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Abstract 

It is proposed a study for a preliminary investigation aimed to the experimental and 

numerical characterization of the force that involves the realization of rock perforations by 

means of an innovative micro-driller device.  

Numerical simulations are essential to study the Dual Reciprocating Drilling (DRD) 

system, which is an innovative, bioinspired system of perforation developed in the 

aerospace field. The extension of the application of the DRD in rock perforations requires 

the redesign of the system in order to satisfy different specifications. One of the main design 

variables is the geometry of the penetrator: for its optimization, experimental tests and 

numerical simulations are necessary.  

The first step to develop a design campaign is the implementation of a modelling 

environment able to simulate the mechanical behaviour of the rock: a reference material 

need to be chosen. The reference material selected is Berea Sandstone, which is commonly 

used in the field of study. However, a similar but more available material has been chosen 

for the experimental tests: the Pietra Serena. Berea Sandstone and Pietra Serena have got 

analogous mechanical properties so it is possible to apply several parameters of the first 

one in the numerical analyses and use the second one for the experimental tests (necessary 

to validate the method). The failure criteria used to model the behaviour of the rock are the 

Mohr-Coulomb and the Drucker-Prager criterion, which give a reliable and efficient 

representation of the rock behaviour under the investigated state of stress; moreover, they 

are available on the software Abaqus.  

An experimental campaign with Pietra Serena has been performed for the calibration and 

the validation of the numerical models of perforations: the tests, object of the experiments, 

are the triaxial compression test and the punch penetration test. The triaxial test is used to 

validate the material model used at different confinement conditions, while the punch 

penetration test is used to validate the perforation numerical models used in this study.  

The numerical models have been implemented to estimate the perforation force in quasi-

static conditions, at different penetration depths, at different directions of perforation and 

with different geometries of the penetrator. Two different modelling techniques have been 

applied for the numerical models: the first uses a 3d model and a conversion to SPH 

particles to better simulate the perforation, while the second considers an axysimmetric 

model and an Eulerian-Lagrangian adaptive (ALE) mesh algorithm to prevent excessive 

deformation during the perforation.  

The results obtained show a perforation force that is too high for the dimensions and for 

any material selectable for the penetrator, therefore a study on the percussive drilling 

technique has been also carried out. The percussion breaks the rock creating a mass of small 

fragments of rock that is called chip.  

Numerical models have been implemented to simulate the penetration force after the 

percussion process. The first step of these analyses is the definition of the properties of the 
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chip material, which are different from the ones of the untouched rock. The criterion used 

to model the behaviour of the chip is the Mohr-Coulomb. The data necessary for the 

definition of this material have been taken from experimental tests found in literature. All 

the analyses regarding the percussive drilling use an axysimmetric configuration and an 

Eulerian-Lagrangian adaptive (ALE) mesh algorithm to prevent excessive distortion. 

Afterwards different geometries and properties of the chip have been considered to study 

their influence on the model, as well as the influence of the geometry of the penetrator.  

The results of the study on the percussive drilling highlight a reduction of one order of 

magnitude of the force needed for the perforation, with respect to the quasi-static 

perforation. 

 

Keywords: sandstone, FE method, quasi-static penetration, percussive penetration.  
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Sommario 

Viene presentato uno studio sperimentale e numerico sulla valutazione della forza 

necessaria per la realizzazione di perforazioni su roccia nellôambito dellôindustria oil and 

gas. Le simulazioni numeriche sono necessarie per studiare il Dual Reciprocating Drilling 

(DRD) system, il quale è un sistema innovativo bio-ispirato allôovopositore dellôinsetto 

Megarhyssa, gi¨ sviluppato in ambito aerospaziale. Lôestensione in ambito oil and gas 

necessita la riprogettazione del sistema DRD per soddisfare diverse specifiche. Una di 

queste variabili di progettazione è la geometria della punta e per la sua ottimizzazione test 

sperimentali e simulazioni numeriche possono essere utilizzate. Il primo passo per la 

progettazione del sistema DRD ¯ lôimplementazione di un modello numerico in grado di 

simulare il comportamento meccanico della roccia, scegliendo come materiale di 

riferimento Berea Sandstone, che è il tipico materiale utilizzato in questo ambito. Per le 

prove sperimentali è stata utilizzata Pietra Serena, poiché Berea Sandstone non è facilmente 

reperibile in Italia. I due materiali hanno proprietà meccaniche simili e sono considerati 

entrambi in questo studio. Il criterio di rottura usato per modellare il comportamento della 

roccia è il criterio di Mohr-Coulomb, esso rappresenta in maniera veritiera ed efficiente il 

comportamento della roccia sottoposta allo stato di stress preso in esame, ed è oltretutto 

presente nel software Abaqus. Una campagna sperimentale, che utilizza Pietra Serena, è 

stata effettuata per la calibrazione e validazione dei modelli numerici di penetrazione: i test 

effettuati sono test di compressione triassiale e di penetrazione confinata. I test triassiali 

sono stati usati per calibrare il modello di materiale quando esso è sottoposto a diversi 

livelli di confinamento, mentre i test di penetrazione confinata sono stai usati per validare 

i modelli numerici di penetrazione usati in questo studio. I modelli numerici sono stati 

implementati per valutare la forza di penetrazione per diverse condizioni di esercizio, quali: 

la profondità di penetrazione, la direzione di penetrazione e la geometria del penetratore. 

Due differenti tecniche di modellazione sono state considerate per i modelli numerici: la 

prima considera lôuso di modelli 3d con la conversione in particelle SPH per ottenere dei 

risultati delle simulazioni più precisi, mentre la seconda considera modelli assialsimmetrici 

e un Eulerian-Langrangian (ALE) mesh algorithm per prevenire unôeccessiva 

deformazione degli elementi del moedllo durante la perforazione. Per ottenere una 

riduzione della forza di perforazione, la quale è troppo elevata considerando le dimensioni 

del penetratore e il suo possibile materiale, uno studio sulla perforazione con percussione 

è stato effettuato. La percussione rompe la roccia creando un insieme di piccoli frammenti 

di roccia, questo nuovo materiale viene chiamato chip. Dei modelli numerici sono stati 

implementati per valutare la forza necessaria per la perforazione una volta che è stata 

effettuata la percussione. Il primo step per lôimplementazione di queste analisi ¯ la 

definizione delle proprietà del chip, le quali sono differenti da quelle della roccia intatta. Il 

criterio usato per modellare il comportamento del chip è il Mohr-Coulomb. I dati necessari 

per per definer il chip sono stati ricavati da test sperimentali trovati in letteratura. Tutte le 
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nalisi riguardanti la perforazione con percussione sono state eseguite con modelli 

assialsimmetrici e con un Eulerian-Lagrangian adaptive (ALE) mesh algorithm per 

prevenire unôeccessiva deformazione degli elementi del modello. Dopo di che, differenti 

geometrie e proprietà del chip sono state considerate per valutare la loro influenza sul 

processo di perforazione. Inoltre anche lôinfluenza della geometria del penetratore ¯ stata 

valutata. I risultati dello studio sulla perforazione con percussione evidenziano una 

diminuzione della forza di perforazione di un ordine di grandezza. 

 

Parole chiave: arenaria, metodo degli elementi finiti, penetrazione quasi-statica, 

penetrazione con percussione. 
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Introduction  

It is proposed a study for the experimental and numerical simulations of penetration on 

sandstone aimed at the design of a microdrilling tool used for perforations in the oil and 

gas field. Two strategies of penetration have been studied: 

¶ Quasi-static penetration 

¶ Percussive penetration  

In this study it has not been considered the entire percussive process, but more specifically 

the compaction of the fragmented material obtained through the application of an impulsive 

force. 

The first phase of the study considered is the choice of a reference material on which base 

the research. This decision must take into account several factors. First of all, the material 

selected should be representative of the materials that will be encountered in the future 

applications of the DRD (Dual Reciprocating Drilling). Secondly, availability and cost of 

the material are important aspects to take into consideration when performing the 

experimental tests. Thirdly, it must be commonly used in the field of interest so that data 

and previously obtained results can be found in literature. Berea Sandstone satisfies the 

first and the third requirements, but it is not easily available, so Pietra Serena, which has 

similar properties to Berea Sandstone but is more easily available, has been selected as the 

reference material for the experimental tests. This evaluation is discussed in Chapter 1: 

ñIntroduction to Rock Perforationsò 

To obtain a good simulation of the two penetration strategies the mechanical behaviour of 

rocks and the possible methods, already developed, for numerical simulations in rock 

mechanics need to be studied. This phase is fundamental for taking the best design 

decisions based on the results previously achieved and found in literature. The numerical 

method, considered in this study, is the finite element method with the software Abaqus. 

Therefore, a review of the methods and the material models available on the software 

Abaqus for modelling of the mechanical behaviour of rocks is presented. These tasks are 

described in Chapter 2: ñNumerical Model Implementationò for the quasi-static 

penetration, while for the percussive penetration are described in Chapter 6: ñPercussive 

Drillingò. 

The second phase is focused on the determination of the mechanical properties of the 

material of interest and on the calibration and validation of the numerical models. This 

phase is described in Chapter 3: ñExperimental Testsò. 

The final phase of the study has as its object the implementation of the numerical models 

of the penetration processes. Two types of investigation have been made: the first, carried 

out on both the quasi-static and percussive penetration, is the sensitivity analysis that 

considers the influence of some design parameters, such as the penetration depth at which 

the process is performed, the geometry of the penetrator and the properties of the rock. The 

second type of analysis, performed only for the quasi-static penetration, considers the 
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influence of different modelling strategies, more specifically the difference between 3d and 

axysimmetric models. The third phase is described in Chapter 4: ñ3d Numerical Simulation 

of Penetrationò, Chapter 5: ñAxysimmetric Simulation of Penetrationò and Chapter 7: 

ñSimulations of Chip Penetrationò. 

A briefly description of each chapter is now presented. 

Chapter 1: ñIntroduction to Rock Perforationsò presents the main aspects of rock 

perforations in the oil and gas field and it is divided in three sections. In the first section, 

there is a general overview of reservoir rocks that justifies the choice of Berea Sandstone 

as reference material. In the second section, the state of the art of wellbore construction is 

presented. In the third section, the DRD system is described. The role of this introductory 

chapter is to introduce the reader to the field of this study, providing explanations of the 

more important topics, some of them not strictly related to the subject of this study but 

useful to its understanding. 

Chapter 2: ñNumerical Model Implementationò describes the general modelling choices 

that have been made to create the numerical models. The first section explains the failure 

criteria used to model the plastic behaviour of the material: this criterion is the Mohr-

Coulomb plasticity model. A theoretical overview and the implementation in the software 

Abaqus are reported. The second section presents the conditions of application of the loads; 

more specifically the load is applied in displacement control, so it is very important to 

define the correct friction coefficient between the rock and the penetrator. The last sections 

describe two methods used to better represents the behaviour of rock during the penetration 

and to avoid excessive deformation of the mesh: the Smoothed Particle Hydrodynamics 

(SPH) method and the Lagrangian-Eulerian Adaptive Meshing (ALE). 

Chapter 3: ñExperimental Testsò describes the experimental tests performed on Pietra 

Serena. The triaxial test is performed to calibrate the numerical models and in particular to 

define the equation of state of the rock. In this chapter, the Drucker-Prager criterion has 

been introduced and calibrated to allow the use of the equation of state for the material, an 

option not available with the Mohr-Coulomb criterion in Abaqus. In addition a punch 

penetration test is used to simulate the behaviour of the rock in confinement condition and 

to evaluate the accuracy of the numerical models. 

Chapter 4: ñ3d Numerical Simulations of Penetrationò presents the validation of the 3d 

models of penetration and the results of the sensitivity analyses. In carrying out these 

analyses different aspects have been considered, like the penetration depth, the direction of 

penetration, the type of rock and the geometry of the penetrator. In the last section the 

results of some analyses, that consider a MRD (multiple reciprocating drilling), are 

presented. 

