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Abstract 

The mechanical properties of Bohus granite subjected to contact loading is 

investigated based on experimental and numerical results. An elasto-plastic 

constitutive material model combined with a damage description is employed. 

The material model parameters are determined based on experimental results. Any 

kind of inelastic deformation except the tensile failure is described by a linear 

Drucker-Prager (DP) plasticity model with variable dilation angle. As for the 

damage description, an anisotropic damage model (DFH model) is considered to 

account for the tensile failure (i.e. mode I fracture). The resulting constitutive 

model is implemented numerically to simulate the mechanical behavior of the 

material under indentation loading up to its load capacity.  

In paper A, the DP material model parameters are calibrated based on quasi-

oedometric tests performed in an earlier work. It is described how the yield 

surface and dilation angle are determined from this test. The calibrated material 

model is implemented numerically in a commercial finite element software. The 

numerical model is validated based on quasi-static spherical indentation tests 

performed in this work. The force-penetration (P-h) response of the material is 

recorded during the indentation tests. Moreover, a high speed camera is utilized to 

observe the specimen surface around the contact area during the indentation test. 

It is detected that the observed load-drops in the P-h response correspond to 

material removals on the specimen surface. The tested specimens are also scanned 

by X-ray tomography to investigate the fracture pattern.   

In paper B, the anisotropic DFH damage model is employed in order to predict the 

fracture pattern observed in the indentation test. The chosen damage model 

considers the heterogeneity in the material tensile strength. It is described how the 

statistical distribution of the tensile strength is calibrated. The calibrated DFH 

model is combined with the DP model and the resulting DP-DFH model is 

utilized to simulate the P-h response and the fragmentation process of Bohus 

granite subjected to quasi-static contact loading.  

  



 
 

Sammanfattning  

Det mekaniska beteendet hos Bohusgranit har undersökts med experimentella och 

numeriska resultat som grund. Av speciellt intresse är att undersöka beteendet vid 

kontaktbelastning. De ingående materialparametrarna är helt bestämda av 

experimentella resultat. Den föreslagna materialmodellen består av en 

elastoplastisk del, en linjär Drucker-Prager modell (DP) med varierande 

dilationsvinkel, och en anisotrop skademodell (DFH). Den resulterande 

konstitutiva modellen används sedan för att simulera, m.h.a. finit elementmetodik 

(FEM), det mekaniska beteendet vid kontaktbelastning till dess att omfattande 

fragmentering sker under intryckaren.  

I artikel A bestäms materialparametrarna i DP-modellen m.h.a. av experimentella 

resultat från tidigare arbeten. Modellen implementeras sedan i ett kommersiellt 

FEM-program och valideras med hjälp av intryckningsexperiment med en sfärisk 

påtryckare. Relationen mellan kontaklast och intryckningsdjup bestäms vid 

experimenten och en höghastighetskamera används för att undersöka vad som 

händer på ytan runt omkring kontakten Det noteras då att mindre lastnedgångar 

sker under experimentet och dessa förklaras med sprickbildning nära 

kontaktranden. Röntgentomografi används för att undersöka sprickmönstret.   

I artikel B används den anisotropa skademodellen (DFH) för att förutsäga 

sprickmönstret vid intryckningsförsöken. I skademodellen antas att materialets 

dragbrottspänning är heterogen och dess statistiska variation kalibreras utgående 

från experimentella resultat. DFH-modellen och DP-modellen kombineras för att 

simulera det mekaniska beteendet vid kontaktbelastning.    
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Introduction 

Percussive drilling is widely used as a method of rock drilling in many industries. 

Figure 1 shows a typical drill bit used in percussive drilling. The drill bit includes 

several buttons which facilitate the drilling (indentation) process. Aa a result, the 

indented rock is fragmented and can be flushed out. In order to acquire a more 

efficient drilling process in the future, a good understanding of rock fragmentation 

induced by a drill bit button (indenter) is of interest.  

 

Figure 1. A typical drill bit with nine buttons. 

The fragmentation process in quasi-brittle materials due to quasi-static or dynamic 

loading has been studied in the literature (Price and Farmer 1979; Cook et al. 

1984; Vermeer and De Borst 1984; Detournay 1986; Pang and Goldsmith 1990; 

Liu et al. 2002; Zhao and Cai 2010; Wang et al. 2011; Saksala 2011; Saadati et al. 

2014, 2016, 2018; Tkalich et al. 2016; Weddfelt et al. 2017; Shariati et al. 2019; 

Olsson et al. 2019). In a study (Cook et al. 1984), rock samples were quasi-

statically loaded by several circular flat-bottomed indenters with different sizes. 

