and the general method for 

this is called direct integration. This method can be classified in two ways, either explicit or 

implicit. In this work an explicit method called The Central Difference Method is used to 

integrate Equation (2). It is based on the assumption that the velocity vector can be written as  

 𝒖𝒕̇ =
𝒖𝒕+∆𝒕 − 𝒖𝒕−∆𝒕

2∆𝑡
, (3) 

and the acceleration vector as  

 
𝒖𝒕̈ =

𝒖𝒕+∆𝒕 − 2𝒖𝒕 + 𝒖𝒕−∆𝒕

∆𝑡2
. 

(4) 

Equation (3) and (4) are then put into Equation (2); together with the boundary conditions the 

solution for the displacement at point 𝑡 + ∆𝑡 can be found. With the displacement at the 

second time step found also the velocity and accelerations can be found for that time step, this 

procedure is then continued until the simulation time is reached [12].  

To receive a stable solution the time step is important and it has to fulfil the condition  

 
∆𝑡 ≤

2

𝜔𝑚𝑎𝑥
  

(5) 

Where 𝜔𝑚𝑎𝑥 is the highest natural frequency of the system [11].  

When the direct integration instead is solved implicitly a method call Newmark’s Method is 

used. Now the displacement and velocity vectors can be described with  

 �̇�𝒕+∆𝒕 = �̇�𝒕 + ∆𝑡[(1 − 𝛾) �̈�𝒕 + 𝛾 �̈�𝒕+∆𝒕 ] (6) 

 
𝒖𝒕+∆𝒕 = 𝒖𝒕 + ∆𝑡�̇�𝒕 + ∆𝑡2 [(

1

2
− 𝛽) �̈�𝒕 + 𝛽�̈�𝒕+∆𝒕],   

(7) 

where 𝛽 and 𝛾 are the free parameters of integration, chosen by the user. Equation (6) and 

Equation (7) are then put into Equation (2) to solve for the acceleration. This result in the 

following expression  

 𝑲∗𝒖 = 𝑷 (8) 

where  

 
𝑲∗ = 𝑲 +

1

𝛽(∆𝑡)2
𝑴 +

𝛾

𝛽∆𝑡
𝑪. 

(9) 

With this known the displacement at the next time step can be solved. This is then repeated 

for each time step, but since the operation where the stiffness matrix has to be inverted is 

costly the time step size is often much larger than for explicit solutions. There are no rules for 

how large the time step size should be but a recommendation is that approximately 10% of the 

shortest natural frequency gives the best solution [12] [11].  
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2.1.3 Time step control 

During the solution the stresses and forces are updated while looping through each element, 

also the time step size is determined by taking the minimum value over all elements using  

 ∆𝑡𝑛+1 = 𝑎 ∗ min{∆𝑡1, ∆𝑡2, ∆𝑡3, … , ∆𝑡𝑁}, (10) 

where N is the number of elements. The constant 𝑎 is a scale factor set to 0.9 or smaller for 

stability reasons. A critical time step is computed for solid elements using  

 
∆𝑡𝑐 =

𝐿𝑐

[𝑄 + (𝑄2 + 𝑐2)½
.  

(11) 

where 𝐿𝑐 is a characteristic length defined as  

 𝐿𝑐 =
𝑣𝑒

𝐴𝑒 𝑚𝑎𝑥
,  (12) 

where 𝑣𝑒 is the element volume and 𝐴𝑒 𝑚𝑎𝑥 is the area of the largest side of the element. Q is 

a function of the bulk viscosity coefficients 𝐶0 and 𝐶1,  

 
𝑄 = {

𝐶1𝑐 + 𝐶0𝐿𝑐|𝜖̇|  𝑓𝑜𝑟 𝜖𝑘𝑘̇ < 0
0  𝑓𝑜𝑟 𝜖�̇�𝑘 ≥ 0.

 
  

(13) 

here 𝑐 is the speed of sound in the material defined according to Equation (14) for elastic 

materials with constant bulk modulus  

 

𝑐 = √
𝐸(1 − 𝜈)

(1 + 𝜈)(1 − 2𝜈)𝜌  
,  

(14) 

E is Young’s modulus, 𝜈 is Poisson’s ratio and 𝜌 is the mass density [11].  

2.1.4 Contact algorithm  

In LS-Dyna there exists three different contact algorithms that handles sliding and impact of 

interfaces. In this work the penalty method has been used for all contact interfaces. The 

penalty method can be used both when solving problems explicit as well as implicit. The 

method is working in in a way that a spring is placed normal to the surface between all 

penetrating nodes and the contact surface. The method is the same when solving both explicit 

and implicit but with the exception that the spring stiffness matrix is assembled in the global 

stiffness matrix when using an implicit solution. When solving simulations implicitly the 

mortar contact is recommended for its robustness and accuracy.  

When using the penalty method in LS-Dyna three different implementation algorithms are 

available:  

1. Standard Penalty Formulation  

2. Soft Constraint Penalty Formulation which is very useful if the materials have large 

differences in material properties, for example steel and foam.  

3. Segment-based Penalty Formulation which have a logic slave segment- master 

segment approach instead of slave node-master segment approach. This contact 

formulation is useful when simulating airbags with self-contact during inflation. It is 

also the contact algorithm used for the mortar contact.  
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There is close to, no difference in the order of magnitude between the interface stiffness and 

the interface element normal of the interfaces. This result in the computed time step is 

unaffected of the interfaces. If the pressure on the interfaces becomes too large though, some 

unwanted penetration can occur, that is solved by scaling up the stiffness and scaling down 

the time step size [11].  

2.2 Material models  

In this part of the report the two different material models that have been investigated will be 

described.  

2.2.1 Brittle Damage  

The brittle damage material model in LS-Dyna is mainly developed and designed for concrete 

but can be adapted to many different brittle materials. It is a model where just a few material 

parameters have to be defined. When the brittle damage model has to be configured to granite 

the following material parameters has to be defined, mass density 𝜌, Young’s modulus E, 

Poisson’s ratio 𝜈, tensile stress 𝜎𝑡, shear stress 𝜎𝑠, fracture toughness g, compressive yield 

stress 𝜎𝑦, shear retention factor 𝛽 and the viscosity 𝜂. The first six parameters are measured 

by experiments while 𝛽 and 𝜂 are calculated or by invers modeling.  

A detailed description of the constitutive model can be found in [13], however a brief 

description will be presented here. Failure in this material model is assumed to start when the 

first principal stress exceeds a threshold value. The damage surface is defined as three 

postulated coupled surfaces. The first surface control the tensile traction and the other two the 

shear traction over the smeared crack field [13]. The shear traction, 𝜎𝑠𝑇 is defined according 

to  

 𝜎𝑠𝑇 ≤ 𝜎𝑠(1 − 𝛽)(1 − 𝑒𝑥𝑝[−𝐻𝛼]), (15) 

where H is the softening variable dependent on the size of the elements and crack geometries. 