Chapter 5: ñAxysimmetric Simulations of Penetrationò describes the validation of the 

axysimmetric models of penetration and the results of the sensitivity analyses. The attention 

is focused on the influence of the penetration depth and of the dimensions of the rock has 

been studied. 
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Chapter 6: ñPercussive Drillingò described the second strategy of penetration considered: 

the percussion drilling. The first sections present the state of the art of the rock cutting 

process and of the percussive drilling process; for both of them the real process and its 

simulations with numerical models are presented. In the last two sections, the chip 

mechanical properties and their implementation on the numerical models are described: the 

chip is a material constituted by fragments of rock, that have been created by the percussive 

process. 

Chapter 7: ñSimulations of Chip Perforationsò describes the implementation of the 

sensitivity analyses that consider the chip. The attention is focused in particular on the 

definition of the interaction between the rock and the chip. Then the results of the sensitivity 

analyses, that consider the geometry of the penetrator, the thickness and the mechanical 

properties of the chip, are presented. 
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 Introduction t o Rock Perforations 

1.1 Introduction  

This study has been performed to realize a numerical model for the simulation of rock 

perforations, the purpose of which is the development of an innovative micro-drilling 

system for the construction of exploratory wells in oil and gas field. This innovative micro-

drilling system is based on the Multiple Reciprocating Drilling (MRD) system, that has 

been developed in the aerospace sector. It is important to have a good knowledge of the 

material, and its mechanical behaviour, in which the drilling system will operate to take the 

right decision during the design of the penetrator. 

First of all, the representative material should be selected, considering the usual rocks types 

present in petroleum reservoir and their state of aggregation, briefly described in the first 

section, pointing the attention on the mechanical behaviour and the condition (state of 

stress) at which they are found in the field. The Berea Sandstone is the rock that is 

commonly found in the oil and gas field, so it has been selected as the reference material 

of this study. 

In the second section, the state of the art of the perforations for the construction of oil 

wellbores is quickly presented. The attention is focused on the layout of the system and on 

the methods used to perform the main necessary operations. 

In the third section, the DRD system is described, as developed in the aerospace field. The 

focus is given to the description of the biological system of inspiration and the main 

advantages of the DRD. Afterwards, two different examples of applications are presented. 

1.2 Reservoir Rocks 

As explained in [1] a petroleum reservoir is composed by two essential elements: the 

reservoir rock, that is a porous and permeable rock which contains the hydrocarbons, and 

the trap, that is composed of a particular rocks distribution which prevents the ascension of 

the hydrocarbons and holds them in the reservoir. 

Traps are usually classified in three categories: 

¶ structural traps 

¶ stratigraphic traps 

¶ hydrodynamic traps 

As written in [2], a structural trap is characterized by the fact that the change of the structure 

of the subsurface creates an obstacle to the oil flow. Three main types of structural traps 

exist: anticline, fault and salt dome traps. 

As explained in [3], in a stratigraphic trap the variations of the rock strata, such as changes 

in porosity and permeability, play an important role to the trapping of the hydrocarbons. 
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The hydrodynamic trap mechanism is clearly explained in [4] and it is described as a rare 

exception in which high water saturation of low-permeability sediments reduces 

hydrocarbon permeability to near zero, resulting in a water block and an accumulation of 

petroleum down the structural dip of a sedimentary bed below the water in the sedimentary 

formation. 

An example of petroleum reservoir (schematic representation) is shown in Figure 1.1: the 

hydrocarbons, lighter than other fluid present in the reservoir, are contained between salt 

water and free gas; their movement is inhibited by an impermeable rock, called cap rock. 

 

 
Figure 1.1: Schematic Representation of a Petroleum Reservoir 

 

The basic properties of reservoir rocks are the porosity and the permeability. The porosity 

is a static measure of the capability of storing the hydrocarbons while the permeability is a 

dynamic property that measures the capability of releasing fluids. 

As written in [5], the porosity of a rock ὲ is defined as the rage between the portion of void 

space and the total space in the rock as defined by Eq. ( 1.1 ) 

 

 ὲ
ὺ

ὺ
 

( 1.1 ) 

 

where ὺ is the volume of the pores in the total volume ὺ. 

As shown in Figure 1.2, the porosity of reservoir rocks decreases with depth as a result of 

the lithostatic pressure. 
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Figure 1.2: Porosity of Reservoir Rocks at Different Depths [6] 

 

Permeability is the property of rocks that indicates the ability of the fluids to flow through 

rocks. It provides information about the degree of interconnection between the pore and the 

fissures. According to [5] most of the rocks obey the Darcyôs law defined by Eq. ( 1.2 ) 

 

 
ή

ὑ

‘
Ͻ
Ὠὴ

Ὠὼ
Ͻὃ 

( 1.2 ) 

 

where ὴ is the fluid pressure, ‘ is the viscosity of the permeant, A is the cross-sectional 

area normal to ὼ, ή is the flow rate in the ὼ direction and ὑ is the permeability. 

As explained in [1] the main types of reservoir rocks are: 

¶ clastic rocks 

¶ carbonate rocks 

¶ fractured rocks 

The main accumulations of hydrocarbons are in clastic rocks. They are sedimentary rocks 

mainly composed by broken pieces or clasts. The nature of their composing elements is 

mostly silica, but deposit of carbonate or gypsum can also be found. Clastic rocks are 

classified, according to grain size, in conglomerates, sandstones and mudrocks. In this 

study, the attention is focused on sandstone, which is a medium-grained clastic sedimentary 

rock with sand size between 0.06 and 2 mm and it can also include finer and coarser 

material.  

As defined in [7], a carbonate rock is composed by sediments of calcite or dolomite. Typical 

carbonate rock are dolomite and limestone. 

The petroleum industry considers Berea Sandstone as the reference material to characterize 

the oil production because it has uniform material properties. Therefore, it is possible to 

find many data and results of experimental tests in literature, and the selection of Berea 

Sandstone as reference material for this study may be considered a good choice for the 
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investigation of mechanical behaviour of reservoir rocks. The composition of Berea 

Sandstone is reported in Table 1.1. 

 

Component Quantity [%]  

Quartz 75 

Clay 10 

Calcite 5 

Feldspar 10 

 

Table 1.1: Composition of Berea Sandstone [8] 

 

Two types of stress act on reservoir rocks: the lithostatic pressure and the pore pressure. 

The lithostatic pressure is the stress resulting from the total weight of overlying formation. 

The lithostatic pressure ὖ at a certain depth Ὠ can be estimated considering the weight of a 

vertical column of rock with a constant density ” as defined in Eq. ( 1.3 ) 

 ὖ ”ϽὨϽὫ 
( 1.3 ) 

where Ὣ is the acceleration of gravity. 

Considering an average density of 2300 kg/m3 the lithostatic pressure gradient is equal to 

0.023 MPa/m. 

The pores of the rock are filled with fluid that generates an internal pressure in the rock, as 

written in [9]. As a first approximation, the pore pressure can be considered equal to the 

hydrostatic pressure of the fluids. 

The presence of the pore pressure lowers the effect of the lithostatic pressure acting on the 

reservoir rock. As written in [9], the effective pressure is defined by Eq. ( 1.4 ) 

 

 ὖ ὖ ὖ 
( 1.4 ) 

where ὖ is the pore pressure. 

 

  

Sandstone [10] Limestone [11] 

Figure 1.3: Samples of Sedimentary Rocks 
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The most common method to characterize the mechanical behaviour of rocks is the triaxial 

test shown in Figure 1.4. A compressive axial load is applied on the bases of a cylindrical 

specimen while a constant pressure is applied on the lateral surface. The limit case of this 

experimental procedure is the unconfined compression test where the confining pressure is 

equal to zero. During the experiment, the axial stress and strain are recorded: typical results 

are shown in Figure 1.5. The x-axis represents the axial strain, while the y-axis represents 

the differential stress, defined as the difference between the axial stress and the confining 

stress. The maximum value of the differential stress reached during the test is referred to 

as compressive strength.  

Rocks show different mechanical behaviours for different levels of confinement. For low 

levels of confinement, the rock behaves as a brittle material: after an initial linear elastic 

behaviour, failure is reached with a sudden drop of the bearable load (curve on the left in 

Figure 1.5). The ductility and the axial strength increase as the confining pressure increases. 

After reaching a critical confining pressure the behaviour becomes perfectly plastic (curve 

on the right in Figure 1.5): this change is not sudden, but the material shows a transitional 

region (curve in the centre of Figure 1.5). According to [12] the transitional region for 

sandstone is between 35 and 130 MPa. 

 
Figure 1.4: Schematic Representation of the Triaxial Test Apparatus [13] 

 

 

 
Figure 1.5: Typical Triaxial Test Curves [9] 
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Also, the failure mode is dependent on the level of the confining pressure. For very low 

confinement, rocks fail by longitudinal splitting. With moderate levels of confinement, the 

rock fails by localization of shear bands which converging lead to formation of a diagonal 

crack. The rock still behaves as a brittle material. The more the confining pressure increases 

the larger is the fracture angle. After the brittle-ductile transition the ductile flow shows 

evident barrelling of the specimen. 

 

 

„ πȢρ ὓὖὥ „ σȢυ ὓὖὥ „ συ ὓὖὥ „ ρππ ὓὖὥ 
Figure 1.6: Rocks Failure Modes at Different Levels of Confinement [9] 

1.3 Wellbore Perforations 

Petroleum perforations are performed both onshore and offshore. In this section, the 

perforation system for oil extraction onshore is taken into consideration as described in [1]. 

However, the systems for offshore applications are very similar to the systems for onshore 

applications. The main differences are in the layout of the plant, in the devices and in the 

conduction of the operations. 

With the word perforation are indicated all the operations necessary to make an oil wellbore 

that consists in: 

¶ fragmentation of the rock to create a hole 

¶ removal of the rock fragments 

¶ stabilization of the hole 

¶ isolation of the hole from contaminants 
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Figure 1.7: Schematic Representation of the Onshore Perforation System [14] 

 

The penetrator has the function of breaking the rock and creating the hole by means of a 

rotational motion which is provided by series of drill strings that are connected to a 

turntable placed on the surface. The drill strings are connected to the penetrator through the 

drill collar. The drill string, which are about 9 meters long steel pipes, are supported by the 

derrick during the insertion in the wellbore. The removal of the debris is performed by the 

mud which is pumped inside the strings and comes out the penetrator, pushing the debris 

upward in the interspace between the wellbore wall and the strings. When the mud reaches 

the surface, it is filtered for reuse. The stabilization and insulation of the wellbore is 

guaranteed by the casing, which is fixed during the perforation itself. 

According to [1], three are the fundamental mechanisms for rocks cutting (shown in Figure 

1.8): 

¶ compression 

¶ shear 

¶ abrasion 

 

 
Figure 1.8: Rock Cutting Mechanisms [1] 

 

For cutting rocks with an elastic behavior the mechanism of compression is the most 

appropriated, while for cutting rocks with a plastic behavior the mechanism of shear is 

necessary. For abrasive rocks both shear and abrasion mechanisms are adopted.  
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The penetrator is specifically designed to provide different cutting mechanism so that 

works for different types of rock. Nonetheless, there are many kind of penetrators in order 

to satisfy different drilling conditions. Some examples are shown in Figure 1.9. 

 

 

 

Three Cones Penetrator 

 

Penetrator with Natural Diamond 

 

Penetrator with TSP Diamond 

 

Penetrator with Synthetic Diamond Dust 

Figure 1.9: Types of Penetrator [1] 

 

The three cones penetrator breaks rock through a combined action of compression, shear 

and abrasion. During the perforation, the axial force provided by the drill strings enforces 

the tungsten inserts of the cones inside the rock and the rotation cones imposes the relative 

movement of the inserts with respect to the rock that leads to failure of the rock itself.  