The force-penetration response was recorded in order to describe the 

fragmentation process. The formation of a crater, a crushed zone and a region 

with multiple cracks were described. In another study (Liu et al. 2002), a rock-tool 

interaction numerical model was developed. The model was used to simulate rock 

fragmentation process induced by single or double indenters. It was found that the 

indentation results are affected by the confining pressure. In a study by Saksala 

(Saksala 2010), rock behavior under low-velocity impact was simulated by 

assuming a damage-viscoplastic cap constitutive model. An isotropic damage 
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model in tension and a viscoplastic model and cap in compression were 

combined. The interaction between drill bits and rock under axisymmetric 

conditions was numerically investigated in (Saksala 2011).  

The Bohus granite fragmentation due to indentation loading is investigated in the 

literature. In a study (Saadati et al. 2014), the fragmentation response at 

percussive drilling was investigated. A pressure dependent plasticity (KST) model 

(Krieg 1978; Swenson and Taylor 1983) was combined with an anisotropic 

damage (DFH) model (Denoual and Hild 2000; Forquin and Hild 2010) to 

simulate the material fracture pattern. The constitutive material parameters were 

determined based on experimental data such as direct tension and three-point 

bending test results provided in (Saadati et al. 2018). Weibull statistics (Weibull 

1939, 1951) was used in order to describe the tensile strength distribution. The 

Weibull size effect was determined and the tensile strength given by three-point 

bending tests was scaled using the effective volume concept (Davies 1973). 

Furthermore, the rate effect on the tensile strength of Bohus granite was 

investigated in the mentioned study (Saadati et al. 2014) and it was shown that the 

tensile strength is higher in the case of dynamic loading as compared to the static 

loading case. However, considering the small effective volume during indentation 

testing (Weddfelt et al. 2017) and the range of strain rates in percussive drilling 

(Saadati et al. 2016), the rate effect should be of less importance compared to the 

size effect (Weddfelt et al. 2017).   

Here in this work, a constitutive model for Bohus granite under indentation 

loading condition is determined based on experimental and numerical results. This 

study is in line with the previous work done by Saadati et al. (Saadati et al. 2014, 

2018). However, it is attempted to adjust the material model employed in (Saadati 

et al. 2014, 2018) to better fit the indentation experimental observations. In doing 

so, first the plasticity model was developed by considering the dilatancy effect. 

Dilatancy is the volume change which occurs when the material is subjected to 

shear strains. Then the Weibull parameters in the DFH damage model were 

recalibrated. As it is discussed previously, the Weibull size effect was taken by 

Saadati et al. (Saadati et al. 2014) and the tensile strength determined from three-

point bending tests was scaled using the effective volume concept. But the 
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effective volume in the indentation test is much smaller than the three-point 

bending test (Weddfelt et al. 2017). Therefore, the statistical behavior in 

indentation tests may be different from the three-point bending test and a closer 

condition with respect to the indentation test may be considered. In the current 

study, it is suggested to make use of the indentation test results by themselves to 

calibrate the statistical behavior of the material.  

Experiments 

The employed constitutive model in this work is calibrated based on experiments 

including direct tension, compression and quasi-oedometric compression tests 

performed earlier in (Saadati et al. 2018) as well as quasi-static indentation tests 

done as a part of this study. A brief description of each experiment is summarized 

below. 

Uniaxial tensile and compressive test results were used to determine the elastic 

modulus and Poisson’s ratio of the selected rock material. The rock specimen was 

loaded by two socket joints in the tension test. As for the compression test, the 

material is compressed using two platens. Strain gauges as well as linear variable 

displacement transducers (LVDTs) were utilized to provide nominal and local 

strains.  

 

Figure 2. Quasi-oedometric compression test setup (Saadati et al. 2018). 
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The yield surface of the employed linear Drucker-Prager (DP) plasticity model 

(Drucker and Prager 1952) was determined based on quasi-oedometric 

compression test, see Figure 2. A cylindrical specimen was enclosed within a steel 

confinement cell and it was axially loaded. The stress-strain relation, the 

deviatoric and volumetric response can be determined from this test (Forquin et 

al. 2008, 2010). The test results were also used to obtain the dilation angle for 

hydrostatic pressure levels up to 750 MPa.  

The calibrated plasticity model was then validated based on quasi-static spherical 

indentation tests. Rock blocks were loaded by a tungsten carbide spherical 

indenter. Two LVDTs were used in order to record the penetration depth during 

the tests. The experiments were conducted in displacement control mode at a 

velocity of 5 μm/s to exclude any dynamic effects due to loading rate. The force-

penetration (P-h) response of the material were recorded. Figure 3 shows the 

schematic view of an indentation test. The indenter elastic modulus is almost 10 

times larger than the rock material and it was considered as a rigid indenter in 

numerical modeling.  

 

Figure 3. Schematic of the spherical indentation test. 𝑃 is the contact force and ℎ 

is the penetration depth.  