The shear degradation and tensile degradation is coupled via the variable α which measure the 

intensity of the crack field. 𝛽 is the shear retention factor, it control how the damage progress 

over the smeared crack plane.  

The fracture toughness of the material g, should be entered as fracture energy per unit area 

crack advance. The toughness parameter is important since it is used when the practical 

restriction on the softening properties is to be determined.  

The viscosity of the material 𝜂 is also an important property as it increases the stability of the 

model. The recommended values of the viscosity are somewhere between 0.717 to 0.731 MPa 

to avoid error terminations [1].   

2.2.2 Johnson-Holmquist ceramics   

The Johnson-Holmquist ceramics (J-H2) model has been widely used in different numerical 

models with rocks or other brittle materials. It is a model with a lot of parameters to consider, 

some are easily determined by experiments while other are more difficult to define. The 

model is described in Figure 5 to Figure 7, where * notation indicates that the property is 

normalized.   



9 

 

Figure 5 Strength model for J-H2 [14]. 

 

 

Figure 6 Damage model for J-H2 [14]. 

 

Figure 7 Pressure versus volume [14]. 

The intact strength of the material (the upper line in Figure 5) is given as  

 𝜎𝑖
∗ = 𝐴(𝑃∗ + 𝑇∗)𝑁(1 + 𝐶 ln 휀̇∗). (16) 

The fully damaged or fractured strength of the material (the lower line in Figure 5) is given as  

 𝜎𝑓
∗ = 𝐵(𝑃∗)𝑀(1 + 𝐶 ln 휀̇∗). (17) 

The normalized equivalent stress or the strength of the damaged material (dotted line in 

Figure 5) is described as  

 𝜎∗ = 𝜎𝑖
∗ − 𝐷(𝜎𝑖

∗ − 𝜎𝑓
∗), (18) 

where D is the damage variable (D=0 is undamaged or D=1 is fully damaged material). A, N, 

B, M and C are all material constants, 𝑃∗ and 𝑇∗ are the pressure and the tensile strengths. All 

of the material properties are normalized in the following way; 𝜎𝑖
∗ = 𝜎𝑖/𝜎𝐻𝐸𝐿, 𝜎𝑓

∗ = 𝜎𝑓/𝜎𝐻𝐸𝐿, 

𝜎∗ = 𝜎/𝜎𝐻𝐸𝐿, 𝑃∗ = 𝑃/𝑃𝐻𝐸𝐿 and 𝑇∗ = 𝑇/𝑃𝐻𝐸𝐿, where 𝜎𝐻𝐸𝐿 is the effective stress at the 

Hugoniot elastic limit (HEL), which is described in [15]. P and T are the current hydrostatic 
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pressure and the maximum tensile strength respectively, 𝑃𝐻𝐸𝐿 is the associated hydrostatic 

pressure at the HEL and σ is the von Mises effective stress according to  

 𝜎 = √3𝐽2, (19) 

where  

 
𝐽2 =

1

2
𝑆𝑖𝑗𝑆𝑖𝑗, 

(20) 

is the second invariant of the deviatoric stress tensor with 𝑆𝑖𝑗 defined as,  

 𝑆𝑖𝑗 = 𝜎𝑖𝑗 −
𝜎𝑘𝑘

3
𝛿𝑖𝑗 . (21) 

Here 𝜎𝑖𝑗 is the Cauchy stress tensor and 𝜎𝑘𝑘 is the hydrostatic stress tensor.  

The strain rate 휀̇∗ is defined as 휀̇∗ = 휀̇/휀0̇, where 휀̇ is the actual strain rate and 휀0̇ is a 

reference rate of magnitude 1 𝑠−1.  

The equation of state in this model is defined as  

 �̅� = 𝑘1𝜇 + 𝑘2𝜇2 + 𝑘3𝜇3 + ∆𝑝, (22) 

here 𝑘1, 𝑘2 and 𝑘3 are constants (𝑘1 is the bulk modulus) according to  

 
𝑘1 =

𝐸

3(1 − 2𝜈)
 , 

(23) 

where 𝐸 is Young’s modulus and 𝜈 is Poisson’s ratio. 𝜇 is a compression variable defined as 

𝜇 =
𝜌

𝜌0
− 1, where 𝜌 is current density and 𝜌0 initial density. 𝛥𝑝 is a parameter which is added 

when fracture begins, 𝐷 > 0 to account for the dilatation effects after compression failure 

[16]. The damage variable is defined as  

 𝐷 = ∑
∆𝜀𝑝

𝜀𝑝
𝑓 , (24) 

∆휀𝑝 is the plastic strain during a cycle of integration and 휀𝑝
𝑓

= 𝑓(�̅�)  is the plastic strain to 

fracture under constant pressure �̅�. 𝑓(�̅�) is expressed according to  

 휀𝑝
𝑓

= 𝐷1(𝑃∗ + 𝑇∗)𝐷2. (25) 

𝐷1 and 𝐷2 are two damage constants and 𝑃∗ and 𝑇∗ are as defined previously. The material 

cannot undergo any plastic strain at 𝑃∗ = −𝑇∗ but 휀𝑝
𝑓
 increases as 𝑃∗  increase [17].  

2.3 Brazilian Disc  

According to [18] and [19] plane stress in a point in a disc subjected to two diametral forces 

(Figure 8) can be described with the following equations,  

 
𝜎𝑥(𝑥, 𝑦) =

2𝑃

𝜋𝐷𝑡
−

2𝑃

𝜋𝐷
[

𝑥2(𝑅 − 𝑦)

(𝑥2 + (𝑅 − 𝑦)2)2
+

𝑥2(𝑅 + 𝑦)

(𝑥2 + (𝑅 + 𝑦)2)2
]  

(26) 

 
𝜎𝑦(𝑥, 𝑦) = −

2𝑃

𝜋𝐷𝑡
−

2𝑃

𝜋𝐷
[

(𝑅 − 𝑦)3

(𝑥2 + (𝑅 − 𝑦)2)2
−

(𝑅 + 𝑦)3

(𝑥2 + (𝑅 + 𝑦)2)2
] 

(27) 
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𝜏𝑥𝑦(𝑥, 𝑦) =

2𝑃

𝜋𝐷
[

𝑥(𝑅 − 𝑦)3

(𝑥2 + (𝑅 − 𝑦)2)2 
−

𝑥(𝑅 + 𝑦)2

(𝑥2 + (𝑅 + 𝑦)2)2
] 

(28) 

where 𝑃 is applied load, 𝐷 the diameter of the disc, 𝑅 the radius of the disc, 𝑡 the thickness, 

𝜎𝑥 and 𝜎𝑦 the stresses perpendicular and in the load direction respectively and 𝜏𝑥𝑦 is the shear 

stress  

 

Figure 8 Stresses in one point in a disc loaded in vertical direction [20]. 