The penetrator with natural diamonds is used when rock with excessive hardness makes 

the three cones penetrator to wear rapidly. It can work at higher rotational speeds, since it 

does not have moving parts (the cones) and it breaks the rock only by shear mechanism.  

The improvement of the natural diamonds penetrator is represented by the TSP diamond 

penetrator which has got the advantage of a greater depth of cut and is thermally more 

stable.  

The penetrator with synthetic diamonds dust is used in case of rocks particularly hard and 

abrasive where all the other types of penetrator wear too rapidly. The grain size diamond 

dust is lower than 100 ɛm. It cuts the rock by abrasion and has got a lower depth of cut. 

Apart from the debris removal, the mud has other functions: the mud pressure balances the 

pressure of fluids already present in the rock and prevents the contamination of the oil 

wellbore. The fluid pressure also prevents the collapse of the hole by partially reintroducing 

the state of stress existing before the penetration. The mud cools and lubricates the drills 

bit and the drill strings: these effects are necessary because the drill strings could come into 

contact with the wall of the wellbore. 

The perforation introduces mechanical and hydraulic instabilities in the surrounding 

regions. The equilibrium is restored by a casing of the hole, as shown in Figure 1.10, 
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composed by a steel tube which is fixed with cement. This structure stabilizes the hole and 

prevents migration of fluid from high pressure to low pressure areas. 

 

 

 
Figure 1.10: Schematic Representation of the Casing [15] 

1.4 Dual Reciprocating Drilling System 

The new drilling system takes inspiration from the behaviour of the wood wasp, which uses 

the ovipositor shown in Figure 1.11 to drill holes in the wood in order to lay its eggs. 

 

 
Figure 1.11: Wood Wasp [16] 

As written in [17] the ovipositor is a very thin organ composed by two valves which can 

slide against each other longitudinally as shown in Figure 1.12 and have a reciprocating 

motion. The two valves are provided with teeth that play a crucial role during the 

penetration. More specifically, as written in [18], the first teeth pointing proximally engage 
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in the cell walls of the wood and break this cell walls in tension with the valve of the 

ovipositor pulling upwards. Before that the upward stroke of the ovipositor can break the 

cell walls in tension, the downward stroke must allow the pushing valve of the ovipositor 

to pass through the wood cell wall. In order to do this, the necessary force is partially 

generated by the overhead push of the insect on its ovipositor which is limited by the critical 

buckling force of the ovipositor. To generate the extra push, the insect uses the tensile 

forces generated by its proximally facing teeth that are engaged in the wood cell walls. In 

Figure 1.13 a schematic representation of the dual-reciprocating drill principal is presented. 

 
Figure 1.12: Ovipositor [17] 

 

 
Figure 1.13: Schematic of Dual-Reciprocating Drill Principle Used by Wood Wasp from [18] 

 

As described in [19], there are quite a few advantages in the ovipositor drilling, since once 

the teeth are engaged, the tensile force that can be resisted, tending to pull the drill out of 

the substrate, allows the generation of an equal and opposite force in the other valve that 

tends to push it further into the substrate. The drilling force is generated between the two 

valves and no net external force is required. Another interesting aspect of the reciprocating 

is how the drilling debris is disposed. Since the two valves are moving in opposite 

directions, the debris is moved up from the hole rather than deeper into it. 

The new drilling systems referred to as Dual Reciprocating Drilling has been firstly 

developed in the aerospace field because it allows to perform penetrations with the 
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application of a low external load. This characteristic, with respect to other drilling systems 

which require high reaction forces, is particularly advantageous in the aerospace field since, 

in environments with low gravitational force, large masses are required to generate such 

high reaction forces. 

Two DRD systems are described as examples. They reflect different approaches in the 

location of the actuator: in the first application, the drive source is on the surface, while in 

the second it is integrated in the drilling system. 

 

 
Figure 1.14: DRD System Concept with Drive Source on the Surface [17] 

 

In [17] the concept of the DRD system shown in Figure 1.14, with the drive source on the 

surface, is developed. The penetrators are designed in a way that mimics the cutting teeth 

of the ovipositor drill and are attached to spring-loaded metal strips. These metal strips are 

reeled into a housing where the actuator is placed. The drive source is a piezoelectric motor 

while the rotatory motion is converted into a linear motion by means of a pin and crank 

mechanism. 
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Figure 1.15: Scheme of the DRD004 Prototype [20] 

 

In [20] the DRD004 prototype shown in Figure 1.15 is developed. It is made of five main 

elements: 

A. drive source 

B. drive rail coupling 

C. teeth structure 

D. sealing/insolation 

E. payload bay 

The drive source is composed by a DC brushless motor coupled to a gearbox to increase 

the value of the generated torque. The gearbox is coupled to a drive shaft and a pair of 

transfer gearboxes which, together with the drive rail coupling elements, generate the force 

on the teeth structure. The drive rail coupling is composed by a quad cam drive that 

distributes the linear motion along the whole length of the drill shaft by driving four cam 

modules. The teeth structure is mounted on the internal mechanism. The system is designed 

so that different teethed elements can be mounted to change the performance of the DRD 

system. Industrial felt gaskets are used in order to reduce contamination of fine regolith 

particles entering into the drive mechanism. They are traditionally used as bearing seals on 

rotating shafts that require a good boundary without introducing significant friction. A 

number of payload bays are incorporated to contain scientific instrumentation such as micro 

seismometers of in situ experimentation. 

Other examples of DRD applications can be found in [19] and [21]. 

All these systems have been developed for drilling in regolith which is a cohesionless soil 

found on extraterrestrial bodies. The challenge is to extend the use of DRD for drilling in 

cohesive soils as found in oil and gas applications. The motivations are the aforementioned 

advantages of the ovipositor which are ought to be maintained in the DRD system: 
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¶ low external load required 

¶ clever disposal of the debris 

¶ possibility to have steer capability with selective movement of the valves  

¶ stabilization of the holes by compaction (this is an only partial advantage because 

the excessive compaction may reduce permeability of the hole thus limiting the 

possible exploitation of the hole for radial drilling) 

In conclusion, if all the difficulties related to extension of the application in cohesive soil 

are overtaken, the DRD system could see the spread of its use in rock perforations thanks 

to its interesting positive features. 
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 Numerical Model Implementation 

2.1 Introduction 

The software Abaqus has been chosen for the implementation of numerical model. Two 

types of solver are present in Abaqus: ABAQUS/Explicit and Abaqus/Standard. In this 

study only the Explicit solver can be used, because the SPH method cannot be used in 

Abaqus/standard and the ALE re-meshing technique in this solver has a different meaning, 

which is not of interest for the penetration simulations. The only disadvantage of the 

Explicit solver is the greater computational time than the Standard analyses.  

Two different modelling techniques have been considered: the first uses 3d bodies for the 

simulation, while the second uses an axysimmetric strategy.  

The 3d models give a very good representation of the reality, because they recreate the 

exact shape of the elements of the analyses. Furthermore, the possibility to use SPH 

particles during the analyses can produce good representations of the load and the 

displacement necessary for the penetration process; the SPH can correctly simulate the 

crack initiation and growth that will occur during the penetration.  

The second strategy is the axysimmetric one; it is possible to use this type of model because 

all the aspects of the simulations are symmetric with respect to an axis of the geometry. 

The computational time necessary to solve these problems is very short, compared to the 

3d models, but SPH cannot be used, so the prediction of the loads and of the displacement 

needed for the penetration is not reliable. To prevent excessive distortion of the mesh 

elements, an Eulerian-Lagrangian re-meshing technique has been used; this method can 

give a good evaluation of the penetration force, but it cannot give a representation of the 

failure mode of the rock. In this chapter, all the general modelling solutions that have been 

chosen are presented for both the modelling strategies. 

2.2 Material 

2.2.1 Introduction 

The rock selected for this study is Berea Sandstone. It is considered as reference material 

also by the petroleum industry because it is a good representation of the rock that can be 

found during penetration of petroleum reservoir and it has uniform material properties. 

Therefore, it is possible to find many data and results of experimental tests in literature. It 

is composed by quartz (75%), clay (10%), feldspar (10%) and calcite (5%). 

In order to characterize the rock the first properties that need to be defined are: density, 

elastic modulus and Poissonôs ratio. Since the rock will undergo the plastic deformation, 

due to the high penetration forces, a plasticity model must be defined. These models are 

usually defined by a curve: if the state of stress acting on the specimen is below this curve 

the system is safe, while if the state of the stress is above the curve the specimen will fail. 

As written in [22], a plasticity model is constituted by three fundamentals components: 
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¶ yield function 

¶ flow rule 

¶ hardening rule 

The yield function identifies the condition at which the material starts to be deformed 

plastically. The criteria able to correctly evaluate the onset of yielding are commonly based 

on the identification of limit surface in the stress space. Inside this limit surface the relation 

between the stresses and strains is linear, and the deformation is elastic, while the stresses 

during the plastic flow must lie on this limit  surface to guarantee the immediate return to 

the elastic domain in case of unloading. 

With reference to Eq. (2.1) 

 
Ὂ π (2.1) 

the elastic domain is identified by a negative value of the yield function Ὂ, while during the 

plastic flow the value of the yield function is always equal to zero. 

Once the yield function has been defined, it is necessary to find an equation which connects 

the stresses to the strain in the plastic domain. The plastic flow rule relates the increment 

of the plastic strains to the state of stress. The flow rule is defined in terms of flow potential, 

that is the relation between the increment of plastic strains and the state of stress is defined 

by Eq. (2.2) 

 

 Ὠ‭
‬Ὃ

‬„
ϽὨ‗ (2.2) 

where Ὃ is the flow potential and ‗ is the plastic multiplier. 

When Ὃ Ὂ the flow rule is associated, which means that the plastic strain increment is 

normal to the yield function. 

The hardening rule is used to describe the variation of the yield function during the plastic 

flow. Usually two possibilities are considered: isotropic and kinematic hardening. Isotropic 

hardening involves the expansion of the limit surface during the plastic flow maintaining 

unaltered the position of the centre of the surface. Kinematic hardening, on the other hand, 

involves the translation of the limit surface without changes in the dimension and the shape. 

A failure criterion determines the stress condition at which the material is no more able to 

sustain the load. Usually, a failure criterion is formulated as a function of the state of stress 

or strain which detect the possible failure of the material. Failure criteria for rocks are 

usually defined on the ultimate strength while, in the Abaqus software the failure criteria 

for rocks are implemented considering the yield function. This means, that the function 

which identifies the failure criterion is used as the yield function. Consequently, when the 

limit of elastic deformation is reached, plastic flow occurs instead of failure. At that point, 

the yield function is increased until the ultimate strength is reached. After the maximum 

strength is reached, failure is modelled by the software by softening of the yield function. 
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2.2.2 Mohr-Coulomb Failure Criterion  

The failure criterion most used in this study is the Mohr-Coulomb one, because it achieves 

good representation of the experimental test and it is also available in the Abaqus software. 

The Mohr-Coulomb criterion claims that shear fracture takes place when the shear stress 

becomes equal to the sum of the cohesive shear strength and the product of the coefficient 

of internal friction and the normal stress across the fracture plane [13]. 

In [23] the yield function is expressed by the Eq. (2.3):  

 

 ȿ†ȿ ὧ „ϽÔÁÎ‰ (2.3) 

where c and ‰ are two material parameters called respectively cohesion and friction angle; 

† and ů are respectively the shear stress and the normal stress at a certain load conditions. 

The yield function is represented by a straight line, in the ů-Ű plane, whose inclination is ‰ 

as shown in Figure 2.1. 