Furthermore, a high speed camera, as it can be seen in Figure 4, was used in order 

to investigate the reason behind the detected load-drops in the P-h response of 

Bohus granite during the indentation test. Images were taken from the specimen 

surface before and after each load-drop. Finally, the tested specimens were 

scanned by X-ray tomography in order to detect any sub-surface cracks in the 

material.  
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Figure 4. The high speed camera used during the indentation test. 

Constitutive Description 

In this section, a brief discussion of the employed constitutive model for Bohus 

granite subjected to quasi-static indentation is presented. A linear Drucker-Prager 

(DP) law with variable dilation angle was employed to describe the behavior of 

granite due to compressive loading. As for tensile loading, a damage (DFH) 

model was considered to account for tensile failure in the constitutive description. 

The constitutive model is described as below.  

Under compressive loading, granite (rock) has a pressure-dependent yield 

behavior. This means that the rock material yields at higher stresses as the 

pressure increases. Therefore, a DP model was employed to predict the material 

behavior during an indentation test. The material model includes inelastic dilation 

which is the volume change due to shear strains. The Drucker-Prager criterion is 

 𝐹 = 𝑞 − 𝑝 tan 𝛽 − 𝑑 = 0  (1) 

where 𝐹 is the yield function, 𝑑 the cohesion, 𝛽 the friction angle and 𝑞 von 

Mises equivalent stress. The flow potential 𝐺 is  

 𝐺 = 𝑞 − 𝑝 tan Ψ  (2) 
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where 𝛹 is the dilation angle which was considered as a pressure-dependent 

variable in constitutive modeling.  

Rock fragmentation due to tensile failure was predicted by the chosen anisotropic 

damage model proposed by Denoual, Forquin and Hild (DFH model). Under low 

loading rate, the fragmentation is caused by the initiation and growth of a single 

crack created from the activation of the weakest defect in the material. Defects 

with different sizes and orientations are randomly distributed within the material 

and consequently the tensile failure stress is a random variable. Therefore, a 

probabilistic approach should be considered in order to account for the material 

tensile behavior. The Weibull model and weakest link theory are considered for 

this purpose (Weibull 1939, 1951; Forquin and Hild 2010). Using a Poisson point-

process framework, the weakest link assumption and Weibull model, the failure 

probability is defined as  

 𝑃𝐹 = 1 − exp[−𝑍𝑒𝑓𝑓𝜆𝑡(𝜎𝐹)]  (3) 

where 𝑍𝑒𝑓𝑓 is the effective volume and 𝜆𝑡 is the initiation density 

 𝜆𝑡(𝜎𝐹) = 𝜆0 (
𝜎𝐹

𝑆0
)

𝑚

  (4) 

where 𝑚 is the Weibull modulus, 𝑆0
𝑚/𝜆0 the Weibull scale parameter, and 𝜎𝐹  the 

maximum tensile stress in the whole domain. However, if the loading rate is high, 

multiple defects are activated, which leads to initiation and propagation of several 

cracks and multiple fragmentation. As a result of crack propagation, an obscured 

zone centered about each crack is created in which stresses relax. On the other 

hand, the stress increases in the non-obscured zone and new cracks open due to 

critical defects activation. When the whole domain gets obscured by the opened 

cracks, the multiple fragmentation process stops. The already opened cracks 

interaction with the critical defects is given by the probability of non-obscuration 

concept (Denoual and Hild 2000). The probability of non-obscuration of point 𝑀 

at time 𝑇 in a domain Ω is defined as (Forquin and Hild 2010) 
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 𝑃𝑛𝑜(𝑀, 𝑇) = exp (− ∬
𝜕𝜆𝑡(𝑥, 𝑡)

𝜕𝑡
𝑑𝑉𝑑𝑡

(𝑥,𝑡)∈[ℎ𝑜𝑟𝑖𝑧𝑜𝑛 𝑜𝑓 (𝑀,𝑇)]

)   (5) 

where the horizon is  

 ℎ𝑜𝑟𝑖𝑧𝑜𝑛 𝑜𝑓 (𝑀, 𝑇) = {𝑥, 𝑡} ∈ [𝑍0(𝑇 − 𝑡) = 𝑆(𝑘𝐶(𝑇 − 𝑡))
3

∩ Ω]   (6) 

here 𝑍0 is the obscured zone, 𝑆 a shape parameter (equal to 4𝜋/3 when the 

obscuration volume is similar to a sphere), 𝑇 the current time and 𝑡 the crack 

initiation time, 𝑘 a constant parameter (equal to 0.38), and 𝐶 the 1D wave speed. 

The probability of obscuration 𝑃𝑜 = 1 − 𝑃𝑛𝑜 ≡ 𝑃𝐹 corresponds to the failure 

probability and it is considered as a damage variable in DFH model.   