Pure tensile stress is defined as 𝜎𝑥 when 𝑥 = 0  this reduces Equation (26) to  

 
𝜎𝑥(0, 𝑦) =

2𝑃

𝜋𝐷𝑡
. 

(29) 

The compression 𝜎𝑦 when 𝑥 = 0 is approaching infinity since 𝑦 → 𝑅 (Equation (27)),  

 
𝜎𝑦(0, 𝑦) = −

2𝑃

𝜋𝐷𝑡
−

2𝑃

𝜋𝐷
[

1

(𝑅 − 𝑦)
−

1

(𝑅 + 𝑦)
]. 

(30) 

In the middle of the disc where both 𝑥 = 0 and 𝑦 = 0, 𝜎𝑦 can be rewritten to:  

 
𝜎𝑦(0,0) = −

6𝑃

𝜋𝐷𝑡
 

(31) 

The shear stress along the y-axis, where 𝑥 = 0 is  

 𝜏𝑥𝑦(0, 𝑦) = 0. (32) 

The above described approach assumes a point load, when this is performed as experiments 

the load is distributed over a small finite area. Hondros [21] developed a method to calculate 

the tensile stress when performing experiments. Assume a pressure applied over two 

diametrally opposite arcs of angular width 2𝛼 (Figure 9).  



12 

 

Figure 9 The disc with applied pressure [20].  

The stresses along the principal diameters in the disc can be described as, starting with the 

vertical direction (OY),   

 
𝜎𝑥(0, 𝑦) =

2𝑝

𝜋
[

(1 − 𝑦2/𝑅2) sin 2𝛼

1 − 2𝑦2/𝑅2 ∗ cos 2𝛼 + 𝑦4/𝑅4
− arctan (

1 + 𝑦2/𝑅2

1 − 𝑦2/𝑅2
tan 𝛼 )  ] 

(33) 

 
𝜎𝑦(0, 𝑦) = −

2𝑝

𝜋
[

(1 − 𝑦2/𝑅2) sin 2𝛼

1 − 2𝑦2/ 𝑅2 ∗ cos 2𝛼 + 𝑦4/𝑅4
+ arctan (

1 + 𝑦2/𝑅2

1 − 𝑦2/𝑅2
tan 𝛼)] 

(34) 

 𝜏𝑥𝑦(0, 𝑦) = 0.  (35) 

For the horizontal axis (OX) the stresses is described as  

 
𝜎𝑥(𝑥, 0) =

2𝑝

𝜋
[

(1 − 𝑥2/𝑅2)𝑠𝑖𝑛2𝛼

1 + 2𝑥2/𝑅2 ∗ 𝑐𝑜𝑠2𝛼 + 𝑥4/𝑅4
− arctan (

1 − 𝑥2/𝑅2

1 + 𝑥2/𝑅2
tan 𝛼)] 

(36) 

 
𝜎𝑦(𝑥, 0) = −

2𝑝

𝜋
[

(1 − 𝑥2/𝑅2)𝑠𝑖𝑛2𝛼

1 + 2𝑥2/𝑅2 ∗ 𝑐𝑜𝑠2𝛼 + 𝑥4/𝑅4
+ arctan (

1 − 𝑥2/𝑅2

1 + 𝑥2/𝑅2
tan 𝛼)] 

(37) 

 𝜏𝑥𝑦(𝑥, 0) = 0. (38) 

𝑦 in Equation (33) and (34) represents the distance to the stress point along the diameters. The 

stress in the centre of the disc can be found by letting 𝑦 = 0 in Equation (33) 

 
𝜎𝑥(0,0) =

2𝑝

𝜋 
[𝑠𝑖𝑛2𝛼 − 𝛼], 

(39) 

substituting 𝑃 = 𝑝𝛼𝐷𝑡 into Equation (39) and assuming that for small 𝛼, 𝑠𝑖𝑛2𝛼 ≈ 2𝛼 gives  

 
𝜎𝑥(0,0) =

2𝑃

𝜋𝐷𝑡
. 

(40) 

According to [22] a good correlation between the two methods exists for angles up to 2𝛼 =

22.9°.  

2.4 Split-Hopkinson pressure bar  

A very common test for studying the dynamic strength of rocks during impact loading is the 

Split-Hopkinson pressure bar (SHPB) [3]. In a SHPB test the specimen is placed between an 

incident bar and a transmitter bar, on both bars strain gauges are placed. A striker bar then hit 

the incident bar and a one dimensional wave propagates through the incident bar, some of the 
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wave energy is reflected and the remaining energy of the wave is traveling through the 

specimen. The amount of energy that the wave has after passing through the specimen is 

propagating into the transmitter bar.  A typical SHPB test rig is shown in Figure 10.  

 

Figure 10 SHPB test rig [23]. 

With the strain recorded from the bars, the strain rate for the specimen 
𝑑𝜖𝑠

𝑑𝑡
, can be calculated 

in two different ways either the way described in [24], using  

 𝑑휀𝑆

𝑑𝑡
= −

2𝑐0휀𝑅

𝐿𝑠
, 

(41) 

where 𝐿𝑆 is the length of the specimen 휀𝑅 is the reflected strain measured in the incident bar 

and 𝑐0 is the sound velocity through the bar defined as  

 

𝑐0 = √
𝐸𝐵

𝜌𝐵
. 

(42) 

Here 𝐸𝐵 is the Young’s modulus of the bar and 𝜌𝐵 the mass density of the bar. The stress in 

the specimen is computed using  

 
𝜎𝑠(𝑡) =

𝐷𝐵
2𝐸𝐵

𝐷𝑆
2 휀𝑇(𝑡), 

(43) 

where 𝐷𝐵 is the diameter of the bar, 𝐷𝑆 is the specimen diameter and 휀𝑇 is the strain measured 

in the transmitter bar. The second way to determine the stress and strain rate in the specimen 

is to use the way described in [25], using  

 
�̇� =

𝑓𝑡𝑛

𝜏
, 

(44) 

where the stress rate, �̇� from the transmitter bar, is determine from the maximum stress 

measured in the transmitter bar, 𝑓𝑡𝑛 = 𝜎𝑇𝐴𝑟. 𝜏 is the time lag between the start of the 

transmitted stress wave and the maximum transmitted stress and 𝐴𝑟 is area ratio. The strain 

rate is then computed using  

 
휀̇ =

�̇�

𝐸𝑆
, 

(45) 

where 𝐸𝑆 is the Young’s modulus for the specimen at static loading. According to [23] 

Equation (41) gives a reasonable good value of the strain rate, while the method when using 

Equation (45) can underestimate the actual strain rate.  
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3 Method  

In this chapter the method for how the work has been performed is presented. The first part 

will consider the experiments, how test samples have been prepared how the two different 

experiments have been performed. The second part will consider how the experiments have 

been simulated numerically to validate and calibrate the mechanical impact properties for 

granite and diabase.   