The criterion can be reformulated in terms of principal stresses by constructing the Mohr 

circle tangent to the failure line at the failure point. Using trigonometric relations, the yield 

function can be written by Eq. (2.4). 

 

 „ „ „ „ ϽÓÉÎ‰ ςὧϽÃÏÓ‰ (2.4) 

 

Figure 2.1: Mohr -Coulomb Yield Surface in the Mohr Plane [23] 

 

The yield surface can be defined by Eq. (2.5), Eq. (2.6) and Eq. (2.7) which represent the 

edges of a hexagonal pyramid in the principal stress space as shown in Figure 2.2. 

 

 
„ „

ς
ὥ 
„ „

ς
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ς
ὦ (2.6) 
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ὥ 
„ „

ς
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where ὥ , ὦ , ά ; Ὕ and ὅ are respectively the theoretical Mohr-

Coulomb uniaxial tension strength and the theoretical uniaxial compressive strength. 

 

Figure 2.2: Mohr -Coulomb Yield Surface in the Principal Stress Space [23] 

 

A modified Mohr-Coulomb criterion can be considered to prevent the overestimation of 

the material strength in the tensile region of the Mohr plane. With this modification, the 

Eq. (2.3) is valid when Eq. (2.8) is satisfied. 

 

 „ ὅ άὝ  „ᶻ (2.8) 

 

where Ὕ is the experimental uniaxial tension strength. 

 

Figure 2.3: Modified Mohr -Coulomb Criterion in the Mohr Plane [24] 

 

When Eq. (2.8) is not satisfied a tension cut-off is introduced; in this case, the yield function 

is described by Eq. (2.9). 

 „  Ὕ  
(2.9) 
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In the principal stress planes, the tension cut-off introduces a second pyramid, composed 

by three planes perpendicular to the principal stress axes, that intercepts the Mohr-Coulomb 

pyramid as shown in Figure 2.4. 

 

 

Figure 2.4: Modified Mohr -Coulomb Yield Surface in the Principal Stress Space [23] 

 

2.2.3 Formulation in Abaqus 

The Mohr-Coulomb criterion is expressed in the Abaqus software by three stress invariants, 

as said in [25]. 

The equivalent pressure stress is defined in Eq. (2.10) 

 

 ὴ
ὐ

σ
 (2.10) 

where ὐ is the first invariant of the stress deviator tensor 3. 

The Mises equivalent stress is defined by Eq.(2.11)  

 

 ή
σ

ς
╢ȡ╢ (2.11) 

The third invariant of the stress deviator tensor is defined by Eq. (2.12) 

 

 ὶ
ω

ς
╢Ͻ╢ȡ╢  (2.12) 

The Mohr-Coulomb yield function is defined by Eq. (2.13) 

 

 Ὂ Ὑ Ͻή ὴϽÔÁÎ‰ ὧ (2.13) 

where Ὑάὧ is the Mohr-Coulomb deviatoric stress defined by Eq. (2.14) 
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ϽÔÁÎ‰ (2.14) 

where ɡ is the deviatoric polar angle defined by Eq. (2.15) 

 

 ÃÏÓσɡ
Ò

Ñ

σ

 (2.15) 

The friction angle ‰ can vary between 0° and 90°; when ‰ ωπЈ the Mohr-Coulomb 

model becomes the tension cut-off Rankine model. Otherwise, when ‰ πЈ it becomes the 

Tresca model. The limit case of ‰ ωπЈ is not allowed by the software Abaqus.  

The cohesion can be defined as a function of the plastic strain to take into consideration the 

isotropic hardening of the yield function.  

The yield function in the Ὑ ή-ὴ plane is represented by a line whose inclination is equal 

to the friction angle and its intercept with the Ὑ ή-axis corresponds to the cohesion. 

The Mohr-Coulomb yield function in the Ὑ ή-ὴ lane is shown in Figure 2.5. 

 

 

Figure 2.5: Mohr -Coulomb and Rankine Yield Functions in the Meridional Plane [25] 

 

A tension cut-off can be optionally defined and it is modelled by the Rankine yield function 

as defined in Eq. (2.16) 

 

 Ὂ Ὑ ɡϽή ὴ ὸ‭  (2.16) 

where ὸ is the tension cut-off defined as a function of the tensile equivalent plastic strain 

‭ and Ὑ ɡ ςσϳÃÏÓɡ. 

The flow potential for the Mohr-Coulomb yield surface is a hyperbolic function in the 

meridional stress plane defined by Eq. (2.17). 
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 Ὃ ‭ϽὧϽÔÁÎ‪ Ὑ Ͻή ὴÔÁÎ‪ (2.17) 

where ‪ is the dilation angle measured in the ὴ-Ὑ  ή plane at high confining pressure 

and ‭ is an eccentricity parameter. The eccentricity parameter defines the rate at which the 

function approaches the asymptote. The flow potential tends to a straight line (dashed line 

in Figure 2.6) as the eccentricity tends to zero. Ὑ  is defined by Eq. (2.18) 

 

 

 Ὑ ɡȟὩ
τρ Ὡ ϽÃÏÓɡ ςὩ ρ ϽὙ “σϳȟ‰

ςρ Ὡ ϽÃÏÓɡ ςὩ ρϽτρ Ὡ ϽÃÏÓɡ υὩ τὩ
 (2.18) 

where Ὡ is the deviatoric eccentricity, by default defined as in Eq. (2.19)  

 Ὡ
σ ÓÉÎ‰

σ ÓÉÎ‰
 (2.19) 

This potential flow is continuous and smooth in the meridional stress plane and intersects 

perpendicularly the hydrostatic pressure axis. In the meridional stress plane, the flow can 

be associated when the friction angle ‰ and the dilation angle ‪ are equal and the 

eccentricity ‭ is very small. As shown in Figure 2.6 the flow potential extends following 

the yield function as a result of the material hardening. 

 

 

Figure 2.6: Mohr -Coulomb Hyperbolic Flow Potential in the Meridional Plane [25] 

 

The flow potential for the Rankine yield function is defined by Eq. (2.20) 

 

 Ὃ ‭Ͻὸ ὙϽή ὴ (2.20) 

where Ὑ is defined by Eq. (2.21) 
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 Ὑ ɡȟὩ
τρ Ὡ ϽÃÏÓɡ ςὩ ρ

φρ Ὡ ϽÃÏÓɡ ςὩ ρϽτρ Ὡ ϽÃÏÓɡ υὩ τὩ
 (2.21) 

   

The parameters ‭ and Ὡ have the same meaning of ‭ and Ὡ and have the values of 0.1 and 

0.6 respectively. 

2.2.4 Parameters of the material 

The material selected to represent the rock is Berea Sandstone. As said in Chapter 1, this 

type of rock has been chosen because it is a good representation of the possible material 

that the drill-bit could find during the penetration. Berea Sandstone cannot be easily found 

on the market and its cost is very high, so, to carry out the experimental tests presented in 

the next chapter, Pietra Serena has been used. Pietra Serena has mechanical properties very 

similar to Berea Sandstone, but it can be easily purchased at relatively low cost, and data 

as well as previously obtained results are available in literature. 

The first properties that have to be defined for the Mohr-Coulomb criterion are the density 

and the elastic properties of the Berea Sandstone. Their values are reported in Table 2.1.  

 

Density ▓▌□ϳ  Elastic Modulus ╜╟╪ Poissonôs Ratio [ ] 

2100 16700 0.28 

 

Table 2.1: Berea Sandstone Elastic Properties 

 

Afterward the plastic properties of the material need to be defined. In Table 2.2 the values 

of the dilation angle and the friction angle of the Berea Sandstone are presented. 

 

Friction Angle Ј Dilation Angle Ј 

40.55 20.225 

 

Table 2.2: Friction Angle and Dilation Angle of Berea Sandstone 

 

The last properties that need to be specified are the cohesion and the tension cut-off. They 

are defined as functions of the plastic deformation to model the possible hardening and 

softening during plastic deformation. In Figure 2.7 and Figure 2.8 the two curves of the 

cohesion and of the tension cut-off are represented. In Abaqus they are defined point by 

point. 
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Figure 2.7:Berea Sandstone Cohesion Hardening 

 
Figure 2.8: Berea Sandstone Tension Cutoff Hardening 

 

2.2.5 Cap Model 

The cap plasticity model is used for geological materials that exhibit pressure dependent 

yield [25]. The yield surface includes two main segments: a shear failure surface, which 

provides dominantly shearing flow, and a ñcapò, which intersects the equivalent pressure 

stress axis (p). 
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Figure 2.9: Cap Model Yield Surface from [25] 

 

In Figure 2.9 it is possible to see the cap model yield surface. Between the shear failure 

surface and the ñcapò is introduced a transition region to provide a smooth surface. The cap 

serves two main purposes: it bounds the yield surface in hydrostatic compression, thus 

providing an inelastic hardening mechanism to represent plastic compaction, and it helps 

to control volume dilatancy when the material yields in shear by providing softening as a 

function of the inelastic volume increase created as the material yields on shear failure and 

transition yield surfaces. The model uses associated flow in the cap region and non-

associated flow in the shear failure and transition regions. 

To analyse this modification, a linear strain rate decomposition is assumed: 

 

                                     Äצ Äʀ  Äʀ                                        (2.22) 

 

Where Ὠ‭ is the total strain rate, Ὠ‐ is the elastic strain and Ὠ‐ is the plastic strain rate. 

The elastic behaviour can be modeled as linear elastic, while the plastic behaviour is 

defined by the three stress invariants, that are: 

¶ the equivalent pressure stress:     Ð    ÔÒÁÃÅʎ                                      (2.23) 

¶ the Mises equivalent stress:       Ñ ÓȡÓ                                                   (2.24) 

¶ the third invariant of deviatoric stress:      Ò ÓẗÓȡÓ                            (2.25) 

 

where S is the stress deviator, defined as the sum of the stress tensor and of the equivalent 

stress (p). In Figure 2.10 a typical yield surface in the deviatoric plane is presented for this 

criterion. 
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Figure 2.10: Typical Yield/Flow Surfaces in the Deviatoric Plane from [25] 

 

With this expression for the deviatoric stress measure, the failure surface is written as: 

                                                             & Ô ÐÔÁÎɼ Ä π                            (2.26) 

 

In Eq. (2.26) ɓ is the friction angle and c is the cohesion of the material. 

In the case of a triaxial compression test only ů1, ů2 and ů3 are different from zero [26], 

as it is possible to see in Figure 2.11, so the equivalent pressure (or mean effective pressure) 

p and the differential stress t can be rewritten as: 

                                                                      ὴ  
  

                                      (2.27) 

 

                                                       Ñ                     (2.28) 

 

Figure 2.11: Example of Triaxial Compression Test from [26] 

 

In Figure 2.12 (from [26]) is presented a failure envelope for a sandstone. It is possible to 

see that for a value of p lower than 11000 psi (equal to 75 MPa) the fracture of the specimen 

has a brittle behaviour, while for values of p greater than 25000 psi (175 MPa) the failure 

has a ductile behaviour. 



45 

 

 

 

Figure 2.12: Mean Effective Pressure-Differential Stress Curve for Sandstone from [26] 

 

It is possible to normalize all the values of the deviatoric stress t and of the mean effective 

pressure p by the corresponding critical pressure, obtaining the curve presented in Figure 

2.13 (from [26]). The axes of the new graph are: 

Å  ὼ                                  (2.29) 

Å  ώ                                  (2.30) 

For the Berea Sandstone, the critical pressure is equal to 380 MPa; this value is derived 

from [27]. 

 

Figure 2.13: Normalized Cap Curve from [26] 
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2.3 Condition of Load Application 

The creation of the hole, that represents the penetration, is obtained by the application of a 

load to the penetrator with a displacement control system.   The penetrator and the rock 

interact by hard contact, hence the necessity to define a friction coefficient. Three options 

are available in the software Abaqus: no friction, finite-valued friction coefficient and 

infinite friction coefficient. The first and the last option are pure idealizations of the real 

behaviour of interaction, while the use of a finite value for the friction coefficient is closer 

to the reality. Values of the friction coefficient for different condition are found in [28] as 

reported in Table 2.3. Herein the effect of these values will be analysed. 