Numerical Modeling 

The quasi-static indentation test is numerically simulated in order to validate the 

employed material constitutive model. Abaqus explicit software (Abaqus 2014) is 

used for this purpose. The indenter is modeled as a rigid body since its elastic 

modulus is almost 10 times larger than that of the rock material. The load is 

applied as a normal displacement on the indenter. The model is discretized into 

finite elements (mesh). The mesh is more detailed within the indentation zone to 

better capture the stress/strain field gradients, see Figure 5.   

 

Figure 5. Finite element mesh with a) the geometry of the rock specimen and the 

rigid indenter, b) 3D view. 
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In the first paper, the Abaqus built-in Drucker-Prager model was utilized. The 

elastic properties as well as the material friction angle are defined in the relevant 

section in Abaqus. As for the dilation angle, it is a pressure-dependent variable 

and it was implemented using the VUSDFLD user subroutine provided by Abaqus 

software.  

In the second paper, the DP material model was implemented via a VUMAT 

subroutine code in Abaqus and then it was added to the existing DFH code. The 

resulting DP-DFH code is used to predict the force-penetration response as well as 

the fracture pattern in the material during the indentation test.       

Results 

In this study, it is attempted to predict the material response to the quasi-static 

indentation test. In doing so, the DP-DFH material model, introduced earlier in 

this text, was employed and calibrated based on experimental data. Then the 

model was numerically implemented in a commercial finite element software. 

Finally the numerical model was utilized to simulate the indentation test.  

 

Figure 6. Numerically predicted force-penetration response using different 

material models as well as the experimentally determined response. 
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The force-penetration response from the indentation test (Experiment 1) and the 

numerical simulation results are plotted in Figure 6. As it can be seen from this 

figure, the results from DP and DP-DFH models are in a good agreement with the 

experimental results. When comparing with the corresponding KST results it can 

be concluded that the DP model introduces effects from compressible plasticity, 

which agree with the mechanics of the problem.  

The simulated damage pattern using the DP-DFH model is shown in Figure 7. As 

it can be seen from this figure, the damage region is confined to the surface. There 

are also some radial cracks extending over a short distance into the material from 

the surface, see Figure 7b. It should be mentioned that the fracture pattern is in a 

good agreement with tomographic observations.    

 

(a) 

 

(b) 

Figure 7. a) The fracture pattern predicted by the numerical simulation. b) only 

the damaged elements are shown. 
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Concluding Remarks and Summary of Progress 

In this study, the knowledge about the inelastic behaviour and the fracture 

response of Bohus granite under indentation loading up to its load capacity is built 

based on experimental and numerical investigation. Several quasi-static 

indentation tests were performed, and the force-penetration response was 

recorded. The fracture pattern was observed using high speed imaging and X-ray 

tomography method. The material behaviour is modelled by an elasto-plastic 

constitutive description with a linear Drucker-Prager (DP) yield criterion coupled 

with an anisotropic damage description (DFH). The DP model accounts for any 

inelastic deformation in compression. As for tension, the chosen damage model 

can predict the tensile failure. The dilation angle is one of the critical material 

properties to be considered and it was experimentally determined as a function of 

the hydrostatic pressure. The resulting DP-DFH model predicted the force-

penetration response as well as the damage pattern in the rock material loaded by 

a spherical indenter. It is suggested by the authors that the indentation test results 

may be used to calibrate the tensile strength distribution at small effective scales 

such as indentation applications.  

Future Work 

Further investigation is required to predict the observed large load-drop in the 

force-penetration response of the material. Moreover, additional validations of the 

calibrated model via in situ tests may be of interest. The dynamic effect is also to 

be considered and a true drilling situation should be analyzed. 
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Summary of Appended Papers 

Paper A: On the Inelastic Mechanical Behavior of Granite: Study Based on 

Quasi-oedometric and Indentation Tests 

In this paper, the inelastic behavior of Bohus granite is investigated. A linear 

Drucker-Prager law is employed with a variable dilation angle to numerically 

model this behavior. The yield surface and the dilation angle are obtained form 

quasi-oedometric test performed in another work. The model is validated by 

simulation of the quasi-static spherical indentation test conducted in this work. In 

particular, the force-penetration response of the material during the indentation 

test is successfully predicted. Furthermore, some load-drops are observed in the 

force-penetration response. It is shown that these load-drops correspond to 

fragmentation on the specimen surface. Last, no substantial sub-surface cracking 

was detected based on tomographic observations.     

Paper B: A damage model for granite subjected to quasi-static contact loading 

In this paper, an anisotropic damage model is coupled to the previously employed 

plasticity model. The damage model accounts for tensile failure. The 

heterogeneity in the material tensile strength is implemented in this model using 

Weibull statistics. It is described how the indentation test results may be used to 

calibrate the tensile strength distribution. It is also shown that the resulting model 

can predict the damage pattern observed in the indentation test.    

 

 