3.1 Experiments  

The preparation of the specimens and how the three different experiments have been made 

will be covered and described in detail in this chapter.  

3.1.1 Preparing specimens  

All specimens were drilled out (Figure 11) from sheets of the two rock types (Bohus Granite 

and Diabase) with two different thicknesses, 5 and 15 mm. From the thicker plates specimens 

with a diameter of approximately 9 mm were drilled out, those specimens were made for the 

compression tests and Brazilian disc tests. From the thinner plates specimens with a diameter 

of approximately 25 mm were drilled out, they were aimed for only the Brazilian disc tests. 

To get the ends of the specimens parallel and with smooth edges a small grinding operation 

was made (Figure 12), which reduced the height of them, to 10-14 mm. 

 

Figure 11 Drilling procedure. 

 

Figure 12 Grinding specimens. 

 

Figure 13 Grinding tool. 

The tool used in the grinding process (Figure 13) was used to get the end faces of the small 

specimens parallel. The result after the specimens had been grinded is shown in Figure 14.  

 

Figure 14 Specimens before grinding to the left and grinded to the right. 
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For the samples with large diameter only the Diabase was grinded, since those samples were a 

little bit too thick and with rough edges from the drilling. That grinding was done without any 

tool though.  

3.1.2 Compression test  

The compressions test was performed with a DARTEC machine together with a load cell with 

a limit of 22.5 kN. The tools that were mounted in the frame of the machine and on the load 

cell, used in those experiments had flat surfaces, see Figure 15. A complete setup of the 

compression machine can be studied in Figure 16. 

 

Figure 15 The flat tools used in uniaxial 

compression. 

 

Figure 16 The compression machine. 

Each sample was weighed and the diameter and height was measured. They were then placed 

on the middle of the surface of the tools and the displacement sensor adjusted so that it 

recorded the displacement during the whole loading cycle. To make sure that the load was 

equally distributed over the area of the specimen, two small sheets of paper was placed 

between the specimen and the tools Figure 17.  

 

Figure 17 The papers between the specimen and the tools. 

The velocity the specimens were compressed with was 0.2 mm/min with a samplings 

frequency of 100Hz.  
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3.1.3 Brazilian disc  

For the Brazilian disc the same compression machine was used as in the tests mention above, 

but with other tools and load cell. The tools had a small radius of 12.7 mm and an angular 

width of 14° (Figure 18) to distribute the applied force over a finite area. The angle was also 

in good agreement with what [22] has recommended for Brazilian disc tests. To place the 

specimens at the correct position, a fixture was used (Figure 19).  

 

Figure 18 Tools with radii. 
 

Figure 19 The fixture to place the specimen at the 

right position. 

The specimens used in the Brazilian disc test were both the thin ones with the large diameter 

and the ones with equal dimensions as in the uniaxial compression tests. They were then 

compressed to failure with a velocity of 0.2 mm/min. During the test both the applied force 

and displacement was recorded.  

3.2 Numerical models  

To evaluate which of the two material models that suits best when modelling granite, a 

numerical model was built in the numerical software LS-Dyna for all three tests. How those 

numerical models were built will be descried below.   

3.2.1 Compression test  

The specimen that was used for uniaxial compression test was modelled in LS-Dyna. The 

structured mesh contained 9200 solid hexahedra elements, see Figure 20. The tool was also 

modelled with 500 hexahedra elements Figure 21 shows the mesh for the specimen and the 

tool.  
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Figure 20 The mesh used in uniaxial compression. 

 

Figure 21 The whole grid for the uniaxial 

compression test. 

The dimension of the sample was diameter 8.9 mm and the height 14 mm. The simulation was 

performed for both material models with the contact card 

AUTOMATIC_SURFACE_TO_SURFACE_MORTAR between the plate and the cylinder 

with the soft constraint setting. The coefficient of friction was set to 0.3. The element 

formulation for the two parts was the default description, constant stress for the solid 

elements. The motion of the tool was controlled with the card 

PRECRIBED_MOTION_SET/RIGID (depending on if the material in the tool was rigid or 

elastic). In the card the motion was set as a linear load curve describing the displacement of 

the tool as 0.2 mm/min.  

All the nodes in the bottom of the specimen were fixed in the direction the load was acting 

except for one node that was completely fixed in all directions. The simulation was solved 

using implicit integration with automatic controlled time step. The free parameters of 

integration were set to 𝛽 = 0.38 and 𝛾 = 0.60.  

3.2.2 Brazilian Disc  

The Brazilian disc was modelled with the same mesh for the specimen as in the uniaxial 

compression test but with two plates representing the tools, Figure 22. Here one tool was 

fixed while the other was moving using the card PRESCRIBED_MOTION_SET/RIGID, 

again depending which material that was used in the tools. One simplification was made on 

the tools, which was that the small radius was removed. The motion of the tools for this 

simulation was done in the same way as for the uniaxial compression. The contact between 

the tools and specimens was automatic surface to surface mortar also here with soft constrain 

and the same coefficient of friction. The sample free to move in the direction the force was 

applied, but one node was locked in the two perpendicular directions to prevent the sample 

from glide of the tools.  
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Figure 22 The mesh used in Brazilian disc model. 

The element description for all elements in the mesh was of constant stress description. Also 

this simulation was solved using the implicit solution with automatic controlled time step and 

equal values for 𝛽 and 𝛾 as in the uniaxial compression simulation.   

3.2.3 Split-Hopkinson pressure bar  

The SHPB mesh was created in LS-Dyna according to dimensions of the experimental rig at 

Nagoya Institute of Technology in Japan. The specimen size that was use in the simulations 

had the diameter 8.9 mm and the height 14 mm.  

Table 1 Dimension of the SHPB rig. 

Part  Length Diameter  Unit  

Striker bar 500 16 mm 

Input bar 2300  16 mm 

Output bar 1700  16 mm 

The mesh for the bars and specimen can be studied in Figure 23 and Figure 24. The bars had 

smaller elements in the middle to better solve the contact to the specimen.  
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Figure 23 Comparison of the specimen and 

output bar grid. 

 

Figure 24 The mesh used in SHPB simulations. 

  

The number of elements in the in the mesh is presented in Table 2.   

Table 2 Number of elements in the SHPB mesh. 

Part Number of elements 

Striker bar 8400 

Input bar 89600 

Output bar 89600 

Specimen coarse 2100 

The contact between the striker bar and the input bar was 

AUTOMATIC_SURFACE_TO_SURFACE with default settings. Between the specimen and 

the input and output bars the contact was automatic surface to surface with the soft constraint. 