 

Steel-Sandstone (dry condition) [-] 0.39 

Steel-Sandstone (wet condition) [-] 0.34 

Table 2.3:Values of Friction Coefficient for Different Condition [28] 

 

The contact has been defined as general contact among all the surfaces in the 3D analysis, 

while for the axisymmetric ones the contact is defined for the single surface interactions, 

because a general contact definition is not allowed by the software for this type of models. 

How the displacement is applied is also of high importance for the penetration analysis. In 

particular, a load rate scaling is used in all the analysis that will be computed. This 

technique is used in finite element analysis to reduce the computational effort. As written 

in [29], the load rate scaling consists in reducing the total analysis time until the kinetic 

energy is less 1% of the internal energy. The very small magnitude of kinetic energy 

suggests that the inertial effects of the model are not significant and the problem is solved 

quasi-statically. Load rate scaling can be used only when the effect of the speed is not of 

interest and the material properties do not depend on the strain rate. To decrease possible 

undesirable inertia effects, all the imposed displacements follow the law of a smooth step 

as defined in Eq. (2.31). 

 

 ώ

ώ
‚Ͻρπρυ‚ φ‚  (2.31) 

where ‚ ὸȾὸ, ὸ is the time, ὸ is the time interval, ώ is the quantity (for example 

displacement) and ώ  is the maximum quantity. The law of the smooth step is completely 

defined by setting the maximum value and the time interval needed to reach it. The quantity 

whose law follow a smooth step, as shown in Figure 2.14, gradually increase to reach a 

constant rate of change, then gradually decrease to reach the maximum at the end of the set 

time interval. 
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Figure 2.14: Smooth Step 

2.4 Smoothed Particle Hydrodynamics (SPH) 

The finite element method alone is not recommended for the simulation of fracture and 

fragmentation of rock. Consequently, Smoothed Particle Hydrodynamics (SPH) has been 

introduced to simulate the penetration in 3d models. Smoothed Particle Hydrodynamics 

(SPH) is a computational method which discretizes the continuum into a set of discrete 

elements, referred to as particles, used for simulating fluid flow, but it can be applied to a 

vast range of situations. As written in [30], SPH method has been used to deal with elastic 

flow, heat transfer problems, multiphase flow, geophysical flow and post failure of 

cohesive and noncohesive soils. 

The SPH particles interact with each other through influence bonds, in particular cohesion 

and repulsion bonds, that get stronger when the particles are closer. These bonds are 

independent from the constitutive law of the material, but they allow the separation of the 

particles, removing the problem of excessive deformations. When the conversion in SPH 

particles takes place, the mass of the elements is maintained and they can interact with the 

other parts of the model. The SPH can give also a good representation of the crack initiation 

and growth during the penetration process and of the mode of failure of the specimens. The 

conversion in SPH particles is the easiest to model in Abaqus, compared to the other 

methods, as DEM (discrete element method).  

In the Abaqus software the SPH method can be used alone or in conjunction with the finite 

element method (FEM). This means that the analysis can be carried out on a finite element 

model and each element can be converted into a SPH particle when a certain condition is 

reached. The conjunction of the two methods, SPH and FEM, is to be preferred because it 

leads to a lower computational effort than the SPH method alone. The conditions allowed  

in Abaqus/CAE to determine when the conversion is activated are: 

¶ Time 
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¶ Strain 

¶ Stress 

Using the option Time the user defines a time at which each element is converted into a 

SPH particle, but this option seems to have no particular utility in the field of rock 

mechanics because the precise time at which the rock will break is unknown. Using the 

option Strain the user can define the maximum absolute principal strain threshold. When 

the maximum principal total strain is greater than the threshold, the element is converted 

into an SPH particle (the strain can be both positive or negative). This is the option used in 

this study because it allows to overcome the difficulties of finite elements to deal with large 

deformations as the ones encountered in the simulation of penetrations. The option Stress 

allows the user to define the maximum absolute principal stress at which the conversion 

starts. Other criteria can be used by the implementation of a subroutine, but the 

implementation of a subroutine is out of the scope of this study. 

The other options available to define the SPH conversion are the number of particles that 

are generated for each element and the type of kernel function. The kernel function 

available are: 

¶ cubic spline 

¶ quadratic interpolator 

¶ quantic interpolator 

The main limitations of the use of the SPH conversion in the software Abaqus are: 

¶ the possibility to use only reduced-integration continuum elements (in the case of 

this study, only C3D8R) 

¶ the impossibility to apply surface loads. 

Furthermore, the SPH method is implemented only in Abaqus/Explicit, consequently only 

the explicit solver can be used. 

When SPH are used at high pressure of confinement two main problems could occur: 

¶ the SPH can go in instability, in particular in tensile or compressive instability 

¶ the SPH cannot see the contact with the other parts, creating particle splitting. 

When SPH are used with a cubic B-spline cubic kernel function, an instability could arise 

in a tensile or in a compressive regime, as said in [31]. 

In Figure 2.15 an example of cubic kernel function is presented. 
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Figure 2.15: Cubic Spline Kernel Function from [32] 

 

Usually the SPH are unstable in tension while they are apparently stable in compression, 

but it is possible to construct kernel functions which are stable in tension and unstable in 

compression. The instability is shown to result from an effective stress with a negative 

modulus being produced by the interaction between the constitutive relation and the kernel 

function and is not caused by the numerical time integration algorithm. Therefore, changes 

in the effective stress act amplifying, rather than reducing, perturbations in the strain. 

The unstable behaviour can be explained in terms of the form of the SPH equations, using 

mathematical models that can indicate possible ways to remove the instability. 

In one dimensions, conservation of the momentum is expressed by Eq. (2.32) 

                                                                ὼ  
 

                                                  (2.32) 

where viscous stresses, that are stresses due to the rate of change of deformation over time, 

have been ignored, so that it is possible to consider T = ů. In the discretization process 

associated with standard finite-difference methods, the partial derivatives are replaced by 

differences, so 

                                                            ὼ  
Ў

Ў
 
Ў

 Ў
                                             (2.33) 

However, ” Ўὢ is just the mass, so the finite-difference equation of motion has the form 

                                                             ὼ  
Ў
 θ Ў„                                              (2.34) 

This equation can be rewritten as 

                                                            ὼθ  Ў „ὡ                                                               (2.35) 

where W is the Kernel Function and the difference operator ȹ is a result of the sum over 

particles. The comparison between the two previous equations shows that in SPH the 

effective stress is proportional to -ůWô.  

 



50 

 

 

 

Figure 2.16: Stale and Unstable Stress-Strain Curve from [31] 

 

Figure 2.16 shows that when a normal monotonically increasing stress-strain relation is 

multiplied by a function like -Wô, which eventually goes to zero, for example when 

particles are separated, the resulting SPH effective stress-strain relation will contain regions 

where the effective stress decreases with an increasing strain, producing a negative modulus 

and instability. 

In Figure 2.17 an example of compression instability is presented. 

 

 

Figure 2.17: Example of Tension or Compression Instability from [31] 

 

The other problem that could arise, when SPH are used, is the particle splitting. As said in 

[33], when SPH are subjected to high values of stress, it is possible that they pass through 

the body that is applying the load, neglecting the contact properties. A possible solution is 

explained in [34]: a layer of bound particles can be placed between the SPH particles and 

the other parts of the model, so the contact between these particles and the SPH particles is 

always defined, and the splitting is deleted. 
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2.5 Arbitrary Lagrangian -Eulerian Adaptive Meshing 

With the axysimmetric models the SPH method cannot be used in Abaqus. Consequently, 

to prevent excessive distortion of the mesh of the model during the penetration process an 

adaptivity remeshing technique has been considered. Three different remeshing techniques 

are present in the software as said in [25]: 

¶ arbitrary Lagrangian-Eulerian (ALE) adaptive meshing 

¶ varying topology adaptive remeshing 

¶ mesh-to-mesh solution mapping 

They are classified according to their applicability to achieve specific goals (for example 

accuracy or control of mesh distortion), their impact on the mesh definitions and when 

adaptivity occurs with respect to analysis steps. 

For the axysimmetric analysis the arbitrary Lagrangian-Eulerian (ALE) adaptive meshing 

has been selected to prevent excessive distortion of the mesh elements during the 

penetration. The ALE adaptive meshing uses a single mesh definition that is gradually 

smoothed within analysis steps; it is used to maintain high quality mesh throughout an 

analysis, even if large deformation or loss of material occurs. It is distinct from the pure 

Eulerian analysis in Abaqus/Explicit. The pure Eulerian capability supports multiple 

materials and voids within a single element, which allows effective handling of analyses 

involving extreme deformation (such as fluid flow). In contrast, ALE elements are always 

made by a single material; while this formulation limits the deformation of the elements, it 

allows more precise definitions of material boundaries and contact interactions. 

The meaning of ALE adaptive meshing is different in Abaqus/Explicit and in 

Abaqus/Standard. In the first it is used to model large deformation problems, while in the 

second it is used in acoustic domains and for modelling the effects of ablation or the wear 

of material. For this study, the explicit solver has always been used and, in particular, the 

Lagrangian part of the ALE gives the right representation of the penetration process (no 

material leaves the mesh). 

The ALE adaptive meshing can be applied to the entire model or to individual parts of the 

model. To complete the definition of this method the frequency of remeshing, that is 

defined as a function of the time step, and the number of sweeps, that is the number of times 

the remeshing is repeated in a remeshing step, need to be defined. 

ALE adaptive meshing does not alter the topology (elements and connectivity) of the mesh, 

implying that some limitations on the ability of this method to maintain a high-quality mesh 

upon extreme deformation are present. 

In Figure 2.18 an example of ALE adaptive meshing from [25] is presented. 
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Figure 2.18: Example of ALE Adaptive Meshing from [25] 
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 Experimental Tests 

3.1 Introduction 

Two different experimental tests have been performed to study the perforation: the first is 

the triaxial test and the second is the punch penetration test. The triaxial test is conducted 

at different confinement pressures to better understand the behaviour of the rock, hence 

allowing the calibration of the numerical models at different confinement conditions, and 

correctly defining its equation of state. Some perforation tests have been previously made 

in Politecnico di Milano: these tests were constituted by a cylindrical rock, that was placed 

in a steel tube. The diameter of the tube was a little bit lager with respect to the diameter of 

the rock; consequently, the tube and the rock will get in contact after a first failure of the 

rock, which creates a drop of the penetration force. After this failure, the penetration force 

restarts to increase until the test is stopped. In the new tests, the diameter of the tube is 

much bigger than the one of the rock and the volume between them is filled up with 

concrete. The new perforation tests have been used to study the behaviour of rock when it 

is subjected to certain confinement conditions. The rock used for all the tests is Pietra 

Serena, which has very similar properties to Berea Sandstone but, differently from the 

second, it can be easily found on the market. 

3.2 Triaxial Compression Test 

3.2.1 Introduction 

The triaxial compression tests have been used to evaluate the behaviour of the specimen at 

different confinement pressures, to calibrate the numerical models and to correctly define 

the equation of state of the specimen. In [35] four different compression processes are 

described: they cover the determination of the strength of intact rock core specimens in 

uniaxial compression and confined compression.  

The method A, that considers a triaxial compressive strength of undrained rock core 

specimens without pore pressure measurement, and method B, that explains elastic moduli 

of undrained rock core specimens in triaxial compression without pore pressure 

measurements take into account triaxial compression. On the other hand, the methods C, 

that defines the unconfined compressive strength of intact rock core specimens and method 

D, that considers the definition of elastic moduli of intact rock specimens in uniaxial 

compression, consider unconfined compression.  

In this study, the method considered is the A one. The main apparatus needed for this test, 

as it is possible to see in Figure 3.1, includes: 

¶ A loading device: it must guarantee the load necessary to complete the test 

¶ A confining apparatus: it consists of a chamber in which the test specimen is 

subjected to a constant lateral fluid pressure 

¶ Flexible membrane: it encloses the rock specimen and extends over the platens of 

the loading device to prevent penetration by the confining fluid 
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¶ Pressure maintaining device: it can be a hydraulic pump or pressure intensifier, and 

shall have sufficient capacity to maintain constant the desired lateral pressure 

¶ Confining-pressure fluid 

¶ Platens: two steel platens are used to transmit the axial load to the end of the 

specimen. 

 

 
Figure 3.1: Schematic Representation of the Triaxial Test Apparatus 

 

Before performing the test, a rock core specimen is cut to length and the ends are machined 

flat, considering the instruction in the standard reported in [36]. When the machinery 

processes are terminated, it is possible to place the specimen into the triaxial machine. As 

said in the standard [35], the specimen shall be placed on the lower platen that must be 

cleaned. Then the insulating membrane shall be fitted over the specimen and the platens to 

seal the specimen from the confining fluid. Now it is possible to place the specimen on the 

test chamber, ensuring proper seal with the base and connection to the confining pressure 

line. Then, the chamber shall be filled with the confining fluid and the confining stress shall 

be raised uniformly to the specific level within 5 minutes. The lateral and axial components 

of the confining stress shall not be allowed to differ by more than 5 percent of the 

instantaneous pressure at any time. When the value of the confinement is reached, the 

lateral stress is maintained constant, while the axial stress is increased until the failure of 

the specimen is obtained. During this phase, the axial load shall be applied continuously 

and without shock until it becomes constant, or is reduced, or a predetermined amount of 

strain is achieved. The load shall be applied in such a manner as to produce either a stress 

rate or a strain rate as constant as feasible throughout the test. At the end of the test the 
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specimen and the membrane must be investigated to verify that the confining fluid is not 

penetrated in the membrane.  

To evaluate the deformation of the specimen, some transducers are present to measure the 

displacement of the loading platen during the test. A transducer is also present to measure 

the force at each time.  

3.2.2 Experimental Test 

The rock used in triaxial tests is Pietra Serena, which has similar properties to Berea 

Sandstone, but it can be easily found on market at a lower cost. The first step of the triaxial 

tests is the sampling of the specimen, because they are provided with a cube shape, but for 

these tests the shape of the specimen has to be cylindrical. This process is carried out with 

a boring machine using a core drill, as in Figure 3.2. 

 

 
Figure 3.2: Boring Machine 

 

As previously said, the upper and lower surface of the cylinder needs to be milled because 

they must be parallel among each other, perpendicular to the lateral surface and the right 

height of the cylinder must be reached. This process is also used to eliminate the possible 

cracks and imperfections which could be created during the boring process on the upper 

and lower surfaces; these defects could produce a premature failure during the triaxial tests. 

The milling is performed simultaneously on the two surfaces using parallel tools, as shown 

in Figure 3.3. During both the two machining processes, some water is used to facilitate the 

manufacturing and obtain a better surface finishing. 
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Figure 3.3: Milling Machine  

 

In Figure 3.4 the final specimen and the waste material are represented. Before starting the 

tests, the rock must be dry. 

 

 

 

 

  

Figure 3.4: Final Results of the Machinery Processes 

 

When the rock has dried, it is possible to start the test. The first step is the measurement 

and the weighted of the rock to obtain the right density. Then, the rock is covered with a 

rubber membrane to avoid possible contact between the rock and the oil used to apply the 

confinement pressure; afterwards, the specimen is placed on the lower plate of the 

compressive chamber, the head of the piston is placed on the upper surface of the specimen 

to allow the application of the load, and two metal bands are fixed on piston and on the 
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lower plate to prevent possible infiltrations of the compressive oil during the tests (Figure 

3.5). It is important to prevent the formation of possible bubbles of air between the 

membrane and the specimen during the application of the metal bend, because they could 

decrease the insulation of the rock. 

 

 

Figure 3.5: Final Setting Step of the Specimen 

 

Now it is possible to close the compression chamber with the assistance of two ñCò supports 

and two bolts. Before placing the specimen on the machine, the framework for the axial 

deformation is placed on the upper surface of the compression chamber, and a plate is 

placed above the framework to allow the application of the axial load (Figure 3.6). The 

axial displacement is measured using two probes: the first is in contact with the upper 

weight, while the second is in contact with the lower surface of plate where the rock is 

placed. 
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Figure 3.6: Compression Chamber 

 

Once the oil tube is connected to the compression chamber, the oil can be pressurized and 

this operation takes around 20 minutes; the oil is used to apply the lateral pressure to the 

specimen. After this time, the test can be started. In the first step, the confinement pressure 

is applied to the lateral and upper surfaces; more specifically, the lateral confinement is 

applied in load control, while the axial load is applied in displacement control and its value 

is 10% greater than the lateral one. In Figure 3.7 the history load of the confinement 

pressure is presented; this process is performed in 40 minutes. 

 
Figure 3.7: History Load of the Confinement Pressure 

 

In the last step, the axial load is increased until the failure of the specimen is reached. In  

Figure 3.8 the final assembly of the triaxial testing machine is shown. 
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Figure 3.8: Triaxial Testing Machine 

3.2.3 Results of the experimental tests 

Three different levels of confinement pressure have been considered for the triaxial tests: 

10, 20 and 28 MPa. 

From Figure 3.9 to Figure 3.14 the results of the triaxial compression tests are presented. 

In the left figures, it is possible to see the crack that has generated the failure of the 

specimen; in all the cases, the failure is reached by shear and the failure crack has a specific 

inclination, with respect to the axis of the specimen, that depends on the confinement 

pressure. In the right figures the deviatoric stress, that is the different between the axial 

stress and the radial stress, is plotted as a function of the axial strain; the first part of the 

graph is horizontal because represents the application of the confinement pressure, during 

which the axial and radial load are equal; then the axial load is increased until the failure 

of the specimen is reached. In the last part of the curves it is possible to see a softening 

process of the rock. 
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Figure 3.9: Results of the 10 MPa Triaxial Test 

 

  
Figure 3.10: Results of the First 20 MPa Triaxial Test 

 

  

Figure 3.11: Results of the Second 20 MPa Triaxial Test 

 



61 

 

 

 

 
Figure 3.12: Results of the First 28 MPa Triaxial Test 

 

In the last specimen tested, a crack is present before starting the test; as it is possible to see 

in Figure 3.13, the crack grows in a plane perpendicular to the upper surface of the 

specimen. The crack does not create problems during the test because it is maintained 

closed by the high confinement pressure and a shear failure mode will occur, with the 

fracture of the specimen in a plane inclined by an angle, that depends on the confinement 

pressure considered, as presented in Figure 3.14. 

 

 
 

Figure 3.13: Crack Presents on the Last Specimen Before the Test 
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Figure 3.14: Results of the Second 28 MPa Triaxial Test 

 

In Figure 3.15 a comparison, among the triaxial tests performed, is presented. The only test 

that presents bad results is the second test with a confinement pressure equal to 20 MPa; in 

this case the curve does not have a plateau before the failure is reached and also the 

maximum value of stress is similar to the one obtained in a 28 MPa triaxial test and this is 

not acceptable. 

 
Figure 3.15: Comparison among the Triaxial Tests 
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3.2.4 Calibration of the Mohr-Coulomb criterion 

The first criterion considered to model the rock is the Mohr-Coulomb one. As previously 

said, the material of the rock is Pietra Serena and it is modelled as an elastic perfectly plastic 

material. The mechanical elastic properties of Pietra Serena for the Mohr-Coulomb 

criterion are reported in Table 3.1. 

 

Density [kg/m³] 
Elastic Modulus 

[MPa]  

Shear Modulus 

[MPa]  

Poissonôs 

Ratio 

2650 15374 6523.43 0.28 

 

Table 3.1: Elastic Properties of Pietra Serena 

 

The plastic properties of the Pietra Serena have been calibrated considering the results of 

the experimental tests presented in the previous chapter.  

To define Mohr-Coulomb plasticity the parameters listed in Table 3.2 need to be identified. 

 

Parameter Symbol 

Friction Angle ‰ 

Dilation Angle ‪ 

Meridional Eccentricity ‭ 

Cohesion ὧ 

Tension Cutoff ὸ 

 

Table 3.2: Mohr -Coulomb Parameters 

 

The friction angle and the cohesion can be obtained from the triaxial test data according to 

[37].  

According to Mohr-Coulomb theory, data points of the triaxial tests and the unconfined 

compression test are related to the friction angle and the cohesion as defined in Eq. ( 3.1 ) 

and Eq. ( 3.2 ) 

 

 „ „ „Ͻ
ρ ÓÉÎ‰

ρ ÓÉÎ‰
 

( 3.1 ) 

 

 „
ςὧϽÃÏÓ‰

ρ ÓÉÎ‰
 

( 3.2 ) 
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where „  is the peak axial stress (positive if compressive) reached during the triaxial test 

at the confining pressure „ (positive if compressive), and „ is the unconfined compression 

strength. 

The data points of the triaxial test must be plotted in the „ -„ plane to find the best fitting 

straight line; from this line, it is possible to obtain the parameters of the Mohr-Coulomb 

criterion. 

The cohesion can be evaluated as defined in Eq. ( 3.3 ) 

 

 ὧ
„

ςЍÔÁÎ‌
 

( 3.3 ) 

 

where ‌ is the slope of the best fitting straight line. 

In Table3.3 the values of the triaxial tests used to calibrate the material model are reported; 

the second test performed at 20 MPa confinement pressure has not be considered because 

its results are not acceptable. The best fitting line in the „ -„ is shown in Figure 3.16, and 

the Mohr-Coulomb parameters obtained by this method are reported in Table 3.4, in Figure 

3.17 is reported the yield function obtained with these values in the Mohr plane. 

 

Ɑ■ ╜╟╪ Ɑ ▬ ╜╟╪ 

0 62 

10 143.5433 

20 187.44 

28 217.35 

28 219.68 

 

Table 3.3: Berea Sandstone Triaxial Test Data 
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Figure 3.16: Best Fitting Line of Triaxial Data 

 

Parameter Value 

‰ [°]  44.33 

ὧ [MPa] 15.39 

 

Table 3.4: Mohr -Coulomb Parameters (Method 1MC) 

 

 
Figure 3.17: Mohr -Coulomb Yield Function in the Mohr Plane 
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The cohesion and the tension cut-off can be given as a function of the plastic strain (in the 

form of tabular data) to allow hardening (and softening) of the Mohr-Coulomb yield 

function. To do this the post-yield stress-strain curve must be defined.  

By post-yield stress strain curves, it is meant the stress-plastic strain curves after yielding 

in the unconfined compressive and uniaxial tension test. Since the experimental post-yield 

stress-strain curves are not available for Pietra Serena, the equation proposed in [38] for 

modelling the post-yield behaviour of Berea Sandstone is used. The stress after yielding is 

defined as a function of axial plastic strain as defined in Eq. ( 3.4 ) 

 

 „ ὪϽρ ὥϽÅØÐὦϽ‭ ὥϽÅØÐςὦϽ‭  
( 3.4 ) 

 

where Ὢ, ὥ and ὦ are three parameters which define the shape of the post-yield stress-strain 

curve. The equation is used to model the post-yield stress-strain curve both in tension and 

compression (with the proper change of the convention on the axial plastic strain) but 

different behaviours can be modelled using different values of the aforementioned 

parameters.  