The velocity for the striker bar was controlled with the card INITIAL_VELOCITY and was 

set to 10 m/s which were given from the experiments. To be able to receive the strain in the 

result file in the same way as in the experiments, one element was chosen on the input and 

output bar at the same point as the strain gauges was placed in the test rig.  

3.2.4 Material models  

In the Brazilian disc and uniaxial compression simulation the material card MAT_RIGID was 

used with the settings according to Table 3.  

Table 3 Settings for the rigid material card. 

Quantity  Value Unit 

Density  7800 Kg/m3  

Young’s modulus  205 GPa 

Poisson’s ratio  0.3 -  

When the material card MAT_ELASTIC was used the settings was according to Table 4, 

which is similar to steel.  
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Table 4 Settings for the elastic material card. 

Quantity  Value Unit  

Density  7800 Kg/m3  

Young’s modulus  205 GPa 

Poisson’s ratio  0.3 -  

The settings for the brittle damage model for the two different rock types are shown in Table 

5. The density, Young’s modulus, tensile limit and compressive yield strength were 

determined from the experiments, while the fracture toughness was taken from [26] as a 

reference value for granite, shear retention factor and viscosity are recommended values from 

[1]. In the literature Poisson’s ratio varied between 0.29 according to Ai [14] and 0.13 

according to Cai [3], but worked best when the value was set to 0.2 which was according to 

Ma [16].  

Table 5 Material properties for the Brittle damage model. 

Quantity Granite Diabase Unit  

Mass density  2633 3000 Kg/m3  

Young’s modulus  17 33 GPa  

Poisson’s ratio  0.2 0.21 -  

Tensile limit  12 23 MPa 

Shear limit  40 60 MPa 

Fracture toughness  200 200 J/m2 

Shear retention factor  0.1 0.1 -  

Viscosity  0.717 0.717 MPa 

Compressive yield strength  140 280 MPa 

For diabase the same values for the viscosity and fracture toughness as for granite was used. 

For some SHPB simulations the material card MAT_ERRODE was added. The card allows 

deletion of element when the elements have reached a certain level of stress. This level was 

set to 160 MPa for simulations where granite was used as material.   
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4 Results  

In this chapter the results for both the experimental work and numerical modelling will be 

presented. The results will be presented for each experiment where the results from the 

numerical models will be compared with how well they correspond to the experiments.  The 

experimental results from the SHPB are provided by Nagoya Institute of Technology. As a 

last part, an estimated yield surface for both granite and diabase will be presented.  

4.1 Compression test  

The results from the uniaxial compression test for granite can be studied from Figure 25 to 

Figure 28. The results for the experimental work are shown with blue lines while the results 

from the modelling using the material model brittle damage is shown in a dashed red line. In 

Figure 26 stress strain curves for granite is shown, the strain is calculated as the displacement 

of the tool divided by the initial length of the specimen.  

 

Figure 25 Force-displacement plot for Granite in 

uniaxial compression where stars indicate the force 

at failure. 

 

Figure 26 Stress strain plot for Granite in uniaxial 

compression where the stars indicate the stress at 

failure.  

 

Figure 27 von Mises stress for granite in uniaxial 

compression.  

 

Figure 28 How the Granite looks after compression. 

In Figure 27 the von Mises stress distribution in the sample is shown just before breakage. 

The load-displacement curves for the experiments are cut at the point where the samples 
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broke. What is of interest is the point where the granite fails and how well the elastic region of 

the rock corresponds with the numerical model.  

For Diabase in uniaxial compression the results are shown in Figure 29 to Figure 32. The 

solid blue lines are the results from the experimental work while the dashed red line is from 

the numerical model when the material model Brittle damage has been used.  

 

Figure 29 Force-displacement plot for Diabase in 

uniaxial compression where the stars indicate the 

force at failure. 

 

Figure 30 Stress strain plot for Diabase in uniaxial 

compression where the stars indicate the stress at 

failure. 

 

Figure 31 von Mises stress for diabase in uniaxial 

compression. 

 

Figure 32 How Diabase looks after compression. 

In Table 6 the mean force and mean stress at failure together with the standard deviation is 

presented, also the Young’s modulus is shown for both granite and diabase. Young’s modulus 

is calculated between the strain values 0.014 to 0.015 for granite and 0.0165 to 0.0168 for 

diabase.  

Table 6 Results from uniaxial compression. 

Quantity  Granite  Diabase  Unit  

Mean force at failure  9.17 ± 1.27 15.58 ± 2.12 kN 

Mean stress at failure -149 ± 21.77 -254 ± 32.99 MPa  

Young’s Modulus  16.20 ± 2.45 29.23 ± 5.02 GPa  
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How the different rocks are fractured can be studied in Figure 28 and Figure 32. The granite is 

breaking up in much smaller flakes than the diabase. It is also clearly shown how the diabase 

takes an hourglass shape which is characteristic for a brittle failure.  

4.2 Brazilian Disc  

The results from Brazilian disc test of granite is shown in Figure 33, also here the solid blue 

lines are from experimental work and the dashed red line from numerical model with the 

Brittle damage material model. The dashed lines in Figure 33 are from the numerical model 

with the tools in elastic (blue) and rigid (red) material. In Figure 34 the tensile stress 

calculated from Equation (40)) is plotted against a dimensionless variable defined as the 

measured displacement divided by the initial length of the sample.  

 

Figure 33 Force-displacement plot for granite in 

Brazilian disc where the stars indicate the force at 

failure. 

 

Figure 34 Stress relative displacement for granite in 

Brazilian disc where the stars indicate the stress at 

failure. 

 

Figure 35 Tensile stress for granite in Brazilian 

disc. 

 

Figure 36 Results after granite in Brazilian disc. 

Figure 33 shows no difference, from start to failure, using rigid or elastic material in the tools. 

The tensile stress for granite in Brazilian disc is shown in Figure 35, it is clearly seen that 80 

percent of the diameter is exposed to tensile stress. In Figure 36 the granite after failure is 

shown, the same behaviour was for all samples, a tensile crack trough the specimen in the 

same direction as the tensile stress was acting.  
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For diabase the results from Brazilian disc is shown in Figure 37 to Figure 39, where the blue 

lines are from experiments and the red dashed line in Figure 37 is from the numerical model 

with rigid tools. Simulations with elastic material in the tools was also done but with no 

difference in result.  

 

Figure 37 Force-displacement plot for diabase in 

Brazilian disc. 

 

Figure 38 Stress relative displacement for diabase 

in Brazilian disc. 

 

Figure 39 Tensile stress for diabase in Brazilian 

disc. 
 

Figure 40 Results after diabase in Brazilian disc. 

Figure 39 show how the tensile stress for diabase in Brazilian disc. The mean force and mean 

tensile strength of the two rocks types at failure are presented in Table 7. The tensile stress is 

calculated using Equation (40). The diabase specimens had the same cracking behaviour as 

granite, which can be seen in Figure 40.  

Table 7 Results from Brazilian disc. 

Quantity  Granite  Diabase  Unit  

Mean force at failure  2.16 ± 0.33 4.3 ± 0.86 kN 

Mean tensile stress  12.32 ± 1.82 22.21 ± 4.29 MPa 
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4.3 Split-Hopkinson pressure bar  

The experimental results for the SHPB tests are presented in Table 8, for the diabase only a 

larger specimen size has been used than for granite, where two different sizes has been used. 

Average values for the quantities are presented in the table.  

Table 8 Results from the SHPB experiments. 

Sample  Diameter 

(mm) 

Height 

(mm) 

Max stress 

(MPa) 

Strain 

rate (s-1) 

Granite small  8.88 11.83 162.82 249.35 

Granite large  17.45 29.66 344.29 175.86 

Diabase large  17.20 30.75 383.83 82.05 

The numerical and experimental results for small granite samples are presented in Figure 41 

and Figure 42, where one can see the difference using the card MAT_ERODE with the crucial 

stress level set to 160 MPa. The stress limit in the erode card is valid when one element in the 

specimen has reached that level. While in the experiments the stress levels is measured from 

the bars, resulting in the average stress for the sample. This could be the reason to why the 

simulations and experiments differ. The material parameters in the numerical results are the 

same as for the quasi-static models.   

 

Figure 41 Experimental results for small granite 

sample in SHPB. 

 

Figure 42 Numerical results for small granite 

sample in SHPB. 

The experimental results for granite are provided by Nagoya Institute of Technology. No 

experiments with small diabase samples have been made and with the large difference in 

results for granite, for different sample size in mind, no simulation was made for diabase.   

4.4 Yield surface  

For both granite and diabase a yield surface is calculated which can be studied in Figure 43 

and Figure 44. The von Mises stress is calculated for the uniaxial compression test using  

 
𝑄𝑐𝑜𝑚𝑝 =

𝐹

𝜋𝑅2
, 

(46) 

where 𝐹is the mean value of the force at failure and 𝑅 is the mean radius of the samples. The 

mean stress in uniaxial compression test is calculated according to  
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𝜎𝑚𝑒𝑎𝑛 =

𝐹

3𝜋𝑅2
. 

(47) 

For the Brazilian disc test the von Mises stress is calculated using,  

 
𝑄𝑏𝑟𝑎𝑧 =

4𝐹

3𝜋𝐷𝑙
 

(48) 

where 𝑙 is the length the sample. The mean stress is defined according to  

 
𝜎𝑚𝑒𝑎𝑛 𝐵𝑟𝑎𝑧 = √13 ∗

2𝐹

𝜋𝐷𝑙
 . 

(49) 

The last value in the yield surface (where von Mises stress if equal to zero) is extrapolated and 

all values for the surface can be studied in  

 

Figure 43 Yield surface for granite. 

 

Figure 44 Yield surface for diabase. 

 

Table 9 Values for the yield surfaces. 

 Granite Diabase 

Experiment von Mises 

[Mpa] 

Mean stress 

[MPa] 

von Mises 

[MPa] 

Mean stress 

[MPa] 

Uniaxial 

compression 

149 -50 255 -85 

Brazilian disc  45.2 -8.3 78.8 -14.6 

 0 9.5 0 16.4 
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5 Discussion  

In this chapter the discussion about the results will be presented. It will be presented in the 

same order as the results starting with the uniaxial compression tests and ending with the 

results from the calculated yield surface.  

There has not been presented any results from the material model Johnson-Holmquist 

ceramics. That is because that material model was much more complicated to calibrate for 

granite and diabase than expected. It is still a believe that this model would work and earlier 

research have showed promising results using this model when simulating with granite. What 

makes it difficult is that one has to look more into the cracking of the rock. More how it fails, 

not as this work has focused on, when the rock is failing. 

5.1 Granite  

The granite in uniaxial compression showed a large difference in the force needed to break the 

samples; it could differ up to approximately 50% from the weakest to the strongest sample. 

The results presented in this report are from the samples that failed at the largest applied 

force. The level at where they fail is in good agreement with what [3] have showed, but there 

is a difference in how much the samples in this report can be compressed. This is also 

affecting the results for the Young’s modulus which, in this report, has a smaller value 

compared to [2] and [3].  

For the Brazilian disc test it was not as large difference in how the sample failed. The 

displacement differs for some samples quite much, but that is due to a small edge at the end of 

the sample. First the small edge is compressed and after that the whole sample carries the 

load.   

Granite has variations in the mineral structure depending on where it is extracted. The method 

that is used for sample preparation is also something that could initiates micro cracks and 

other small deformations to the samples. The size of the samples seems to have an effect if 

one look at the results from the SHPB tests. A larger sample breaks at a higher stress level 

which should not be the case since the stress calculation compensate for the size. A micro 

crack in a small sample will have bigger impact than for a larger sample.   

The material model Brittle Damage is a linear-elastic model that can capture when the granite 

is failing for both uniaxial compression and Brazilian disc. If one look at the area where the 

granite is really starting to carry load the model works well. Since the model is linear-elastic 

and the results from the experiments are not there is a deviation. It is also clearly seen in 

Figure 33 that there is no difference in the simulations using rigid or elastic material in the 

tools. The same result was seen in the uniaxial compression simulations.  

There is more work that has to be done for the SHPB simulations which is clearly seen in the 

result in this work. The numerical results for the stress level at failure are approximately 30% 

of what is reached experimentally also the time it takes for the sample to break is too long in 

the numerical model. The numerical result does not show the same peak behaviour as in the 

experiments, which could have the answer in the contact between the bars and specimen. Not 

enough energy is transferred to the sample before it loose the contact with the input bar. With 
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not enough energy in the specimen, just a few elements reach the level where they fail which 

also could be seen in Figure 42, where there is very small difference by having the erode card 

or not.  

5.2 Diabase 

Diabase in uniaxial compression shows a more equal behaviour from sample to sample. That 

indicate that there are less micro cracks and small initial deformations in diabase compared to 

granite, which was the reason it was chosen. The results for diabase are in a good correlation 

to the results for weak granite in [2] when Young’s modulus is considered.  

In the Brazilian disc for diabase there is also a difference in how much the tools are displaced 

and as for the granite it is due to this small edge that some samples have when they are not 

grinded enough. Tests have been performed when the edge was polished away but there were 

no difference when the sample failed.  

For the numerical model when diabase is used as material, good results are showed. The 

material model can capture when the rock is breaking for both uniaxial compression and 

Brazilian disc. It is also good correlation between the experiments and the numerical results if 

the capacity to carry load is considered, the slope at were the force is drastically increased. 