The parameter Ὢ is the stress for zero plastic strain that is the onset yield stress. The 

parameter ὥ determines the initial behaviour of the material as shown in Figure 3.18. If ὥ

ρ the material exhibits an initial softening, while if ὥ ρ the material exhibits an initial 

hardening. The parameter ὦ determines the rate at which the stress changes with the plastic 

strain as shown in Figure 3.19. If the value of ὦ is relatively low, the rate of change is low, 

if the value of ὦ is relatively high, the rate of change is high. 

The value of ὥ is defined by Eq. ( 3.5 ) 

 

 ὥ ὪȾὪ ρ ς ὪȾὪ ὪȾὪ  
( 3.5 ) 

 

where Ὢ is the maximum of the post-yield stress-strain curve. 

To determine the value of ὦ first of all the derivative of Eq. ( 3.4 ) with respect to ‭ is 

determined as defined by Eq. ( 3.6 ) 

 

 
‬„

‬‭
ὪϽÅØÐὦϽ‭ Ͻ ὦϽρ ὥ ςὥϽὦϽÅØÐὦϽ‭  

( 3.6 ) 

 

By imposing that Eq. ( 3.6 ) is equal to zero it is found the plastic strain at which the post-

yield stress-strain curves reaches the maximum as defined in Eq. ( 3.7 ) 

 

 ‭
ὦ

ÌÎ
ρ ὥ
ὥ

 

( 3.7 ) 
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Figure 3.18: Post-Yield Stress-Strain Curve for Different Values of a 

 

 
Figure 3.19: Post-Yield Stress-Strain Curve for Diffe rent Values of b 

 

By imposing that the plastic strain determined by Eq. ( 3.7 ) is equal to the plastic strain at 

which the experimental stress-strain curve reaches its maximum the value of ὦ can be 

determined as defined by Eq. ( 3.8 ) 

 

 ὦ
‭

ÌÎ
ρ ὥ
ὥ

 

( 3.8 ) 

 

where ‭ it the plastic strain at which the experimental stress-strain curves reach the 

maximum. 

In conclusion to completely define the post-yield stress-strain curve the yield stress and the 

maximum stress are needed, or alternatively one of these two values and their ratio. In 
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addition, the plastic strain at which the stress-strain curve reaches its maximum is 

necessary.  

To obtain the compression post-yield stress-strain curves are used the data reported in Table 

3.5. The value of Ὢ is set equal to the unconfined compression strength. The value of 

ὪȾὪ is determined as the average ratio between the maximum stress and the yield stress 

observed in the unconfined compression test. The value ‭ is set equal to the average failure 

plastic strain observed in the unconfined compression test. The plastic strain at failure is 

defined as the plastic strain at which the stress-strain curve of the unconfined compression 

test reaches its maximum. 

 

Parameter Value 

Ὢ ὓὖὥ 67.99 

ὪȾὪ  1.16 

‭ άάȾάά 0.00057 

 

Table 3.5: Pietra Serena Post-Yield Data (Compression) 

 

Using the data of Table 3.5, the parameters listed in Table 3.6 to identify the compression 

post-yield stress-strain curve shown in Figure 3.20 are obtained as previously explained.  

 

Parameter Value 

Ὢ ὓὖὥ 53.79 

ὥ  2.68 

ὦ  665.32 

 

Table 3.6: Pietra Serena Post-Yield Stress-Strain Curve Parameters (Compression) 
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Figure 3.20: Pietra Serena Post-Yield Stress-Strain Curve (Compression) 

 

Parameter Value 

Ὢ ὓὖὥ 4.91 

ὥ  2.14 

ὦ  387.85 

 

Table 3.7: Pietra Serena Post-Yield Stress-Strain Curve Parameters (Tension) 

 

The tension post-yield stress-strain curve parameters are reported in Table 3.7. The value 

of ὥ and ὦ are assumed to be the same of Berea Sandstone found in [39].  The tension cut-

off is defined in the form of tabular data considering Figure 3.21. 
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Figure 3.21: Pietra Serena Post-Yield Stress-Strain Curve (Tension) 

 

Now it is possible to define the cohesion as a function of plastic strain (in the form of 

tabular data) by giving cohesion hardening curve. According to [40] the cohesion can be 

obtained by eq. (3.9) 

 

 ὧ‭ ‎Ͻ„‭ Ͻ
ρ ÓÉÎ‰

ςÃÏÓ‰
 

( 3.9 ) 

 

where ‎ is a parameter used to adjust the value of the cohesion and to improve the accuracy 

of the numerical model. In Figure 3.22 the cohesion as a function of the plastic strain is 

presented. 

 
Figure 3.22: Cohesion Hardening Curve 



71 

 

 

 

The meridional eccentricity is maintained equal to the default value of 0.1 for every model 

and no relevant changes in the results of the simulations are observed by changing this 

parameter. 

The dilation angle is obtained from the friction angle, as explained in [41], and it is 

considered equal to the friction angle divided by four. In this case it assumes a value equal 

to 11.08°. 

ʕ
ה

τ
 ( 3.10 ) 

3.2.5 Calibration of the Drucker-Prager criterion 

When a rock is subjected to different confinement conditions, it is very important to 

consider an equation of state that describes its behaviour. In Abaqus is not possible to define 

this equation in the Mohr-Coulomb criterion, so another criterion need to be considered: 

the Drucker-Prager criterion. As said in [42], the yield function of this criterion is a proper 

generalization of the Mohr-Coulomb hypothesis and it is expressed by Eq. ( 3.11 ) 

 

 Ὂ ‌Ͻὐ ὐ Ὧ ( 3.11 ) 

where ‌ and Ὧ are two material constants, ὐ is the second invariant of the stress deviator 

tensor and ὐ is the first invariant of the stress tensor. The Drucker-Prager theory could be 

considered as an extension of the von Mises theory which introduces a dependence on ὐ. 

The von Mises criterion is restored for ‌ π. 

As said in [25], the linear Drucker-Prager yield function is defined by Eq. ( 3.12 ) 

 

 Ὂ ὸ ὴϽÔÁÎ‍ Ὠ ( 3.12 ) 

 

where ‍ is the slope of the linear yield function in the ὴ-ὸ plane and it is commonly referred 

to as the friction angle, and Ὠ is the cohesion of the material. The cohesion is the intercept 

of the yield function with the ὸ-axis. Isotropic hardening can be defined by providing 

cohesion as a function of plastic strain. 

 

 
Figure 3.23: Linear Drucker -Prager Model Yield Surface [25] 

 

The deviatoric stress measure is defined by Eq. ( 3.13 ) 
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 ( 3.13 ) 

 

where ὑ is the ratio between the triaxial yield stress in tension and the triaxial yield stress 

in compression. If ὑ ρ the circular shape of the yield surface in the deviatoric principal 

stress plane is restored (Von Mises circle). To ensure that the yield surface is convex it is 

required that πȢχχψὑ ρ. 

The parameters to define linear Drucker-Prager plasticity are listed in Table 3.8. 

 

Parameter Symbol 

Friction Angle ‍ 

Flow-Stress Ratio ὑ 

Dilation Angle ‪ 

Cohesion Ὠ 

 

Table 3.8: Linear Drucker -Prager Parameters 

 

The friction angle, flow-stress ratio and the cohesion can be obtained as described in [19] 

from the triaxial test data.  

The stress invariants in triaxial compression are defined by Eq. ( 3.14 ), Eq. ( 3.15 ) and 

Eq. ( 3.16 ) 

 

 ὴ
ρ

σ
ς„ „  ( 3.14 ) 

 

 ή „ „ ( 3.15 ) 

 

 ὶ „ „  ( 3.16 ) 

 

The first and the second principal stresses are equal to the confining pressure while the third 

principal stress is equal to the axial stress at failure. It is of note that in the compression 

triaxial test all the principal stresses are negative. In this case the deviatoric stress measure 

ὸ is equal to ή. 
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Figure 3.24: Triaxial Compression (a) and Tension (b) States of Stress [19] 

 

Now the triaxial data can be plotted in the ὸ-ὴ plane and the best fitting straight line can be 

computed. The slope of the best straight fitting line is equal to ÔÁÎ‍ and the intercept with 

the ὸ-axis is the cohesion. 

The flow-stress ratio can be obtained by plotting the best fitting straight line for triaxial 

compression and triaxial tension data in the ή-ὴ plane. These two lines must intercept the 

ὴ-axis in the same point so to calculate the ratio of the values of ή at the same ὴ which is 

equal to the flow-stress ratio (Figure 3.25). Since no triaxial tension test data are available, 

the value of ὑ cannot be evaluated; it has been set equal to 0.778, that is the minimum 

allowable value for K. 

 

 
Figure 3.25: Determination of the Flow-Stress Ratio [19] 

 

The best fitting line of the triaxial data is shown in Figure 3.26, in particular the cohesion 

is equal to 33.7 MPa, the friction angle is equal to 59.53° and the dilation angle is equal to 

15.78°, obtained with the eq. (3.10). 
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Figure 3.26: Best Fitting of Triaxial Test Data in the q-p Plane 

 

In Table 3.9 the parameters of the Drucker-Prager criterion are reported. 

 

Parameter Value 

‍ Ј 60.05 

ὑ [-] 0.778 

‪ [°]  15.01 

 

Table 3.9: Pietra Serena Linear Drucker-Prager Parameters 

 

3.2.6 Numerical simulations 

Some numerical models have been implemented to replicate the triaxial tests. These models 

are constituted by three parts (Figure 3.27): a cylinder of rock with diameter equal to 100 

mm and height of 200 mm, and two rigid plates that are placed in contact with the upper 

and lower surfaces of the cylinder. 
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Figure 3.27: Assembly of the Triaxial Test Numerical Model 

 

The only constrain considered is a support applied to the lower plate. As said in [35], the 

confinement pressure must be applied on the lateral and upper surfaces simultaneously; 

when this value is reached, the lateral pressure is maintained constant, while the upper 

pressure is increased until the failure of the specimen will occur; in Figure 3.28 is presented 

the evolution of the pressure as a function of time. 

 
Figure 3.28: Pressure Evolution as a Function of Time 

 

To model the rock both the Mohr-Coulomb criterion and the Dracker-Prager criterion are 

used; their parameters have been presented in the previous sections.  

The first analysis results presented consider the Mohr-Coulomb criterion. As it is possible 

to see in Figure 3.29 this criterion gives a good representation of the ultimate compression 

strength reached during the test, but it does not represent in a good way the stiffness of the 

material; this problem can be associated to the impossibility to define in the software 
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Abaqus for the Mohr-Coulomb criterion an equation of state that can represent the 

dependency of the properties of the rock from the confinement pressure. 

  

 
 

 

Figure 3.29: Comparison among Triaxial Tests and Mohr-Coulomb Criterion Simulations 

 

The second results presented consider the Drucker-Prager criterion. In this case it is 

possible to specify an equation of state (EOS) for the material using a tabular equation, in 

which the volumetric strain is expressed as a function of the confinement pressure. To 

define the dependency of the volumetric strain on the confinement pressure, the Bulk 

modulus is usually employed and it is defined as the ratio of 

the infinitesimal pressure increase to the resulting relative decrease of the volume [43], as 

in eq. (3.17). 

 

                                                                 ὑ  ὠ                                                   ( 3.17 )                                                 

 

To define the points of the EOS for Pietra Serena, the bulk modulus, as a function of the 

confinement pressure, of a Berea Sandstone has been considered (from [44]) and then the 

https://en.wikipedia.org/wiki/Infinitesimal
https://en.wikipedia.org/wiki/Pressure
https://en.wikipedia.org/wiki/Volume
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EOS has been modified, on the base of the results of the numerical simulations, to obtain a 

better approximation of the experimental triaxial tests. The values of volumetric strain for 

the Berea Sandstone have been calculated starting from the graph reported in Figure 3.30 

and considering the eq. (3.18) 

 

                                      ‐  
 

 
 ‐                          ( 3.18) 

 

The first value of the volumetric strain has been considered equal to zero. In Figure 3.30 

the EOS for Berea Sandstone is presented, while in Figure 3.31 the EOS considered for 

Pietra Serena is shown. 