The material parameters in the material model for diabase are some, the same as for granite 

(Fracture toughness, shear retention factor and the viscosity) this was an assumption made 

that, it should not be so large difference for the two rock types.  

The diabase compared to the granite is stronger and can withstand higher loads before 

breaking both in uniaxial compression and Brazilian disc. The reason could be due to less 

micro cracks and initial deformation but also to a different mineral structure. By just look at 

the samples one can see that they contain different minerals, how great impact it has on the 

mechanical properties is hard to tell.  
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6 Conclusions  

Some conclusion from this work will be presented in this chapter for both the experimental 

and numerical part. The chapter will end with some suggestions for future work.   

A survey of suitable constitutive models for granite and diabase has been accomplished to be 

able to perform simulations with granite during both dynamic and static conditions. The 

constitutive models that are considered as suitable for granite are from the material library in 

LS-Dyna and are named Brittle Damage and Johnson-Holmquist ceramics.  

This work has resulted in an experimental characterisation of Bohus Granite and Diabase for 

quasi-static conditions. This was performed by test the two rock types in uniaxial compression 

and Brazilian disc. The work to characterise Bohus Granite and diabase under dynamic 

condition has begun but more experiments has to be performed until that work is complete.  

Numerical models are developed to simulate the uniaxial compression and Brazilian disc 

under quasi-static conditions. Simulations for the two rocks have been performed with 

material parameters determine from experiments. The results from the simulations show good 

agreement with the experiments for the Brittle Damage model, the JH-2 model was more 

complicated than expected to calibrate for the granite and diabase.  

6.1 Future work  

There are a lot of things that will be of interest to investigate before a complete and working 

model for granite can be used to simulate wear on steel. Here some are listed without any 

particular order,  

 Establish a strain rate dependent model for granite and diabase from experimental results. 

The Johnson-Holmquist model is promising for this purpose but more dynamic 

experiments have to be performed to be able to calibrate the model in a good way.  

 Improve the Brittle Damage model for the SHPB simulations.  

 Validate a numerical model for different loading situations and load rates. Also perform 

those loading situations experimentally.  

 Include the fracture and cracking behaviour for both granite and diabase.  

 Establish an accumulated model for damage, where the sample in the numerical model 

could have initial cracks and/or other deformations.  
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8 Appendix   

8.1 A 

A reduced keyword-file for the uniaxial compression simulations.  

*KEYWORD 

*TITLE 

$#                                                                         title 

LS-DYNA keyword deck by LS-PrePost 

*CONTROL_IMPLICIT_AUTO 

$#   iauto    iteopt    itewin     dtmin     dtmax     dtexp     kfail    kcycle 

         1        11         5       0.0       0.0       0.0         0         0 

*CONTROL_IMPLICIT_DYNAMICS 

$#   imass     gamma      beta    tdybir    tdydth    tdybur     irate      

         10.60000002      0.38       0.01.00000E281.00000E28         0 

*CONTROL_IMPLICIT_GENERAL 

$#  imflag       dt0    imform      nsbs       igs     cnstn      form    zero_v 

         1      0.01         2         1         2         0         0         0 

*CONTROL_IMPLICIT_SOLUTION 

$#  nsolvr    ilimit    maxref     dctol     ectol     rctol     lstol    abstol 

        12        11        15     0.001     0.0011.00000E100.899999981.0000E-10 

$#   dnorm    diverg     istif   nlprint    nlnorm   d3itctl     cpchk      

         2         1         1         0         2         0         0 

$#  arcctl    arcdir    arclen    arcmth    arcdmp    arcpsi    arcalf    arctim 

         0         0       0.0         1         2         0         0         0 

$#   lsmtd     lsdir      irad      srad      awgt      sred     

         5         2       0.0       0.0       0.0       0.0 

*CONTROL_TERMINATION 

$#  endtim    endcyc     dtmin    endeng    endmas       

     120.0         0       0.0       0.01.000000E8 

*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE_MORTAR 

$#     cid                                                                 title 

$#    ssid      msid     sstyp     mstyp    sboxid    mboxid       spr       mpr 

         1         4         3         3         0         0         1         1 

$#      fs        fd        dc        vc       vdc    penchk        bt        dt 

0.30000001       0.0       0.0       0.0       0.0         0       0.01.00000E20 

$#     sfs       sfm       sst       mst      sfst      sfmt       fsf       vsf 

       1.0       1.0       0.0       0.0       1.0       1.0       1.0       1.0 

$#    soft    sofscl    lcidab    maxpar     sbopt     depth     bsort    frcfrq 

         2       0.1         0     1.025       2.0         2         1         1 

*SECTION_SOLID_TITLE 

Cylinder 

$#   secid    elform       aet    

         2         1         0 

*MAT_BRITTLE_DAMAGE_TITLE 

Granite 

$#     mid        ro         e        pr    tlimit    slimit    ftough    sreten 

         2    2630.01.70000E100.15000001 13000000. 40000000.     200.0      0.01 

$#    visc    fra_rf      e_rf     ys_rf     eh_rf     fs_rf      sigy     

  717000.0       0.0       0.0       0.0       0.0       0.01.400000E8 

*MAT_ELASTIC 
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$#     mid        ro         e        pr        da        db  not used         

         5    7800.02.05000E110.30000001       0.0       0.0         0 

*MAT_RIGID 

$#     mid        ro         e        pr         n    couple         m     alias 

         3    7800.02.05000E110.30000001       0.0       0.0       0.0           

$#     cmo      con1      con2     

       0.0         0         0 

$#lco or a1        a2        a3        v1        v2        v3   

       0.0       0.0       0.0       0.0       0.0       0.0 

8.2 B  

A reduced keyword-file for the Brazilian disc simulations.  