 

  
Figure 3.30: Equation of State for Berea Sandstone from [44] 

 

 
Figure 3.31: Equation of State for Pietra Serena 
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In Figure 3.32 the results of the analyses with the Drucker-Prager criterion are reported. It 

is possible to see that this criterion gives a good representation of both the ultimate 

compression strength reached during the tests and the stiffness of the Pietra Serena. 

 

  

 
 

Figure 3.32: Simulations with Drucker-Prager Criterion  

 

3.3 Perforation test 

3.3.1 Introduction 

The perforation tests have been performed to evaluate the perforation force and to calibrate 

the numerical models of perforation, that will be presented in the next chapters. These tests 

have been done to evaluate the possible influence of the difference of diameter between the 

rock and tube present in the tests previously performed in Politecnico di Milano.  In Figure 

3.33 the configuration of the test is presented. 



79 

 

 

 
 

Figure 3.33: Perforation Test 

 

With this configuration, in the very first phase of the test, the specimen is unconstrained 

since there is an interspace (about 1 mm) between the specimen and the steel tube. The load 

increases with the displacement of the penetrator, until failure is observed by a sudden drop 

of the load and fracturing of the specimen. In the second phase, the specimen, already 

fractured, is confined by the steel tube and the force increases again with the displacement 

of the penetrator until it reaches a plateau. In Figure 3.34 the results of the experimental 

test are presented. With this configuration of the test is not possible to correctly measure 

the displacement of the penetrator because the grimping of specimen on the machine at 

high values of force does not allow the transducers to work correctly.  

 
Figure 3.34: Results of the Experiment 
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To delete the possible problems of the previous tests, a new set of tests has been organised. 

As said in [45] and in [46], it is possible to prevent the possible play between the rock and 

the steel tube, that will always be present due to the impossibility of obtaining precise 

dimensions of the rock, by filling up the empty space with concrete. To obtain good results 

from the tests, the rock and the concrete must have similar properties, as said in [45], so a 

concrete M50 (with an ultimate compression strength equal to 50 MPa) has been chosen. 

In Figure 3.35 a possible set up of the test is presented. 

 

 
Figure 3.35: Set up of the Perforation Test from [45] 

 

To obtain good results from the tests the proper dimensions of the concrete must be chosen. 

As presented in Figure 3.36 a too much little thickness of the concrete causes its failure 

before the failure of the rock is reached. So, a thickness of the concrete equal to the 

dimensions of the rock is a good solution to avoid this problem. 

 
Figure 3.36: Influence of the Concrete Dimensions on the Perforation Tests from [45] 
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In Figure 3.37 the results of two perforation tests are presented. In these cases, the 

specimens are made of hard rock; they have a diameter equal to 53 mm and a length of 75 

mm. The penetrator is a cone with a tip angle of 75° and a tip radius of 3 mm. The 

configuration of the experiments is the same as the one presented in Figure 3.35. The 

perforation is controlled at a constant rate of 0.00125 mm/s and it is stopped at a perforation 

depth equal to 9 mm. 

 
Figure 3.37: Results of perforation tests from [46] 

 

3.3.2 Numerical simulations 

Two different model strategies have been implemented to replicate the perforation test: the 

first is constituted by axisymmetric models and it is used to study the influence of the 

possible variables, while the second considers 3d models and it is used to validate the 

axisymmetric models and to have an initial estimation of the perforation force. 

The parts that constitute the two models are the same and they are: the penetrator, which is 

a con with a tip angle of 90° and a diameter of 1 inch (25.4 mm), with a cylindrical part of 

60 mm length that allows different perforation depths; the rock, a cylinder of 156 mm of 

diameter and 60 mm of height; the steel tube, a cylinder of 296 mm of diameter, 10 mm of 

thickness and 120 mm of height; and the concrete, a cylinder with an hole with the 

dimensions of the rock used to fill up the empty space between the rock and the steel tube. 

A rigid plate is present to simulate the support plate of the loading machine. In Figure 3.38 

the assembly of the axisymmetric and the 3d models are presented. 
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Figure 3.38: Assembly of the Models 

 

The penetrator is modelled as a rigid body, while the other parts are deformable. The tube 

is made of steel, whose properties are reported in Table 3.10. 

 

Density [kg/m³] Elastic Modulus [MPa] Poissonôs Ratio [ ] 

7800 210000 0.3 

 

Table 3.10: Properties of the Steel Tube 

 

The rock considered is Berea Sandstone and not Pietra Serena because, when these analyses 

have been performed, the data of the triaxial tests used to calibrate the material model of 

Pietra Serena were not available. Berea Sandstone is modelled as an elastic perfectly plastic 

material using the Mohr-Coulomb criterion and its properties have been defined in Chapter 

2. The concrete has been modelled using the concrete damage plasticity constitutive model; 

has said in [25], this model uses concepts of isotropic damaged elasticity in combination 

with isotropic tensile and compressive plasticity to represent the inelastic behaviour of 

concrete, is designed for applications in which concrete is subjected to monotonic, cyclic, 

and/or dynamic loading under low confining pressures and consists of the combination of 

non-associated multi-hardening plasticity and scalar (isotropic) damaged elasticity to 

describe the irreversible damage that occurs during the fracturing process. The concrete 

considered in these simulations is the M50 one (50 is the ultimate compression strength of 

the concrete), its properties are derived from [47] and are reported in Table 3.11 and Table 

3.12. 
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Density [kg/m³] Elastic Modulus [MPa] Poissonôs Ratio [ ] 

1900 19700 0.19 

 

Table 3.11:Elastic Properties of the Concrete from [47] 

 

Dilation 

Angle [°] 
Eccentricity [ ]  fb0/fc0 [ ] K [ ]  

Eccentricity 

Parameter 

38 1 1.12 0.6666 1 

 

Table 3.12: Plastic Properties of the Concrete from [47] 

 

The compressive behaviour and the tensile behaviour are defined as functions of the 

inelastic strain; the two curves are reported in Figure 3.39 an Figure 3.40. 

 
Figure 3.39: Compressive Behaviour of the Concrete from [47] 

 

 
Figure 3.40: Tensile Behaviour of the Concrete from [47] 
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The contact, among the different parts, is defined considering the interaction between the 

single surfaces. The method used is the penalty method and the friction coefficients 

considered are reported in Table 3.13. 

 

Steel-Sandstone (from [48]) 0.39 

Concrete-Rock (from [49]) 0.42 

Steel-Concrete (from [50]) 0.49 

 

Table 3.13: Friction Coefficients 

 

The sensitivity analyses, that use the axisymmetric model, are now presented. The variables 

that have been analysed are: 

¶ the tip radius of the penetrator (r) 

¶ the diameter of the concrete (b) 

¶ the height of the concrete (h) 

¶ the thickness of the tube (t) 

 

 
Figure 3.41: Variables of the Analyses 

 

A displacement equal to 30 mm is always applied in these analyses; it is the only load 

applied to the parts. 

It is possible that the penetrator has a tip radius that has a dimension different to the nominal 

one. So, some analyses have been implemented to study its influence. The values of the tip 

radius considered are: 1 mm (reference value), 2 mm and 3 mm. In Figure 3.42 the tip 

radius of the penetrator is represented. The dimensions of the concrete and of the tube are 

the basic ones (b=70mm, h=60mm and t=12.5mm). 
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Figure 3.42: Tip Radius of the Penetrator 

 

In Figure 3.43 the results of the sensitivity analyses of the tip radius are presented, in 

particular the graph of the force as a function of the displacement is plotted. It is possible 

to see that the lower force is reached for a tip radius of the penetrator equal to 1 mm, but 

possible increment of its value does not create a sensible increment of the perforation force. 

 

 
Figure 3.43: Results of the Sensitivity Analyses of the Tip Radius 

 

Five different values of diameter b of the concrete have been considered: 10, 30, 50, 70 and 

150 mm (the other dimensions are the basic ones). In Figure 3.44 the radius of the concrete 

is represented. 
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Figure 3.44: Radius of the Concrete 

 

In this case two different types of graph have been plotted: the first considers the force as 

a function of the displacement, while the second considers the horizontal displacement of 

the tube as a function of the distance from the upper part of tube itself (Figure 3.45, Figure 

3.46 and Figure 3.47) 

 
Figure 3.45: Representation of the Displacement Considered 

 
Figure 3.46:Sensitivity Analyses of the Diameter of the Concrete 
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Figure 3.47: Sensitivity Analyses of the Horizontal Displacement of the Tube 

 

The horizontal displacement of the internal part of the tube is measured in micro-meters. It 

is possible to see that the force is, more or less, always the same, while the displacement is 

lower for the values of b equal to 20 and 40 mm. 

Six different values of height of the concrete, indicated in Figure 3.48 as h, have been 

considered: 5, 10, 20, 40, 60 and 150 mm. The basic dimensions have also been considered. 

 

 
Figure 3.48: Height of the Concrete 

Also in this case, the two graphs considered in the previous case have been plotted, but for 

the second graph the vertical displacement of the lower part of the concrete has been 

considered, instead of the horizontal displacement of the tube (Figure 3.49 and Figure 3.50). 
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Figure 3.49: Sensitivity Analyses of the Height of the Concrete 

 

 

 
Figure 3.50: Sensitivity Analyses of the Displacement of the Plate 

 

The vertical displacement of the upper part of the plate is measured in micro-meters. It is 

possible to see that the force is more or less always the same, while the displacement is 

lower for the value of h equal to 60 mm. 

The last analyses consider the thickness of the tube (t). Seven different configurations for t 

have been considered: 5, 12.5, 15, 20, 30 and 100 mm (the other dimensions are considered 

equal to the basic ones). A configuration without the tube has been considered to evaluate 

the confinement created by the concrete and its possible displacement. 

The three graphs present in order: the force as a function of the displacement and the 

horizontal displacement of the internal and external part of the tube (Figure 3.51 and Figure 

3.52). 
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Figure 3.51: Sensitivity Analyses of the Thickness of the Tube 

 

 

  
 

Figure 3.52: Sensitivity Analyses of the Displacement of the Tube 

 

The horizontal displacement of the internal and external part of the tube is measured in 

micro-meters. In Figure 3.52, it is possible to see that increasing the thickness of the tube 

the horizontal displacement is reduced. The only case in which a high horizontal 

displacement is reached is the one without the tube, where the maximum displacement is 

equal to 6.3 mm. 

An axisymmetric analysis, with a displacement equal to 60 mm applied to the penetrator, 

has been performed to evaluate the plastic deformation that could be induced in the 

concrete. The configuration of the model is the basic one. 
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Figure 3.53: Plastic Deformation of the Concrete 

 

In Figure 3.53 is possible to see that a significant plastic deformation is induced in the 

concrete for a displacement greater than 30 mm. 

Considering all the analyses previously presented, it is possible to conclude that the 

dimensions, considered as the basic ones, are a good selection because they do not influence 

the results of the tests. 

The 3d analyses are now presented. They have been implemented to give an estimation of 

the perforation force needed in the punch test. Two strategies have been used: the first 

considers the conversion in SPH particles of the elements when a certain deformation is 

reached, while the second uses the ALE meshing techniques to avoid excessive deformation 

of the elements during the perforation. 

The models used are the same of the axisymmetric analyses, but in a 3d configuration 

(Figure 3.54). The load is applied in displacement control and it is equal to 60 mm. The 

deformation, at which the elements are converted in SPH particles, is equal to 0.014. 

 

 
Figure 3.54: 3d Assembly of the Perforation Test 

 












































































































































