*KEYWORD 

*TITLE 

$#                                                                         title 

LS-DYNA keyword deck by LS-PrePost 

*CONTROL_IMPLICIT_AUTO 

$#   iauto    iteopt    itewin     dtmin     dtmax     dtexp     kfail    kcycle 

         1        11         5       0.0       0.0       0.0         0         0 

*CONTROL_IMPLICIT_DYNAMICS 

$#   imass     gamma      beta    tdybir    tdydth    tdybur     irate      

         10.60000002      0.38       0.01.00000E281.00000E28         0 

*CONTROL_IMPLICIT_GENERAL 

$#  imflag       dt0    imform      nsbs       igs     cnstn      form    zero_v 

         1      0.01         2         1         2         0         0         0 

*CONTROL_IMPLICIT_SOLUTION 

$#  nsolvr    ilimit    maxref     dctol     ectol     rctol     lstol    abstol 

        12        11        15     0.001     0.0011.00000E100.899999981.0000E-10 

$#   dnorm    diverg     istif   nlprint    nlnorm   d3itctl     cpchk      

         2         1         1         0         2         0         0 

$#  arcctl    arcdir    arclen    arcmth    arcdmp    arcpsi    arcalf    arctim 

         0         0       0.0         1         2         0         0         0 

$#   lsmtd     lsdir      irad      srad      awgt      sred     

         5         2       0.0       0.0       0.0       0.0 

*CONTROL_TERMINATION 

$#  endtim    endcyc     dtmin    endeng    endmas       

      60.0         0       0.0       0.01.000000E8 

*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE_MORTAR_ID 

$#     cid                                                                 title 

         0specimen_moving_tool 

$#    ssid      msid     sstyp     mstyp    sboxid    mboxid       spr       mpr 

         1         5         3         3         0         0         1         1 

$#      fs        fd        dc        vc       vdc    penchk        bt        dt 

0.30000001       0.0       0.0       0.0       0.0         1       0.01.00000E20 

$#     sfs       sfm       sst       mst      sfst      sfmt       fsf       vsf 

       1.0       1.0       0.0       0.0       1.0       1.0       1.0       1.0 

$#    soft    sofscl    lcidab    maxpar     sbopt     depth     bsort    frcfrq 

         2       0.1         0     1.025       2.0         2         1         1 

*SECTION_SOLID_TITLE 

Cylinder 

$#   secid    elform       aet    

         2         1         0 
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*MAT_BRITTLE_DAMAGE_TITLE 

Diabase 

$#     mid        ro         e        pr    tlimit    slimit    ftough    sreten 

         2    3000.03.30000E10      0.21 23000000. 60000000.     200.0       0.1 

$#    visc    fra_rf      e_rf     ys_rf     eh_rf     fs_rf      sigy     

  717000.0       0.0       0.0       0.0       0.0       0.02.800000E8 

*MAT_RIGID 

$#     mid        ro         e        pr         n    couple         m     alias 

         3    7800.02.05000E110.30000001       0.0       0.0       0.0           

$#     cmo      con1      con2     

       0.0         0         0 

$#lco or a1        a2        a3        v1        v2        v3   

       0.0       0.0       0.0       0.0       0.0       0.0  

8.3 C  

A reduced keyword-file for the SHPB simulations.  

*KEYWORD 

*TITLE 

$#                                                                         title 

LS-DYNA keyword deck by LS-PrePost 

*CONTROL_ENERGY 

$#    hgen      rwen    slnten     rylen      

         2         2         1         1 

*CONTROL_TERMINATION 

$#  endtim    endcyc     dtmin    endeng    endmas       

    0.0015         0       0.0       0.01.000000E8 

*CONTROL_TIMESTEP 

$#  dtinit    tssfac      isdo    tslimt     dt2ms      lctm     erode     ms1st 

       0.00.89999998         0       0.0       0.0         0         0         0 

$#  dt2msf   dt2mslc     imscl    unused    unused     rmscl      

       0.0         0         0                           0.0 

*DATABASE_ELOUT 

$#      dt    binary      lcur     ioopt   option1   option2   option3   option4 

1.00000E-6         2         0         1         0         0         0         0 

*DATABASE_BINARY_D3PLOT 

$#      dt      lcdt      beam     npltc    psetid       

1.00000E-5         0         0         0         0 

$#   ioopt      

         0 

*DATABASE_EXTENT_BINARY 

$#   neiph     neips    maxint    strflg    sigflg    epsflg    rltflg    engflg 

         0         0         3         1         1         1         1         1 

$#  cmpflg    ieverp    beamip     dcomp      shge     stssz    n3thdt   ialemat 

         0         0         0         1         1         1         2         1 

$# nintsld   pkp_sen      sclp     hydro     msscl     therm    intout    nodout 

         0         0       1.0         0         0         0            

$#    dtdt    resplt       

         0         0 

*DATABASE_HISTORY_SOLID_SET 

$#     id1       id2       id3       id4       id5       id6       id7       id8 

         1         2         0         0         0         0         0         0 

*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE_ID 
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$#     cid                                                                 title 

         1striker_input 

$#    ssid      msid     sstyp     mstyp    sboxid    mboxid       spr       mpr 

         5         6         3         3         0         0         0         0 

$#      fs        fd        dc        vc       vdc    penchk        bt        dt 

       0.0       0.0       0.0       0.0       0.0         0       0.01.00000E20 

$#     sfs       sfm       sst       mst      sfst      sfmt       fsf       vsf 

       1.0       1.0       0.0       0.0       1.0       1.0       1.0       1.0 

*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE_ID 

$#     cid                                                                 title 

         3specimen_output 

$#    ssid      msid     sstyp     mstyp    sboxid    mboxid       spr       mpr 

         4         7         3         3         0         0         1         0 

$#      fs        fd        dc        vc       vdc    penchk        bt        dt 

0.30000001       0.0       0.0       0.0       0.0         0       0.01.00000E20 

$#     sfs       sfm       sst       mst      sfst      sfmt       fsf       vsf 

       1.0       1.0       0.0       0.0       1.0       1.0       1.0       1.0 

$#    soft    sofscl    lcidab    maxpar     sbopt     depth     bsort    frcfrq 

         2       0.1         0     1.025       2.0         2         1         1 

*MAT_BRITTLE_DAMAGE_TITLE 

Granite 

$#     mid        ro         e        pr    tlimit    slimit    ftough    sreten 

         2    2630.01.70000E10       0.2 12000000. 40000000.     200.0       0.1 

$#    visc    fra_rf      e_rf     ys_rf     eh_rf     fs_rf      sigy     

  717000.0       0.0       0.0       0.0       0.0       0.01.400000E8 

*MAT_ELASTIC_TITLE 

C45S 

$#     mid        ro         e        pr        da        db  not used         

         1    7800.02.05000E110.30000001       0.0       0.0         0 

*MAT_ADD_EROSION 

$#     mid      excl    mxpres     mneps    effeps    voleps    numfip       ncs 

         2       0.0       0.0       0.0       0.0       0.0       1.0       1.0 

$#  mnpres     sigp1     sigvm     mxeps     epssh     sigth   impulse    failtm 

       0.01.600000E8       0.0       0.0       0.0       0.0       0.0       0.0 

$#    idam    dmgtyp     lcsdg     ecrit    dmgexp     dcrit    fadexp    lcregd 

         0       0.0         0       0.0       1.0       0.0       1.0         0 

$#   lcfld             epsthin    engcrt    radcrt       

         0         0       0.0       0.0       0.0 

*INITIAL_VELOCITY 

$#    nsid    nsidex     boxid    irigid      icid     

         1         0         0         0         0 

$#      vx        vy        vz       vxr       vyr       vzr    

       0.0       0.0    -10.71       0.0       0.0       0.0  

 

 

 


